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Abstract
As an endocrine hormone, vitamin D plays an important role in bone health and 
calcium homeostasis. Over the past two decades, the non-calcemic effects of 
vitamin D were extensively examined. Although the effect of vitamin D on beta 
cell function were known for some time, the effect of vitamin D on glucose and 
fuel homeostasis has attracted new interest among researchers. Yet, to date, 
studies remain inconclusive and controversial, in part, due to a lack of 
understanding of the threshold effects of vitamin D. In this review, a critical 
examination of interventional trials of vitamin D in prevention of diabetes is 
provided. Like use of vitamin D for bone loss, the benefits of vitamin D supple-
mentation in diabetes prevention were observed in vitamin D-deficient subjects 
with serum 25-hydroxyvitamin D < 50 nmol/L (20 ng/mL). The beneficial effect 
from vitamin D supplementation was not apparent in subjects with serum 25-
hydroxyvitamin D > 75 nmol/L (30 ng/mL). Furthermore, no benefit was noted 
in subjects that achieved serum 25-hydroxyvitamin D > 100 nmol/L (40 ng/mL). 
Further studies are required to confirm these observations.
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Core Tip: Vitamin D deficiency is a well-recognized health issue and contributes to 
bone loss and calcium dysregulation. Evidence suggests that excess vitamin D is not in 
and of itself of therapeutic benefit. Available clinical data suggests that vitamin D 
supplementation appears to limit the development of diabetes in vitamin D deficient 
subjects. However, no benefit was observed in non-vitamin D deficient subjects. 
Furthermore, overreplacement of vitamin D is of no beneficial effect and could 
possibly be harmful.

Citation: Chang Villacreses MM, Karnchanasorn R, Panjawatanan P, Ou HY, Chiu KC. 
Conundrum of vitamin D on glucose and fuel homeostasis. World J Diabetes 2021; 12(9): 
1363-1385
URL: https://www.wjgnet.com/1948-9358/full/v12/i9/1363.htm
DOI: https://dx.doi.org/10.4239/wjd.v12.i9.1363

INTRODUCTION
The potential role of vitamin D deficiency induced by migration of human beings has 
been suggested to be involved in human evolution and various modern health 
conditions[1]. The history prospective of vitamin D evaluation will enhance our 
understanding of the development in this field. The role of dietary deficiency in the 
pathogenesis of rickets was established by Platt[2] in 1919. Although it was thought to 
be caused by vitamin A deficiency initially, McCollum et al[3] identified a vitamin 
deficiency other than vitamin A that caused rickets in 1922. Since vitamin A, B, and C 
were already identified, the new molecule was named as vitamin D[4].

Beginning with its discovery in 1922, scientific publications focusing upon vitamin 
D numbered no more than some 10 per year but this increased to 35 per year by 1945 
(Figure 1). As knowledge of the structure, molecular biology and function of vitamin D 
increased[5,6], there was a concurrent increase in vitamin D-specific publications. With 
the observations of the non-calcemic effects of vitamin D[7], vitamin D-focused public-
ations peaked at 5152 in 2017. Recently, the role of vitamin D deficiency in relation to 
coronavirus disease 2019 (COVID-19) infection attracted attention[8].

Vitamin D on bone health
The role of vitamin D on calcium and bone metabolism was well-summarized[9]. 
There is no doubt about the association between rickets and vitamin D deficiency and 
the reversal and prevention of rickets with vitamin D supplementation. However, 
controversy still surrounds the efficacy of vitamin D supplementation upon bone 
mineral density and fracture prevention. Multiple studies failed to demonstrate any 
benefit from vitamin D supplementation[10-12] and a systematic review and meta-
analysis also failed to confirm any beneficial effect on bone density or fracture 
prevention from vitamin D supplement[13]. Nevertheless, placebo-control randomized 
clinical trials revealed a threshold effect of vitamin D[14,15] with no benefit observed 
on the subjects with baseline 25-hydroxyvitamin D level ≥ 75 nmol/L (30 ng/mL). 
Furthermore, possible detrimental effects on bone mineral density were observed in 
subjects who received a higher dose of vitamin D (250 μg or 10000 IU daily) with a 
mean 25-hydroxyvitamin D of 200 nmol/L or 80 ng/mL[12]. While not conclusive, 
these data suggest that the optimal effects of vitamin D are found at a 25-
hydroxyvitamin D level of 75 nmol/L (30 ng/mL).

Vitamin D as a hormone
Vitamins are defined as micronutrients that cannot be self-synthesized and that 
necessary for the proper function of key enzymatic processes. Consequently, vitamins 
must be obtained through the diet. Vitamin D is synthesized from cholesterol to 7-
dehydrocholesterol, also known as pro-vitamin D3, in the skin through the action of 
ultraviolet radiation[16]. In addition, the liver forms 25-hydroxyvitamin D3, also 

http://creativecommons.org/Licenses/by-nc/4.0/
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Figure 1 Vitamin D publications from 1922 to 2020. Data were obtained from PubMed (https://pubmed.ncbi.nlm.nih.gov/) accessed on October 20, 2020.

known as pre-vitamin D3. To become an active compound, further hydroxylation in 
the kidney is required to form 1,25-dihydroxyvitaomin D3, which is a biologically 
active vitamin D. Then, 1,25-dihydroxyvitamin D is released into circulation to exert 
its effects on the target cells and promote calcium and bone homeostasis. Thus, 
vitamin D is a hormone and, like the pituitary-thyroid axis, has a complex natural 
history in the body (Table 1).

The half-life of thyroid hormone depends upon thyroid status[17]. The half-life for 
levothyroxine (T4) is 6-7 d in euthyroid subjects, 9-10 d in subjects with hypothy-
roidism, and 3-4 d in subjects with hyperthyroidism. The half-life of liothyronine (T3) 
is 18-24 h in euthyroid subjects, 12-16 h in hyperthyroid subjects, and 26-32 h in 
hypothyroid subjects. The half-life of vitamin D averages 15 h but depends upon of the 
type of vitamin D (cholecalciferol or vitamin D3 vs ergocalciferol or vitamin D2) and 
vitamin D binding protein concentration[18]. The half-life of 1,25-dihydroxyvitamin D 
is 10-20 h[19], while there is no information regarding the half-life of 1,25-
dihydroxyvitamin D3 vs D2. Since 1,25-dihydroxyvitamin D is released into the blood 
and exerts its effects upon osteocytes to promote mineralization and on the 
gastrointestinal epithelium to increase calcium and phosphorus absorption, it is 
appropriate to classify vitamin D as a hormone.

EVIDENCE OF NON-CALCEMIC EFFECTS
In addition to the target organs, both the vitamin D receptor and 1alpha-hydroxylase 
(CYP27B1) are expressed in various other tissues[20], suggesting additional functions 
of vitamin D beyond bone metabolism and calcium homeostasis. Interestingly, the 
vitamin D receptor is expressed in the pancreatic islets[21], liver[22], muscle[23], and 
adipose tissue[24]. 1alpha-hydroxylase (CYP27B1) is expressed in pancreatic islets[25], 
liver[26], muscle[27], and adipose tissue[28]. Thus, it is possible that vitamin D could 
take part in glucose and fuel homeostasis.

In contrast to calcemic effects of vitamin D which is primary mediated by circulating 
1,25-dihydroxyvitamin D produced in the kidney, the non-calcemic effects of vitamin 
D are mediated by circulating 25-hydroxyvitamin D through a paracrine or autocrine 
function[29]. Within the target cells or its vicinity, circulatory 25-hydroxyvitamin D 

https://pubmed.ncbi.nlm.nih.gov/
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Table 1 Vitamin D as a hormone: Comparison of the pituitary-thyroid and parathyroid hormone-vitamin D axes

Pituitary-thyroid axis Parathyroid-vitamin D axis

Organ(s) Thyroid glands Skin/liver/kidney

Source compound Iodine, tyrosine Cholecalciferol (cholesterol), ergocalciferol

Prehormone Levothyroxine, T1/2 = 6-7 d 25-hydoxyvitamin D2/D3, T1/2 = 13-17 d

Active hormone Triiodothyronine, T1/2 = 14-24 h 1,25-dihydroxyvitamin D2/D3, T1/2 = 10-20 h

Transportation Thyroxine binding globulin Vitamin D binding protein

Receptor Thyroid hormone receptor Vitamin D receptor

Stimulating factor Thyroid stimulating hormone Parathyroid hormone

Effect Energy homeostasis Calcium homeostasis

enters cells and is converted to 1,25-dihydroxyvitamin D by the locally existing 1alpha-
hydroxylase (CYP27B1). Hence, 25-hydroxyvitamin D is the key circulatory element 
for the non-calcemic effects of vitamin D whereas 1,25-dihydroxyvitamin D the 
promotes the calcemic effects.

EFFECTS UPON CELL DIFFERENTIATION AND CELL PROLIFERATION 
Colon, prostate, breast, and ovarian cancer 
A role for vitamin D in the pathogenesis of cancer was proposed in 1980[30] after it 
was observed that colon cancer rates were higher in the northern rather than the 
southern United States. The association of vitamin D deficiency with cancer, including 
breast[31], prostate[32], and colon cancer[33] was attributed to the ability of vitamin D 
to differentiation cells[34] and to suppress cell proliferative[35] along with other effects
[36,37].

Immunity, autoimmunity, and inflammation
The risk of type 1 diabetes was reduced by vitamin D supplement in a birth-cohort 
study from Finland[38]. Furthermore, a polymorphism in the vitamin D receptor was 
associated with increased risk of type 1 diabetes[39]. Not unexpectedly, a role of 
vitamin D deficiency in the pathogenesis of type 1 diabetes was proposed[40]. In 
addition, the association of vitamin D deficiency with multiple sclerosis[41], systemic 
lupus erythematosus[42], and other autoimmune diseases[43] was attributed to the 
immunomodulatory and anti-inflammatory effects of vitamin D[44]. Furthermore, 
vitamin D plays an important role in the maintenance of B cell homeostasis[45], and 
vitamin D replacement may reduce B cell-mediated autoimmune disorders.

The role of vitamin D in the treatment of tuberculosis was appreciated with the 
observation that sun exposure altered the clinical presentation of tuberculosis[46]. 
Subsequently, vitamin D was administered as part of the treatment of tuberculosis
[47]. Vitamin D deficiency was frequently observed in patient with untreated 
tuberculosis[48]. It is now known that Toll-like receptors up-regulate expression of the 
vitamin D receptor and the vitamin D-1-hydroxylase genes, leading to induction of the 
antimicrobial peptide cathelicidin and killing of intracellular Mycobacterium 
tuberculosis[49]. Thus, the role of vitamin D in fighting infection is established[50]. 
Further, vitamin D deficiency is associated with acute respiratory tract infection[51], 
bacterial vaginosis[52], pneumonia[53], foot infection in diabetics[54], chronic hepatitis 
C infection[55], and human immunodeficiency virus infection[56]. Recently, vitamin D 
deficiency was recognized as a risk factors for COVID-19 infection[57-61]. Thus, 
vitamin D could play a role in fighting infection.

An association between vitamin D receptor polymorphism and the severity of 
coronary artery disease was reported[62]. Deficiency was also noted to associate with 
an increased risk of myocardial infraction[63], hypertension[64], and stroke[65]. The 
mechanism proposed to account for these associations included activation of the renin-
angiotensin system[66], coronary calcification[67], platelet activation and aggregation
[68], increased proinflammatory cytokines[69], and vascular endothelial dysfunction
[65].
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Fuel metabolism
In patients with vitamin D deficiency and diabetes, vitamin D supplementation 
improved beta cell function and glucose tolerance[70]. An association between vitamin 
D deficiency and glucose intolerance and beta cell dysfunction was observed in east 
London Asians[71]. Similarly, alternations in vitamin D metabolism in obese subjects 
manifesting as low 25-hydroxyvitaimin D is well-recognized[72]. This topic will be 
reviewed in this article.

Neuropsychiatric disorders
Vitamin D deficiency was reported to be associated with depression[73], schizophrenia
[74], autism[75], and Parkinson’s disease[76]. Various mechanisms have been reported 
to support a role of vitamin D in neuropsychiatric disorders. Vitamin D has a 
protective effect on dopaminergic neurons[77]. Vitamin D deficiency could result in 
altered synaptic plasticity through its effect on perineuronal nets leading to cognitive 
deficits[78]. Vitamin D deficiency alters brain protein expression in rats[79]. 
Furthermore, immunohistochemical study revealed the expression of vitamin D 
receptor and 1alpha-hydroxylase (CYP27B1) in various regions of human brain with 
the strong expression in the hypothalamus and in the large (presumably dopami-
nergic) neurons within the substantia nigra[80]. Thus, vitamin D deficiency could play 
a role in the pathogenesis of various neuropsychiatric disorders.

VITAMIN D REPLACEMENT THERAPY
Source of vitamin D
Vitamin D is available in two forms: ergocalciferol (vitamin D2) and cholecalciferol 
(vitamin D3). Ergocalciferol comes from plants in the form of ergosterol (provitamin 
D2). Ergosterol is an important component of mushrooms. Through ultraviolet b (UVB) 
irradiation, which can occur within mushroom or artificially, it becomes ergocalciferol
[81]. Cholecalciferol comes from animals and people through the biosynthesis of 
cholesterol to 7-dehydrocholesterol (Provitamin D3). Again, through UVB irradiation, 
this intermediate becomes cholecalciferol. Thus, dietary intake and sun exposure are 
the major determinants of serum 25-hydroxyvitamin D levels.

Sun, mainly UVB irradiation, plays an important role in biosynthesis of vitamin D. 
Since 7-dehydrocholesterol can be synthesized from cholesterol, theoretically vitamin 
D supplementation is not required once sun exposure is adequate. Skin color is a key 
determinant of vitamin D synthesis[82]. Vitamin D has been proposed to play a role in 
human evolution and migration away from equator by affecting skin color through the 
development of depigmented and tannable skin via genetic pathways under positive 
selection[1,83]. Sun exposure is highly effective in raising serum 25-hydroxyvitamin D 
concentration, while its effects diminish significantly on donning clothing and using 
sun screen[84]. In this regard, more body surface area exposure is more effective than 
longer exposure time[85]. However, the efficacy of sun exposure to increase serum 25-
hydroxyvotamin D concentrations diminishes with the degree of skin tanning[86]. 
Thus, minimized sun exposure time for 5 min to 30 min (depending on time of day, 
season, latitude, and skin pigmentation) with maximize body surface exposure is 
recommended[9]. However, increased risk of sun-mediated skin cancer makes this 
approach to prevent vitamin D deficiency less optimum[87].

Vitamin D can be obtained through dietary intake. However, except for cod liver oil, 
vitamin D content in naturally occurring food is relatively low, even in mushrooms 
(Table 2). Although ergosterol is highly abundant in the membrane of mushrooms, 
mushroom are cultivated under shadow without UVB irradiation[81]. Thus, dietary 
intake of vitamin D is inadequate and vitamin D supplement is often needed to avoid 
deficiency.

Comparison of metabolism of vitamin D2 vs vitamin D3

It is estimated that 65% of vitamin D is present as vitamin D while 35% is in the form 
of 25-hydroxyvitaomn D. As well, almost 75% of vitamin D is in adipose tissue, while 
25-hydroxyvitamin D is distributed 20% in muscle, 30% in serum, 35% in fat, and 15% 
in other tissues[88]. The metabolism of vitamin D3 and vitamin D2 is summarized in 
Table 3. Vitamin D binding protein transports the various forms of vitamin D in 
circulation, including vitamin D, 25-hydroxyvtamin D, and 1,25-dihydroxyvitamin D
[89]. Each vitamin D binding protein molecule has one binding site for vitamin D 
and/or its metabolites. The relative affinity of vitamin D binding protein to vitamin D3 
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Table 2 Vitamin D content of selected foods

Food Per serving Percent DV

IU μg

Cod liver oil, 1 tablespoon 1360 34.00 170

Trout (rainbow), farmed, cooked, 3 ounces 645 16.13 81

Salmon (sockeye), cooked, 3 ounces 570 14.25 71

Mushrooms, white, raw, sliced, exposed to UV 
light, 1/2 cup

366 9.15 46

Milk, 2% milkfat, vitamin D fortified, 1 cup 120 3.00 15

Soy, almond, and oat milks, vitamin D fortified, 
various brands, 1 cup

100-144 2.50-3.60 13-18

Ready-to-eat cereal, fortified with 10% of the DV 
for vitamin D, 1 serving

80 2.00 10

Sardines (Atlantic), canned in oil, drained, 2 
sardines

46 1.15 6

Egg, 1 large, scrambled (Vitamin D is in the yolk) 44 1.10 6

Liver, beef, braised, 3 ounces 42 1.05 5

Tuna fish (light), canned in water, drained, 3 
ounces

40 1.00 5

Cheese, cheddar, 1 ounce 12 0.30 2

Mushrooms, portabella, raw, diced, ½ cup 4 0.10 1

Chicken breast, roasted, 3 ounces 4 0.10 1

Beef, ground, 90% lean, broiled, 3 ounces 1.7 0.04 0

Adapted from: https://ods.od.nih.gov/factsheets/VitaminD-HealthProfessional/#en25. The Food and Drug Administration developed daily values (DVs) 
to help consumers compare the nutrient contents of foods and dietary supplements within the context of a total diet. The DV for vitamin D on the new 
Nutrition Facts and Supplement Facts labels used for the values in Table 2 is 20 μg (800 IU) for adults and children aged 4 years and older. Foods providing 
20% or more of the DV are considered to be high sources of a nutrient, but foods providing lower percentages of the DV also contribute to a healthful diet. 
DV: Daily value.

Table 3 Comparison of transportation and metabolism of vitamin D3 vs D2

Ref. Symbol Name (chromosome location) Function D3/D2

Haddad et al[90], 1993 VBP Vitamin D binding protein (4q12-q13) Vitamin D transportation 1.14

Holmberg et al[91], 1986 CYP2R1 25-hydroxylase (11p15.2) Conversion of vitamin D to 25-hydroxy vitamin D 5.0

Zarei et al[93], 2016 CYP27B1 1alpha-hydroxylase (12q13.1-q13.3) Conversion of 25(OH)D to 1,25(OH)2D 2.4

Jones et al[94], 1980 VDR Vitamin D receptor (7q36) Receptor for vitamin D 1.3

is 1.14 times stronger than to vitamin D2[90]. 25-hydroxylase (CYP2R1) catalyzes 25-
hydroxylation of vitamin D3 5 times more efficiently than vitamin D2[91]. Thus, after 
administration of a single oral dose of vitamin D3 and vitamin D2, a more sustainable 
and prolonged increase in serum 25-hydroxybitamin D3 concentration is observed 
compared to serum 25-hydroxybitamin D2 concentration[92]. 1alpha-hydroxylase 
(CYP27B1) coverts 25-hydroxyvitamin D3 to 1,25-dihydroxyvitamin D3 2.4-time more 
efficiently than 25-hydroxyvitamin D2[93]. In receptor binding assays, 1,25-
dihydroxyviramin D3 has 1.3 times more receptor affinity than 1,25-dihdroxyvitamin 
D3[94]. These data indicate that vitamin D3 is more biologically potent than vitamin D2.

Comparison of biological potency of vitamin D2 vs vitamin D3

Vitamin D2 and vitamin D3 were reported to have similar efficacy in raising serum 25-
hydroxyviramin D concentration[95]. However, other studies demonstrated that 
vitamin D3 was more efficacious at raising serum 25(OH)D concentrations than 
vitamin D2[96-100]. This finding was confirmed by a meta-analysis of the randomized 

https://ods.od.nih.gov/factsheets/VitaminD-HealthProfessional/#en25
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control trials[101]. Furthermore, 25-hydroxyvitamin D3 has a longer half-life compared 
to 25-hydroxyvitamin D2 (15.1 ± 3.1 d vs 13.9 ± 2.6 d, P = 0.001, mean ± STD)[18]. In 
comparison to oral vitamin D2, oral vitamin D3 achieves a higher serum concentration 
of 1,25-dihydroxyvitamin D[100,102] and a more effective suppression of serum 
parathyroid hormone concentration[97]. Physicians preferring use of vitamin D2 
should be aware of its markedly lower potency and shorter duration of action when 
compared to vitamin D3. Thus, vitamin D3 is the preferred form of vitamin D for 
replacement therapy.

OPTIMAL SERUM 25-HYDROXYVITAMIN D CONCENTRATION
Minimal serum 25-hydroxyvitamin D concentration
The primary function of vitamin D is to maintain calcium homeostasis. The minimal 
serum 25-hydroxyvitamin D concentration for health was defined based on the serum 
parathyroid hormone response to replacement therapy with ergocalciferol[103]. A 
serum 25-hydroxyvitamin D concentration of 50 nmol/L (20 ng/mL) was 
recommended since no further changes in serum parathyroid hormone levels were 
found in subjects with a serum 25-hydroxyvitamin D level of 50 nmol/L (≥ 20 ng/mL). 
In 2010, the United Sates Institute of Medicine adapted this value as a target for 
ensuring good bone health[104]. However, based on a larger observational study with 
1569 subjects in France, serum parathyroid hormone concentration were noted to still 
decrease when the serum 25-hydroxyvitamin D rose to 78 mmol/L (31 ng/mL)[105]. 
Furthermore, a serum 25-hydroxyvitamin level of 75 nmol/L (30 ng/mL) is a 
recognized threshold for intestinal calcium absorption[106]. As shown in Table 4, 
many professional organizations and agencies have since adapted 75 nmol/L (30 
ng/mL) as the minimal acceptable serum 25-hydroxyvitamin D concentration 
recognizing this may have beneficial effects beyond bone health, targeting beyond 
bone health while the Institute of Medicine define the minimal 25-hydroxyvitamin D 
concentration 50 nmol/L (20 ng/mL) on bone health with a public health interest.

Maximal serum 25-hydroxyvitamin D concentration
The maximal allowed serum 25-hydroxyvitamin D concentration is defined by the 
appearance of adverse effects. Although the Institute of Medicine dose not define 
maximal serum 25-hydroxyvitamin D concentration[104], a warning against elevated 
serum 25-hydroxyvitamin D concentrations is stated. This warning is based upon the 
observed association of increasing mortality with serum 25-hydroxyvitamin D concen-
tration > 125 nmol/L (50 ng/mL)[107] by limiting the maximal daily vitamin D 
allowance (Table 4). This notion was further supported by the finding of increased 
cardiovascular mortality with serum 25-hydroxyvitaminD > 125 nmol/L (50 ng/mL)
[108]. In addition, a progressive decline in bone mineral density with serum 25-
hydroxyvitamin D greater than 125 nmol/L (50 ng/mL) was observed in a United 
States population[109]. Conversely, bone mineral density improved after discon-
tinuation of vitamin D supplementation in patients with a serum 25-hydroxyvitamin D 
concentration greater than 50 ng/mL[110]. Although vitamin D supplementation 
increased calcium absorption without a threshold effect[111], reanalysis of the data 
revealed a diminished response (per 1000 IU of vitamin D in Table 5) with increasing 
dose of vitamin D supplement suggesting a threshold effect of vitamin D on calcium 
absorption[112], something noted by others[106]. We reported lack of improvement in 
insulin sensitivity in individuals with a serum 25-hydroxyvitamin D concentration > 
125 nmol/L (50 ng/mL)[113]. Although hypercalcemia from vitamin D intoxication 
occurs mainly when the serum 25-hydroxyvitamin D concentration is > 374 nmol/L 
(150 ng/mL)[114], serum 25-hydroxyvitamin D concentrations > 75 nmol/L (50 
ng/mL) could be either harmful or lack beneficial effect.

Comparison of daily replacement vs intermittent replacement of vitamin D
The observation that a single oral dose of vitamin D3 2.5 mg (100000 IU) can maintain 
serum 25-hydroxyvitamin D above the target goal[115] provides a unique dosing 
strategy of vitamin D replacement therapy with greater adherence. It could even 
ensure 100% compliance if given by or under the direct supervision of a health care 
provider. Weekly[103], monthly[116], biyearly[117], and even yearly[118] schedules 
were reported in various trials leading to initiation of more convenient dosing 
schedule at less frequent intervals in clinical practice. To reduce the dosing frequency, 
a much higher dose of vitamin D is required which is predicted to cause a short-term 
spike (> 75 nmol/L or 50 ng/mL) in serum 25-hydroxyvitamin D concentration shortly 
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Table 4 Recommended daily vitamin D intake as promulgated by selected organizations and agencies

Organization Daily intake Goal

IU μg ng/mL nmol/L

Institute of Medicine 600-800 15-20 > 20 (20-50) > 50 (50-125)

Agency of Healthcare Research and Quality, Department of Health and Human Services > 1000 > 25 > 30 > 75

Office of Dietary Supplements, NIH 600-800 15-20 20-50 50-125

National Osteoporosis Foundation 800-1000 20-25 > 30 > 75

American Association of Clinical Endocrinologists 1000-2000 25-50 30-60 75-150

Endocrine Society 1500-2000 37.5-50 30-100 75-250

Table 5 Diminished response of intestinal calcium absorption in response to increasing vitamin D supplementation

Daily vitamin D supplementation Observed increase in calcium 
absorption

Estimated increase in calcium absorption per 1000 IU (25 
μg)

IU μg

800 20 3.90% 4.88%

2000 50 5.00% 2.50%

4000 100 6.70% 1.68%

after oral administration. In addition to the adverse effects as described in the above 
section 4.2, increased falls and fracture are observed with annual vitamin D 
replacement therapy. These mainly occur within the first 3 mo after oral adminis-
tration of 12.5 mg vitamin D3[118]. Furthermore, the associations of high-dose vitamin 
D treatment with gastrointestinal complaints[119], increased bone turnover markers
[120], hypercalcemia[121], hypercalciuria[122], and increased urinary magnesium loss
[123] have been reported. Similar levels of serum 25-hydroxyvitamin D concentration 
were achieved at the end of a 56-d trial from daily (1500 IU/d), weekly (10500 IU/wk), 
and monthly (45000 IU/4 wk) replacement therapy. Excessive serum 25-
hydroxyvitamin D concentration was not observed in those on the daily regimen but 
was observed in individuals on the weekly regimen and was still more common in 
those on monthly regimen[124]. Thus, high-dose vitamin D replacement therapy 
results in excessive serum 25-hydroxyvitamin D concentration.

A Lysine (K) amino acid polymorphism, in replacement of Threonine (T), at position 
436 of vitamin D binding protein is associated with increased affinity of vitamin D and 
is associated a 416% elevation in serum 25-hydroxyvitamin D concentration if high-
dose (4000 IU) vitamin D3 replacement therapy if given as opposed to low-dose (600 
IU) vitamin D3 replacement therapy. Individuals carrying the TT SNP showed only a 
136% increase in circulating vitamin[125]. Since the K allele is a minor allele and KK 
genotype accounts for less than few percent of population, the KK subjects may 
account for the excessive serum 25-hydroxyvitamin D-associated complications noted 
in certain studies. Given the above, daily vitamin D supplementation would seem to 
be most physiological and safest way to correct vitamin D deficiency and avoid the 
possible adverse effects associated with the excessive serum 25-hydroxyvitamin D 
concentration.

Factors affecting serum 25-hydroxyvitamin D concentration
Various genetic loci are associated with serum 25-hydroxyvitamin D concentration
[126] with 4 major loci identified (Table 6). These are all key proteins involved in the 
transportation and metabolism of vitamin D. Race and ethnicity were noted to have 
significant impact on serum 25-dihyrdroxyvitamin D concentration[127], again 
implicating a genetic influence[126] including skin color[128].

Seasonable variations in serum 25-hydroxyvitanim D concentrations related to sun 
exposure are well described[126]. Consistent with this, latitude has a significant impact 
on serum 25-dihydrocyvitamin D concentration[129]. Living closer to the equator and 
increasing sun exposure can improve vitamin D levels. However, the increased risk of 
skin cancer from sun exposure should be balanced employing maximum skin 
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Table 6 Major loci associated with changes in serum 25-hydroxyvitamin D concentration

Chromosome SNP Gene symbol Protein P value

4p12 rs2282679 GC Vitamin D binding protein 1.9 × 10-109

11q12 rs12785878 DHCR7 7-dehydrocholsterol reductase 2.1 × 10-27

11p15 rs10741657 CYP2R1 1-alpha-hydroxylase 3.3 × 10-20

20q13 rs6013897 CYP24A1 1,25-dihydroxyvitamin D3 24-hydroxylase 6.0 × 10-10

Adapted from Wang et al[126]. SNP: Single nucleotide polymorphism.

exposure area with decreased exposure time[85]. Dietary supplementation also 
corrects deficiency. Obesity is associated with a lower serum 25-hydroxyvitamin D 
concentration[72] while weight reduction with loss of adipose tissue is associated with 
improvement in serum 25-hydroxyvitamin D concentration[130]. These findings 
indicate that vitamin D status may be improved through modification of lifestyle.

Practical recommendations for vitamin D replacement therapy
As showed in Table 4, the recommended vitamin D supplement varies between 
organizations and agencies. The reasons for this relate to the purpose of vitamin D 
supplementation, visive calcemic vs non-calcemic effects. For calcemic effects, bone 
health is the goal of supplementation and is maximized through using a conservative 
daily vitamin D to achieve the minimal serum 25-hydroxyvitamin D concentration 
while avoiding possible adverse effects associated with overreplacement. A public 
health approach to this is displayed in Table 7. In contrast, a more personized 
approach is rationale when the target is to promote the non-calcemic effects of vitamin 
D.

We recommend using vitamin D3, instead of vitamin D2, for the rationale as 
discussed in the sections 3.2 and 3.3. We are in favor of daily replacement therapy and 
against intermittent mega dose replacement. This is supported by the recommend-
ations of the Endocrine Society for indefinitely intermittent mega dose replacement
[131]. It has been estimated that supplement with cholecalciferol 1000 IU (50 μg) daily 
will increase serum 25-hydroxyvitamin D concentration by 10 ng/mL[132]. Since 
vitamin D is a fat soluble, replacement therapy can be further enhanced by taking it 
with the largest meal of day[133]. We recommend vitamin D3 1000 IU daily for 
achievement of an initial serum 25-hydroxyvitamin D concentration between 51 
nmol/L (21) ng/mL and 75 nmol/L (30 ng/mL); 2000 IU daily for between 26 nmol/L 
(11 ng/mL) and 50 nmol/L (20 ng/mL); and 5000 IU for equal or less than 25 nmol/L 
(10 ng/mL). Serum 25-hydroxyvitamin concentration should be measured within 3 mo 
for assessment and, if indicated, dose adjustment. We are targeting serum 25-
hydroxyvitamin D concentration between 75 nmol/L (30 ng/mL) and 125 nmol/L (50 
ng/mL).

VITAMIN D AND DIABETES PREVENTION
Vitamin D diabetes prevention trials 
To date, eight clinical trials employed vitamin D to reduce prediabetes progression to 
overt diabetes (Table 8). Only two studies[134,135] demonstrated positive results. 
Although these two studies had small sample size, they recruited true vitamin D 
deficient (25-hydroxyvitamin D < 50 nmol/L or 20 ng/mL) subjects and achieved final 
25-hydroxyvitamin D concentration at 89-90 nmol/L, after intervention for 1 year and 
6 mo, respectively. Of note, the study in India[134] was a randomized open label study 
demonstrating an odds ratio of 0.31 [95% confidence intervals (CI): 0.11-0.90]. The 
study in Iran was a randomized placebo control study[135] revealing an odds ratio of 
0.06 (95%CI: 0.01-0.51). Because of relatively small sample sizes of both studies, the CI 
were very wide. Additional studies with similar initial and final 25-hydroxyvitamin D 
concentration (< 50 nmol/L and 90-100 nmol/L, respectively) and much larger sample 
sizes are required to confirm these data.

Two negative studies[136,137] were noted to have similar initial 25-hydroxyvitamin 
D concentrations (25-42 nmol/L). The negative results could be due to the relatively 
short interventions (8-16 wk) and small sample sizes. The study in Holland only 
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Table 7 Vitamin D supplementation versus vitamin D replacement therapy

Vitamin D supplement Vitamin D replacement therapy

Target goal Bone health Beyond bone health

Target 25-hydroxyvitamin D level > 20 ng/mL (50 nmol/L) > 30 ng/mL (75 nmol/L)

Initial testing for 25-hydroxyvitamin D level No Yes

Concern of over-replacement Yes Yes

Follow-up testing for 25-hydroxyvitamin D level No Yes

Dose adjustment No Yes

Approach Public health Individualized

Table 8 Preventive trials of vitamin D supplementation to prevent the development of type 2 diabetes

Placebo control Intervention

25(OH)D 
nmol/L

25(OH)D 
nmol/LRef. Country Race/ethnicity

n
Initial Final

n
Initial Final

Dose Frequency Duration Diabetes 
prevention

Dutta et al[134], 
20141

IndiaAsian Indian 49 45 44 55 43 89 1500 
μg

Weekly X 8, 
monthly

1 yr Positive2

Niroomand et al
[135], 2019

IranIranian 83 32 40 83 31 90 1250 
μg

Weekly for 3 mo, 
monthly

6 mo Positive3

Wagner et al
[136], 20164

Sweden 22 47 46 21 42 83 750 μg weekly 8 wk Negative

Oosterwerff et al
[137], 2014

HollandNon-Western 65 22 23 65 25 60 30 μg daily 16 wk Negative

Barengolts et al
[141], 20155

United States African 
American

86 35 50 87 37 120 1250 
μg

weekly 12 m Negative

Davidson et al
[139], 20136

United States Latino and 
African American

53 55 60 56 55 167 2222 
μg 

weekly 12 mo Negative

Jorde et al[140], 
2016

Norway 255 61 64 256 60 110 500 μg weekly 5 yr Negative

Pittas et al[138], 
2019

United States mixed 1212 70 72 1211 69 136 100 μg daily 24 mo Negative

1This study was an open label randomized design, instead of randomized placebo-control design as other studies.
2Intervention is associated with significantly lower progression to diabetes (11% vs 27%; P = 0.04) and higher reversal to normoglycemia (43% vs 20%; P = 
0.02).
3The rate of progression toward diabetes was significantly lower in the intervention group (3% vs 28%; P = 0.002).
4Meadian 25-hydroxyvitamin was provided, rather than mean 25-hydroxyvitamin D as in other studies.
5Ergocalciferol was used, rather than cholecalciferol in other studies.
6Weekly dose of cholecalciferol was adjusted to titrate serum 25-hydroxyvitamin D between 162 nmol/L and 200 nmol/L.

achieved a final suboptimal 25-hydroxyvitamin D concentration of 60 nmol/L.
The other four studies[138-141] had a final 25-hydroxyvitamin D concentration > 

100 nmol/L which might not be optimal for glucose metabolism. Among them, the 
study in African American[141] was the only study that recruited true vitamin D 
deficient subjects (initial 25-hydroxyvitamin D 37 nmol/L). Of note, ergocalciferol was 
used which could be less effective biologically as discussed above in 3.2 and 3.3. 
Enrollment of non-vitamin D deficient (25-hydroxyvitamin D < 50 nmol/L) subjects
[138-140] could further reduce the chance of finding any effect. Furthermore, the study 
in Norway had a significant dropout rate in the interventional group with only 45% of 
participants completing the planned 5-year visit. The largest intervention trial[138] 
included more than 1000 subjects in each group. To be able to apply to the general 
population in the United States, this study did not target vitamin D deficient subjects 
and allowed the participants to take additional vitamin D up to 25 μg daily. Therefore, 
it had the highest initial 25-hydroxyvitamin D among these studies, 70 nmol/L in the 
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control group and 69 nmol/L in the interventional group, which might diminish the 
power of this study to detect the beneficial effect of vitamin D. Regardless of the 
negative results in most studies, the beneficial effect of vitamin D supplementation 
cannot be completely excluded, especially in subjects with vitamin D deficiency (25-
hydroxyvitamin D < 50 nmol/L).

The effects of vitamin D supplement on parameters of glucose metabolism
Various parameters of glucose metabolism were reported in most of above-mentioned 
studies, except one[138]. After vitamin D intervention for 1 year, the study from India
[134] observed improvement in fasting and 2-hr post-challenge glucose concentrations, 
insulin sensitivity by Homeostasis Model (HOMA) insulin resistance index, QUICKI, 
and 1/fasting insulin concentration while no impact on HbA1c and beta cell function 
by HOMA. Following vitamin D supplement for 6 mo, the study from Iran[135] 
reported the improvement in the HOMA insulin resistance index and marginal 
improvement in fasting insulin concentration (P = 0.05) and 2-hour post-challenge 
blood glucose concentration (P = 0.07) with no impact on fasting blood glucose concen-
tration.

After an 8-wk intervention, the study from Sweden[136] assessed insulin sensitivity 
and beta cell function using the hyperglycemic clamp. They observed a significant 
improvement in deposition index based on the first phase insulin response (P = 0.005) 
and marginal improvement in first phase insulin response (P = 0.06), insulin sensitive 
index (P = 0.09), deposition index based on the second phase insulin response (P = 
0.06), and A1c (P = 0.06) but no impact on the second phase insulin response and 
fasting and 2-hr post-challenge blood glucose concentration.

In contrast, the study from Holland[137] evaluated glucose metabolism parameters 
based on the 75-g glucose tolerance test following intervention for 16 wk. They 
reported negative results, finding no effects upon insulin area under curve, glucose 
area under curve, insulin sensitivity by composite insulin sensitivity index, Stumvoll 
index, insulin resistance index by HOMA, and beta cell function by insulinogenic 
index. Of note, the final 25-hydroxyvitamin D concentration was only 60 nmol/L 
which could be suboptimal for glucose metabolism. Similarly, after the vitamin D 
supplementation for 5 years, the study from Norway[140] observed no impact on 
fasting and 2-hr post-challenge serum glucose concentration, fasting and post 
challenge serum insulin concentration, fasting serum C-peptide concentration, HbA1c, 
and insulin sensitivity by HOMA insulin resistance index and QUICKI.

Following a 12-mo intervention, the study involving Latino and African Americans
[139] observed a significant improvement in HbA1c but no effects on fasting and 2-hr 
post-challenge blood glucose concentration, beta cell function by the ratio of insulin 
and glucose area under curve, Stumvoll first and second insulin response, 
insulinogenic index, insulin sensitivity index by HOMA insulin resistance index and 
composite insulin sensitivity index, and oral disposition index. However, a significant 
improvement in composite insulin sensitivity index but not Matsuda index, 
insulinogenic index, C-peptidogenic index, and HbA1c was noted.

Excepting two studies[137,140] with negative results, favorable outcomes on 
parameters of glucose metabolism were reported in five studies[134-136,139,141] 
suggesting some benefits to supplementation under these conditions.

Summary of vitamin D and diabetes prevention
In vitamin D deficient (25-hydroxyvitamin D < 50 nmol/L) prediabetic subjects, 
vitamin D supplement appears to be effective in reduction of the development of overt 
diabetes. However, there appears to be no benefit in vitamin D sufficient subjects, 
which was noted in a study from Norway[142]. Based on pooled data from four 
intervention trials, in subjects without vitamin D deficiency there is no improvement 
in glucose metabolism with high dose vitamin D supplementation and if anything, the 
effect is negative[143]. This notion is consistent with the observed threshold effect of 
vitamin D on bone health and lack of benefit in subjects with baseline 25-
hydroxyvitamin D level ≥ 75 nmol/L (30 ng/mL)[14,15].

LABORATORY EVIDENCE SUPPORTING THE EFFECT OF VITAMIN D ON 
GLUCOSE AND FUEL HOMEOSTASIS
Beta cell function 
Functional beta cell studies: The important role of vitamin D on insulin secretion has 
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been noted in laboratory animals since 1980. Insulin secretion was reduced by about 
50% in isolated perfused islets from vitamin D-deficient rats compared to controls
[144]. Interestingly, 1,25-dihydroxyvitamin D3 was noted in cell nuclei in the islets of 
langerhans[145]. Furthermore, administration of 1,25-dihydroxyvitamin D3 to vitamin 
D-deficient rats improved insulin secretion significantly when compared to controls
[146]. Vitamin D deficiency impaired both phases of insulin release in rats while 
correction of hypocalcemia failed to reverse the defect in insulin release[147]. Vitamin 
D, but not calcium, was essential for normal insulin secretion from the perfused rat 
pancreas[148]. The positive effect of single dose of 1,25-dihydroxyvitamin D3 on 
insulin secretion was apparent at 8 h in perfused rat pancreata, peaked at 14 h, and 
then decreased to pretreatment baseline values by 36 h[149]. Dietary vitamin D3 
supplementation improved impaired glucose tolerance and insulin secretion in the 
vitamin D-deficient rats[150]. A dose-dependent effect from parenteral 1,25-
dihydroxyvitamin D on insulin secretion and glucose metabolism was observed within 
3 h and remained effective up to 20 h in the vitamin D-deficient rats[151]. The role of 
vitamin D on insulin synthesis and secretion was supported by studies in vitamin D 
receptor knockout mice. Insulin secretory capacity was reduced by 60% in vitamin D 
receptor knockout mice[152] with increased post-challenged blood glucose but normal 
fasting blood glucose concentration and reduced insulin mRNA levels in pancreatic 
islets but normal pancreatic beta cell mass, islet architecture, and islet neogenesis when 
compared to wild type mice. Thus, vitamin D plays an important role in pancreatic 
insulin synthesis and secretion in vivo.

Mechanistic studies of beta cell function: Although the essential role of vitamin D on 
insulin secretion has been established in vitamin D depleted laboratory animal, details 
of the underlying molecular mechanism remain to be defined. Employing a proteomic 
approach, treatment with 1,25-dihydroxyvitamin D3 resulted in 31 differentially 
expressed proteins in INS-1 beta-like cells[153] with 29 upregulated, some of which 
were implicated in insulin granule motility and insulin exocytosis as well as regulation 
of ions. Pretreatment of INS1E cells with 1,25-dihydroxyvitamin D or 25-
hydroxyvitamin D and glucose resulted in 526 and 181 differentially expressed genes, 
respectively[154].

Several molecular mechanisms were proposed to account for the effects of vitamin 
D on beta cells, including changes in the local pancreatic islet renin-angiotensin system
[155], restoration of GLUT2 expression[156], enhancement of IP3 and AMPA receptor 
expression[157], vitamin D-binding protein-induced beta cell dedifferentiation[158], 
reduction of oxidative damage[159], reduced cholinergic pancreatic effects[160], 
enhanced transcriptional regulation of voltage-gated calcium channels[161], and 
elevation of PPAR-γ expression[162]. However, further studies are required to confirm 
the proposed mechanisms.

Insulin sensitivity 
Functional studies of insulin sensitivity: In contrast to beta cell function, there are 
fewer studies of insulin sensitivity. Dietary supplementation of vitamin D improved 
insulin sensitivity, hepatic steatosis, and myocardial fibrosis in Western diet fed rats
[163]. In dietary-induced obese mice, vitamin D receptor activation in liver 
macrophages improved insulin sensitivity with reduction of hepatic inflammation and 
steatosis[164]. Vitamin D treatment improved insulin resistance index in a nongenetic 
model of type 2 diabetes[165]. However, vitamin D status were not reported in these 
studies.

Mechanistic studies of insulin sensitivity: Chronic central administration of 1,25-
dihydroxyvitamin D3 dramatically reduced body weight, putatively by lowering food 
intake, in obese rodents[166]. Treatment with vitamin D increased mitochondrial 
function and insulin sensitivity, in part, through upregulation of perilipin 2, a perilipin 
protein upregulated with 1,25-dihydroxyvitamin D treatment[167]. In skeletal 
myocytes, vitamin D reduced insulin resistance by altering lipid partitioning and lipid 
droplet packaging in favor of lipid turnover[168]. FGF-23 knockout mice are 
hypoglycemic with profoundly increased peripheral insulin sensitivity and improved 
subcutaneous glucose tolerance. Ablation of vitamin D signaling in these mice 
normalized subcutaneous glucose tolerance tests and insulin sensitivity[169]. 
Caveolin-1 protein, which is necessary for vitamin D signaling, could play a role in 
vitamin D-induced insulin sensitivity in skeletal muscle[170]. In cultured rat 
osteoblasts, 1,25-dihydroxyvitamin D3 treatment increased expression of the insulin 
and vitamin D receptors, and elevated osteocalcin levels under high glucose exposure
[171], which may in turn improve insulin sensitivity.
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However, the results of vitamin D receptor knockout mice were less uniform. 
Skeletal muscle-specific vitamin D receptor knockout mice developed insulin 
resistance and glucose intolerance accompanied by increased expression and activity 
of FOXO1[172]. Deletion of macrophage vitamin D receptor promoted insulin 
resistance and monocyte cholesterol transport and accelerated atherosclerosis[173]. In 
contrast, deletion of the vitamin D receptor gene in endothelial cells improved glucose 
tolerance and insulin sensitivity in skeletal muscle and reduced expression and 
secretion of insulin in pancreatic islets[174]. Together these data indicate that vitamin 
D has positive and negative effects on insulin sensitivity that are cell and organ 
specific.

CONCERNS ARISING WITH REPORTED STUDIES
Lack of true vitamin D deficient subjects
Due to publicity and potential non-calcemic benefits of vitamin D supplementation, 
the sale of vitamin D supplements increased significantly and taking vitamin D 
supplements is common. Thus, there are less true vitamin D deficient subjects 
available for inclusion in clinical trials. As well, a general lack of funding support for 
large trials impedes addressing the ability of researchers to address the gaps in 
knowledge surrounding vitamin D and its beneficial effects.

Lack of beneficial effects from suboptimal replacement and detrimental effects of 
over-replacement
To obtain the maximal effect of vitamin D, serum 25-hydroxyvitamin D concentration 
should be maintained in an optimal range, namely between 75 nmol/L (30 ng/mL) 
and 125 nmol/L (50 ng/mL). Inadequate vitamin D replacement therapy will reduce 
the chance to observe the expected beneficial effect of vitamin D while adverse effects 
associated with excessive serum 25-hydroxyvtamin D concentration will also cloud 
data interpretation. Although mega doses of vitamin D given intermittently could 
improve compliance in a study protocol, the predicted wide swings in serum 25-
hydroxyvitamin D concentrations will confound outcomes. It is important in clinical 
studies to use a proper daily dose to avoid these pitfalls.

Inadequate sample size
The Diabetes Prevention Program demonstrated a 58% (95%CI: 48%-66%) reduction in 
the incidence of diabetes in the lifestyle intervention group (cumulative incidence of 
diabetes 14.4% in 1079 participants) and a 31% reduction in diabetes (95%CI: 17%-43%) 
in the metformin treated group (cumulative incidence of diabetes 21.7% in 1073 
participants) when compared to the placebo (cumulative incidence of diabetes 28.9% 
in 1082 participants)[175]. Insulin sensitivity improved by 61.8% in the lifestyle 
intervention group and 28.3% in the metformin group[176]. This study can be 
employed to calculate a sample size sufficient for assessing the effects of vitamin D 
intervention.

Based on the non-linear relationship of serum 25-hydroxyvotamin D concentration 
and insulin sensitivity index as we reported[113], we constructed Table 9. Assuming a 
linear relationship between improvement in insulin sensitivity and reduction of 
diabetes from the Diabetes Prevention Program[175,176], we calculated the required 
sample size to detect the reduction of diabetes incidence after vitamin D replacement 
therapy in a population similar to that of the Diabetes Prevention Program[175] with a 
power of 0.80 to detect the proposed difference and a type I error rate, alpha, of 0.05 in 
a clinical trial of 3 years. Starting with a baseline serum 25-hydroxyviyamin D of 25 
ng/mL (10 ng/mL), 170 subjects would be needed. Such a study cohort size is not 
excessive. However, if the baseline serum 25-hydroxyvitamin D is equal or greater 
than 50 nmol/L (20 ng/mL) the cohort size needed increases markedly. These 
calculations suggest that all studies to date are flawed secondary to inadequate sample 
size.

It has been frustrating to confound the published negative reports while ample 
evidence supports the benefit of vitamin D. Accordingly, we propose these guidelines
[177]. Future studies into the effects of vitamin D supplementation need to ensure the 
proper selection of study subjects, adequate vitamin D replacement to achieve an 
optimal serum 25-hydroxyvitamin D concentrations, avoidance over-placement to 
eliminate detrimental effects, and adequate sample size to detect the proposed effects.
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Table 9 Calculated sample size requirement to detect an improvement in insulin sensitivity based on a baseline serum 25-
hydroxyvitamin D concentration of 40 ng/mL (100 nmol/L) and a power of 0.80 and alpha of 0.05

Initial serum 25-
hydroxy-vitamin D 
concentration

ng/mL nmol/L

Estimated insulin 
sensitivity 
index(μM/min/m2/pM)

Improvement in insulin sensitivity index with 
postintervention Serum 25-hydroxyvitamin D 
concentration 40 ng/mL (100 nmol/L)

Diabetes reduction 
based on the Diabetes 
Prevention Program

Sample 
size

10 25 4.1326 0.8664 0.4361 340

15 37 5.4144 0.4246 0.2118 1602

20 50 6.2812 0.2280 0.1121 5934

25 62 6.8674 0.1232 0.0589 21878

30 75 7.2638 0.0619 0.0278 99260

35 87 7.5319 0.0241 0.0086 1041162

THE ISSUES THAT NEED TO BE ADDRESSED BY THE FUTURE STUDIES
Optimal serum 25-hydroxyvitamin D concentration for glucose metabolism
Table 4 summarizes the recommended serum vitamin D concentrations from several 
institutions and agencies. As appreciated, studies on bone health[14,15] showed no 
additional benefit in the subjects with serum 25-hydroxyvitmanin D > 75 nmol/L (30 
ng/mL) and this agrees with the effects upon diabetes prevention. However, increased 
all-cause mortality[107] and cardiovascular mortality[108] occurred prior to the 125 
nmol/L (50 ng/mL) threshold, implying a much lower maximum dose for optimal 
serum 25-hydroxyvitamin D concentration. The question remains whether the same 
relationship applies to glucose homeostasis.

Detrimental effects on glucose metabolism for serum 25-hydroxyvitamin D 
concentrations above a maximum threshold
The detrimental effects noted in individuals with serum 25-hydroxyvitamin D concen-
tration above a maximum threshold was observed in a cross-sectional study[109]. 
Further, improvement in bone density after discontinuation of vitamin D supple-
mentation in osteoporotic patients with elevated serum 25-hydroxyvitamin D concen-
tration was reported[110]. Elevated serum 25-hydroxyvitamin D concentrations were 
also associated with increased falls and fracture[118]. These reports suggest that 
assessment of negative effects from elevated serum 25-hydroxyvitamin D concen-
tration may be uncovered with additional study.

Diabetes prevention in vitamin D deficit subjects
Although various evidence suggests the benefit of vitamin D on glucose metabolism, 
published diabetes prevention trails are not convincing and suffer from improper 
designed and execution. To address this issue, a well-designed and well-conducted 
randomized, placebo-control trial to test the effects of vitamin D to limit development 
of diabetes is warranted, by selecting true vitamin D deficient subjects, achieving 
optimal but not excessive serum 25-hydroxyvitamin concentration, and enrolling 
adequate number of subjects. Properly monitoring serum 25-hydroxyvitamin D 
concentrations is required during the study.

CONCLUSION
The role of vitamin D in glucose metabolism and fuel homeostasis is supported by a 
number of observational studies. We reported that serum 25-hydroxyviatmin D 
concentration accounted for 21.2% of the variation in insulin sensitivity index in 
univariate analysis and 6.1% by itself among 42% with other covariates in multivariate 
analysis[178]. We also reported that serum 25-hydroxyviatmin D concentration 
accounted for 8.2% of the variation in beta cell function in univariate analysis and 4.5% 
by itself among 25.5% with other covariates in multivariate analysis[179]. Although the 
intervention studies have failed to provide concordant data for multiple reasons, 
laboratory studies revealed a number of molecular mechanisms that underlie the effect 
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of vitamin D supporting the important role of the vitamin in glucose metabolism and 
fuel homeostasis. Since the independent contributions of vitamin D to insulin 
sensitivity[178] and beta cell function[179] are relatively small, vitamin D deficiency 
could be the last straw that breaks camel’s back in polygenetic and multifactorial 
diseases, such as diabetes, obesity, and hyperlipidemia.
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Abstract
Diabetes mellitus (DM) is a noncommunicable disease reaching epidemic 
proportions around the world. It affects younger individuals, including women of 
childbearing age. Diabetes can cause diabetic retinopathy (DR), which is 
potentially sight threatening when severe nonproliferative DR (NPDR), prolif-
erative DR (PDR), or sight-threatening diabetic macular oedema (STDME) 
develops. Pregnancy is an independent risk factor for the progression of DR. 
Baseline DR at the onset of pregnancy is an important indicator of progression, 
with up to 10% of women with baseline NPDR progressing to PDR. Progression to 
sight-threatening DR (STDR) during pregnancy causes distress to the patient and 
often necessitates ocular treatment, which may have a systemic effect. 
Management includes prepregnancy counselling and, when possible, conven-
tional treatment prior to pregnancy. During pregnancy, closer follow-up is 
required for those with a long duration of DM, poor baseline control of blood 
sugar and blood pressure, and worse DR, as these are risk factors for progression 
to STDR. Conventional treatment with anti-vascular endothelial growth factor 
agents for STDME can potentially lead to foetal loss. Treatment with laser 
photocoagulation may be preferred, and surgery under general anaesthesia 
should be avoided. This review provides a management plan for STDR from the 
perspective of practising ophthalmologists. A review of strategies for maintaining 
the eyesight of diabetic women with STDR with emphasis on prepregnancy 
counselling and planning, monitoring and safe treatment during pregnancy, and 
management of complications is presented.

Key Words: Sight-threatening diabetic retinopathy; Severe nonproliferative diabetic 
retinopathy; Proliferative diabetic retinopathy; Diabetic macula oedema; Pregnancy; 
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Core Tip: Progression of diabetic retinopathy (DR) to the sight-threatening DR (STDR) 
is rare during pregnancy but can cause significant ocular morbidity and distress to the 
mother. Good prepregnancy and intrapartum control of systemic risk factors, especially 
blood sugar and blood pressure, and adequate prepregnancy treatment of STDR will 
reduce complications during pregnancy. When STDR develops, conventional therapy 
for nonpregnant individuals may not be applied. This includes avoidance of anti-
vascular endothelial growth factor agents conventionally for diabetic macular oedema 
and proliferative DR (PDR), especially during early trimesters. Panretinal photocoagu-
lation is a safe option for PDR. Surgical treatments should be performed under local 
anaesthesia or preferentially deferred until postpartum.

Citation: Choo PP, Md Din N, Azmi N, Bastion MLC. Review of the management of sight-
threatening diabetic retinopathy during pregnancy. World J Diabetes 2021; 12(9): 1386-1400
URL: https://www.wjgnet.com/1948-9358/full/v12/i9/1386.htm
DOI: https://dx.doi.org/10.4239/wjd.v12.i9.1386

INTRODUCTION
Diabetes mellitus (DM) is a complex metabolic disease that involves multiple organs 
and may cause severe visual impairment. DM is known to affect several ocular 
structures, including the extraocular muscles, the intraocular lens, the optic nerve, and 
the retina. However, diabetic retinopathy (DR) is the most common and leading cause 
of blindness among working-age adults in developing countries[1]. Of 285 million 
people worldwide with diabetes in 2010[2], approximately one-third have signs of DR, 
and one-third of these patients may have vision-threatening retinopathy, defined as 
severe nonproliferative DR (NPDR), proliferative DR (PDR), or diabetic macular 
oedema (DME)[3]. In Southeast Asia alone, the total number of people with diabetes is 
expected to reach more than 140 million by 2040. Over 20 years, the prevalence has 
more than doubled among Malaysians aged 30 or more years, with a prevalence of 
22.6% in 2013[4,5].

CLINICAL FEATURES OF DR
DR can be classified into several stages: (1) Mild NPDR characterized by increased 
vascular permeability; (2) Moderate NPDR depicted by vascular closure with less than 
20 microaneurysms; (3) Severe NPDR, which is identified as any of the following 
clinical features: Microaneurysms in all 4 quadrants, venous beading in 2 or more 
quadrants, and intraretinal microvascular abnormalities in 1 or more quadrant; (4) 
Very severe NPDR if they have 2 or more of the criteria for severe NPDR; and (5) PDR 
which is characterized by the growth of new blood vessels (neovascularization) on the 
optic disc, retina, or on the posterior surface of the vitreous. DME is characterized by 
retinal thickening from leaky blood vessels that can develop at any stage of DR.

The progression of DR during pregnancy increases the frequency of perinatal 
follow-ups and may necessitate stressful treatments[6]. Sight-threatening DR (STDR) 
can cause ocular morbidity, which can lead to psychological distress in new mothers
[7]. Poor vision may also lead to adverse effects on newborns through neglect and 
postnatal depression in the mother[7].

RISK FACTORS FOR DR PROGRESSION
The incidence of DR is highly dependent on the duration and control of diabetes, and 
risk factors such as hyperglycaemia[8,9], hypertension[10], dyslipidaemia[11], and 
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P-Editor: Ma YJ nephropathy[12] may accelerate DR progression in both pregnant and nonpregnant 
individuals.

In women with pre-existing DM, pregnancy is also known to be associated with 
worsening DR[13]. As the prevalence of type 1 DM (T1DM)[14] and type 2 DM 
(T2DM)[15] increases globally, recent studies have found that the incidence of DR in 
early pregnancy is approximately 63% in T1DM[16] and 14% in T2DM[13]. The 
adverse effects of pregnancy on retinal status occur by the end of the second trimester 
and regress after delivery, but some severe cases may persist into the first year 
postpartum[13,17-19]. Risk factors such as poor glycaemic control during pregnancy
[13], longer duration of diabetes before conception[20], rapid normalization of 
glycated haemoglobin (HbA1c) at the beginning of pregnancy[20], hypertension[21], 
and preeclampsia[22] may influence the development and progression of DR during 
pregnancy.

The severity of DR at conception also has an impact on DR progression during 
pregnancy, as progression was more significant in pregnant women with moderate 
and severe forms of DR than in those with mild or no DR[16]. According to the 
Diabetes in Early Pregnancy Study, approximately 55% of pregnant women with 
moderate-to-severe NPDR and 21% with mild NPDR showed deterioration of DR[20]. 
A review by Morrison et al[23] found that when NPDR was present at baseline, 30.2% 
worsened, and 9.8% progressed to proliferative disease[23]. Macular oedema typically 
occurs alongside proteinuria or hypertension and may progress throughout pregnancy 
and resolve during the postpartum period; however, some cases may persist and cause 
long-term vision loss[24].

PREPARING FOR DR PROGRESSION IN PREGNANT DIABETICS
Screening and pre-pregnancy counselling and treatment
Screening for DR is an important aspect of diabetes management, as it aims to detect 
DR as early as possible to enable timely treatment and prevent vision loss[25]. Diabetic 
women should have a preconception retinal screening and counselling on the risk of 
development and progression of DR, as well as comprehensive care by a multidiscip-
linary team consisting of an endocrinologist, an ophthalmologist, and a perinatologist
[26]. Comprehensive eye assessment, tight glycaemic control, and other assessments 
will be performed throughout the pregnancy period[27]. The duration of the follow-up 
is dependent on the stage of DR; the more severe the DR is at diagnosis during the 
initial check-up, the more frequent the follow-up schedule will be. Maximal control of 
both glucose levels and blood pressure is essential in the treatment of DR during 
pregnancy[16].

Laser photocoagulation for DR
Currently, scatter or panretinal photocoagulation (PRP) is a preferred treatment 
modality for all patients, including pregnant women with DR, which involves 
applying laser burns on the retina while sparing the central macular area to reduce the 
ischaemic drive and the risk of vision loss[28]. In an unfortunate event of DR 
progression, pregnant women with severe NPDR and PDR at the preproliferative 
stage may consider either scatter or PRP, as both are effective and safe treatments with 
minimal side effects to the foetus[29,30]. Although the results from protocol S of 
DRCR.net found that both anti-vascular endothelial growth factor agents (anti-VEGF) 
and PRP are effective for PDR, anti-VEGF in pregnancy should be avoided whenever 
possible to minimize the placental transfer of drugs and risk to the foetus[30,31]. 
However, PRP treatment is associated with potential side effects, including worsening 
of macular oedema that may lead to transient or permanent vision loss, peripheral 
visual field defects, night vision loss, loss of contrast sensitivity, potential complic-
ations from misdirected or excessive burns, and progression of visual loss[32].

Anti-VEGF agents for PDR and DME in pregnancy
VEGF, an endothelial-cell-specific angiogenic factor[33], was suggested to be the 
primary mediator of diabetic retinal neovascularization, as its concentration in ocular 
fluid samples from patients with PDR was found to be significantly increased 
compared to samples from patients with NPDR[34]. Since then, clinical studies have 
suggested that anti-VEGF therapy is effective for PDR[30], and various anti-VEGF 
drugs, such as pegaptanib, ranibizumab, bevacizumab, and aflibercept, have been 
used. Pegaptanib (Macugen®; Pfizer Inc.) is a 28-base ribonucleic acid aptamer that 
specifically binds to and blocks the activity of the 165 amino acid isoform of VEGF 
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(VEGF165)[35] and was approved by the United States Federal Drug Administration 
(FDA) for the treatment of neovascular age-related macular degeneration in 2004[36]; 
administration of a 0.3 mg (0.9 mL) dose is recommended once every six weeks by 
intravitreal injection. The use of pegaptanib has been shown to reduce retinal thickness 
and improve vision in PDR[37] and macular oedema[38]. However, its use worldwide 
and in Malaysia for DME and PDR in nonpregnancy diabetic patients has been largely 
superseded by the other 3 anti-VEGF agents.

Ranibizumab (Lucentis®; Genentech Inc.) is a humanized monoclonal antibody 
fragment directed at all isoforms of VEGF-A and contains only the Fab fragment of the 
parental anti-VEGF antibody with a weight of 48 kDa[39]. The DR Clinical Research 
Network’s (DRCR.net) Protocol S study found that eyes treated with ranibizumab 
were less likely to have vitreous haemorrhage (VH) and progress from severe NPDR 
to PDR than those treated with PRP[30]. The use of ranibizumab 0.3 to 0.5 mg (0.05 
mL) as a monthly intravitreal injection attained FDA approval for the treatment of all 
forms of DR in 2017.

Bevacizumab (Avastin®; Genentech Inc.), a full-length recombinant humanized 
monoclonal immunoglobulin G1κ antibody weighing 149 kDa, which inactivates all 
VEGF isoforms[39], was FDA-approved as a treatment for colorectal carcinoma in 
2004. It is used as an off-label therapy by many ophthalmologists, as trials found its 
side-effect profile with doses of either 1.25 mg or 2.5 mg (0.05 mL) to be similar to 
ranibizumab[40]. A 2-year randomized controlled trial also provided evidence 
supporting the use of bevacizumab for persistent centre-involving macular oedema
[41].

Aflibercept (Eylea®; Regeneron Inc.) is a 115 kDa recombinant fusion protein that 
consists of VEGF-binding domains for human VEGF receptors 1 and 2 fused to the Fc 
domain of human immunoglobulin-G1 and binds to all isomers of the VEGF-A family
[38]. In 2014, the FDA approved aflibercept for the treatment of macular oedema after 
significant improvements in the primary endpoint of mean change in best-corrected 
visual acuity were achieved for the aflibercept-treated group in completed phase III 
VIVID and VISTA[42] trials, and the 52-wk visual and anatomic superiority of the 
intravitreal aflibercept injection group was sustained through week 100[43]. The 
Panorama trial[44] was then conducted to investigate aflibercept for the improvement 
of moderate-severe to severe NPDR without macular oedema, and the safety data 
were consistent with the results of phase III VIVID and VISTA trials, and the outcome 
was sustained through week 100[45]; thus, it obtained FDA approval for the treatment 
of DR in 2019. The recommended dosage of aflibercept injection for the treatment of 
macular oedema and DR is 2 mg (0.05 mL) every 8 wk after five initial monthly 
injections.

VEGF also plays a role in the maintenance of foetal and placental vasculature[46]; 
thus, a reduction in VEGF expression has been linked with defective embryogenesis 
and foetal loss in humans[47]. Studies also found that the inhibition of VEGF activity 
and signalling pathways may lead to hypertension[48-50]. Despite this, the 
relationship between VEGF, hypertension, and preeclampsia is poorly understood. 
The teratogenicity of anti-VEGF drugs have been explored, categorized, and detailed 
by the FDA as follows[31]: Pegaptanib has been assigned to Pregnancy Category B, 
where no teratogenicity was found in mice when given an intravenous dose of up to 
40 mg/kg/d (approximately 7000 times the recommended human dose of 0.3 mg per 
eye), while human studies are not yet available[51]; ranibizumab is designated 
Pregnancy Category C, where an embryo-foetal developmental toxicity study was 
performed on pregnant cynomolgus monkeys, and skeletal abnormalities were found 
in foetuses from monkeys treated with a dose of 1 mg/eye (approximately 13 times 
higher than predicted mean-steady stage Cmax levels with single eye treatment in 
humans); no skeletal abnormalities were observed at the lower dose of 0.125 mg/eye 
(equivalent to Cmax levels with single eye treatment in humans), and no adequate and 
well-controlled studies of the administration have been conducted in pregnant women
[52]; bevacizumab has been assigned to Pregnancy Category C, as pregnant rabbits 
dosed with 10 mg/kg to 100 mg/kg (approximately 1 to 10 times the clinical dose of 10 
mg/kg) every three days during day 6–18 of gestation showed decrease in maternal 
and foetal body weights, increased number of foetal resorptions, skeletal deformities, 
and corneal opacity in all doses, while controlled data are not yet available in human 
pregnancy[53]; and aflibercept is designated Pregnancy Category C, where embryo-
foetal development studies on rabbits with intravenous doses of ≥ 3 mg/kg have 
revealed evidence of embryo-foetal toxicity such as post-implantation loss and foetal 
malformations including skeletal abnormalities in all doses, while no controlled data 
are yet available in pregnant women[54].
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The pharmacokinetics of these anti-VEGF drugs have been tested in animals and 
humans, but not all pharmacokinetic values in humans have been obtained. 
Nevertheless, the pharmacokinetic characteristics of these 4 drugs appear to be similar. 
Following intravitreal injections, these anti-VEGF drugs leave the eye by crossing the 
retina and retinal pigment epithelium to the choroidal circulation, passing through the 
ciliary body and iris, or moving into the anterior chamber by diffusion and bulk flow 
before exiting through the trabecular meshwork, and none of the drugs degrades 
within the eye[55]. Systemic half-lives vary from hours to weeks before drug 
elimination via glomerular filtration or pinocytotic elimination occurs.

Pegaptanib was found to have an intravitreal half-life of 3.9 d in monkeys[56] and 
an estimated half-life of 7 d in humans. After entering the systemic circulation in 
humans, the maximum serum concentration is reached in 1–4 d, and the serum half-
life is 10 d. It is metabolized by endonucleases and exonucleases, which are then 
excreted primarily in the urine. On the other hand, after intravitreal injection into 
rabbits, ranibizumab has a half-life of 2.6–2.88 d[57-59] with a maximum aqueous 
concentration after 3 d. Ranibizumab fully penetrates the retina one day after injection, 
and the concentrations in the serum are either very low (1/10000 that of the vitreous)
[58] or undetectable[59]. The half-life of ranibizumab in monkeys is 3 d, and serum 
concentrations are 1000-fold lower than those in the vitreous[60]. Intravitreal 
ranibizumab is found to distribute rapidly to the monkeys’ retina within 6–24 h[60]. 
The half-life of intravitreal ranibizumab in humans is estimated to be 4.8–9 d, with 
serum concentrations approximately 90000-fold lower than intraocular concentrations
[55]. The intravitreal and serum half-lives of bevacizumab in rabbits are 4.32 and 6.8 d, 
respectively[61,62], with a maximum serum concentration reached in 8 d. After intrav-
itreal injections in rabbits, bevacizumab appeared in the subretinal space within 2 h
[63], the inner retina and choroid within the first day, and the outer layers and choroid 
in subsequent days, but no drugs were found at 4 wk[64]. The half-life of intravitreal 
bevacizumab in a human was estimated to be 6.7–10 d depending on the use of either 
a one-compartment model or two-compartment model[65-68], while the half-life of 
bevacizumab in human serum is 17–21 d, similar to that of other full-length antibodies. 
Intravitreal aflibercept has a half-life of 4.7 d in rabbits[69] and an estimated 9 d in 
humans based on the intermediate size of the molecule (between ranibizumab and 
bevacizumab), while bound aflibercept in human serum has a half-life of 18 d[70]. 
Table 1 summarizes the structural and pharmacokinetic characteristics of the four anti-
VEGF drugs. No study has been found to determine whether these drugs cross the 
placenta in pregnant women.

Several studies on the use of ranibizumab and bevacizumab in pregnant women 
have been reported of which some have been summarized by Polizzi and Mahajan
[31]. Most of the studies in pregnant women are case reports, and initial intravitreal 
ranibizumab was given either 8–17 wk post last menstrual period (LMP)[70] or in the 
third trimester[71,72]; all reported no complications.

However, intravitreal anti-VEGF injections given as early as 5 wk postconception 
were associated with miscarriage within a week[73]. A total of 8 papers comprising 16 
pregnancies in 15 women using intravitreal bevacizumab have been published since 
2009[74-83]. The injection was given between a few days before or after the LMP and 
during the third trimester. There were 5 cases of abortion[76,79,82,83] and one case of 
pre-eclampsia[80] after the use of intravitreal bevacizumab. Petrou et al[76] described 2 
women who received intravitreal bevacizumab at approximately 4 and 3 wk of 
gestation, respectively, followed by spontaneous miscarriage 7 and 10 d, respectively, 
after administration of the drug[76]. Gómez Ledesma et al[79] also reported a 41-year-
old woman who received intravitreal bevacizumab a few days before or after the LMP 
and suffered a miscarriage approximately 7 wk after the injection[79]. Kianersi et al[82,
83] reported pregnancy loss within 18 to 24 h in two patients who received intravitreal 
bevacizumab injection while they were between 10 and 12 wk pregnant[82,83]. Intrav-
itreal bevacizumab given preconception and continued after 29 wk of gestation was 
associated with preeclampsia requiring urgent caesarean section[80].

Despite these reports of spontaneous miscarriages and preeclampsia occurring after 
intravitreal anti-VEGF injections given within 13 wk of gestation, other reports did not 
find adverse events with injections given within the same time frame[70,74,75,77,78,80,
81]; thus, it is uncertain whether anti-VEGF therapy played a role in these pregnancy 
losses, as the rate of spontaneous miscarriage is between 15% and 20%[84] and may 
increase to as high as 41% if maternal age is over 35 years[85]. There were no reports 
on pegaptanib and aflibercept being administered in pregnant women. Hence, the use 
of anti-VEGF should be weighed against the possible risk of foetal developmental 
abnormalities or pregnancy loss and should only be administered following a 
thorough discussion with the patient and consultation with an obstetrician, and the 
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Table 1 Structural and pharmacokinetic characteristics of the four anti-vascular endothelial growth factor drugs[55]

Pegaptanib Ranibizumab Bevacizumab Aflibercept

Structure Pegylated 
aptamer

Recombinant monoclonal antibody fragment 
(Fab)

Recombinant monoclonal antibody 
(Mab)

Fusion protein

Molecular weight (kDa) 50 48 149 115

Recommended dose 
(volume)

0.3 mg (0.9 mL) 0.5 mg (0.05 mL) 1.25 mg (0.05 mL) 2 mg (0.05 mL)

2.6-2.88 (rabbits) 4.32-6.61 (rabbits)

3-3.2 (monkeys) 3.1 (monkeys)

Intravitreal half-life (d) 3.9 (monkeys)

7.1 (humans) 6.7-10 (humans)

4.5-4.7 
(rabbits)

Serum half-life humans (d) 10 0.25 21 18

potential benefit outweighs the potential risk to the foetus. Indeed, DM patients of 
child-bearing age should have PDR and DME treated before conceiving. This even 
means the need for contraception during anti-VEGF treatment.

Topical nonsteroidal anti-inflammatory agents in pregnancy
Apart from VEGF, elevated inflammatory markers have been found in patients with 
DR, which suggests that inflammation may play a role in the pathogenesis of DR[86] 
and macular oedema[87,88]. Both animal and human studies have found increased 
levels of inflammatory mediators and prostaglandins (PGs) in DR in the vitreous 
cavity[89-91], and prostaglandin E2 levels correlate with vitreous levels of VEGF[92]. 
As topical nonsteroidal anti-inflammatory drugs (NSAIDs) are potent inhibitors of 
cyclooxygenase enzymes and reduce the synthesis of proinflammatory PGs with few 
documented risks, they have recently become readily available in the form of topical 
ophthalmic formulations[93]. New topical NSAIDs such as nepafenac (Nevanac®; 
Alcon Inc.) were formulated to be able to reach the posterior segment of the eye[94,
95]. It rapidly penetrates the cornea and is deaminated by intraocular hydrolases in 
uveal tissue and retina to form the active metabolite amfenac[96].

Several small randomized case studies on the use of topical nepafenac 0.1% for the 
treatment of DME have been published[97-100] and revealed the effectiveness of the 
drug and improvement in visual acuity and retinal/foveal/macular thickness. 
However, a phase II, multicentre, double-masked randomized clinical trial conducted 
by DRCR.net found that topical nepafenac 0.1% three times a day for a year on eyes 
with noncentral DME does not show a beneficial effect on OCT-measured retinal 
thickness or visual acuity outcomes[101], which is in contrast to the results of other 
smaller, randomized published case reports. Small quantifiable plasma concentrations 
of nepafenac and amfenac have been found in subjects 2–3 h after topical adminis-
tration, and the Cmax of nepafenac and amfenac in serum was approximately 0.31 and 
0.42 ng/mL, respectively[102]. The elimination of orally administered nepafenac in 
rats was shown to be in the urine (57%) and faeces (40%) over 7 d[103]. The FDA has 
also categorized nepafenac under pregnancy category C, as reproduction studies 
performed in rabbits and rats at oral doses of up to 10 mg/kg/d have revealed 
maternal toxicity and no teratogenicity[104]. Animal exposure to nepafenac and 
amfenac was approximately 260- to 2400-fold human plasma exposure at the 
recommended human topical ophthalmic dose for rats and approximately 80- and 680-
fold human plasma exposure for rabbits, respectively, at this dose. Dystocia increased 
post-implantation loss, reduced foetal weight and growth, and reduced foetal survival 
in maternal rats when given doses of ≥ 10 mg/kg. Although nepafenac could cross the 
placental barrier in rats, no adequate and well-controlled studies in pregnant women 
have been conducted; therefore, nepafenac should be used in pregnancy only if the 
potential benefit outweighs the potential risk to the foetus and should be avoided in 
the third trimester due to the known effects of prostaglandin biosynthesis inhibition 
on the foetal cardiovascular system (closure of ductus arteriosus)[105].

Vitrectomy for complications of STDR in pregnancy
VH secondary to PDR is one of the most common vision-threatening complications of 
DR other than DME. In mild to moderate cases of VH, PRP is performed when 
possible to prevent further episodes of VH, and it may eventually resolve spontan-
eously[106]. However, approximately 5% of PDR cases develop VH even after PRP is 
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initiated, which often requires pars plana vitrectomy (PPV)[107], a technique 
introduced in the 1970s[108]. Despite vision improvement reported in approximately 
75% of PDR patients after PPV, major complications associated with PPV include 
cataract formation, elevated intraocular pressure, recurrent vitreous cavity 
haemorrhage (early, delayed, or persistent), iatrogenic retinal breaks, tractional and 
rhegmatogenous retinal detachment, and neovascular glaucoma[109]. Several studies 
have been conducted on the use of anti-VEGF drugs as a treatment for VH due to PDR 
and found that intravitreal ranibizumab[110], bevacizumab[111,112], and aflibercept
[113] had good short-term safety and efficacy for new or recurrent VH in PDR eyes 
with and without a previously lasered approach, reducing the need for PPV. As the 
use of anti-VEGF drugs is associated with pregnancy loss and foetal abnormalities, 
PRP and PPV remain the treatment of choice for VH in pregnant patients with PDR. 
Surgery should be conducted under the assistance of an experienced anaesthetist to 
anticipate pregnancy-related anaesthetic complications[114].

Advances in PPV instrumentation have led to small-gauge vitrectomy increasing in 
popularity, improving the surgical experience, and allowing PPV to be performed 
under local anaesthesia. Nevertheless, surgical treatment of any kind is a form of stress 
during pregnancy. The supine position required for PPV may even prove challenging 
for pregnant patients due to the gravid uterus. Hence, this reiterates the need to 
stabilize PDR before pregnancy with a PRP laser and, if needed, PPV in diabetic 
patients. Although anti-VEGF has advantages, it cannot be used as a prepregnancy 
therapy for diabetic women with active PDR who are intending to conceive. This is 
due to the risk of conception loss when they subsequently conceive while treatment 
has to continue during pregnancy. If PDR progression occurs, surgical treatment 
should be delayed after delivery if this option is available.

Anaesthesia in the pregnant diabetic
Management of DR in pregnancy is essential, and preventing the development and 
progression of DR should be at all costs, as well as ensuring maternal and foetal safety. 
However, ophthalmic surgery during pregnancy poses additional challenges, which 
include the timing of the surgery, the posture during surgery, and the type of 
anaesthesia. Elective surgery is recommended to be postponed until 6 wk postpartum, 
while essential surgery should be performed in the second trimester if possible when 
preterm contractions and spontaneous abortions are least likely[115]. Pregnant women 
are susceptible to hypoxia, hypercapnia, and systemic hypotension due to altered 
maternal physiology, which exposes both the mother and the foetus to the risk of 
surgical anaesthesia, particularly general anaesthesia. Moreover, the supine position in 
the second and third trimesters can induce profound hypotension due to aortic and 
vena cava compression by the uterus. Pregnant patients should therefore be positioned 
with their hips, abdomen, and thighs on their left side while maintaining a normal 
head position for ophthalmic surgery[116].

Current anaesthetic medications, including general anaesthetics (nitrous oxide 
excluded), benzodiazepines, and opioids, have not been shown to have any 
teratogenic effects in humans when using standard concentrations at any gestational 
age[117,118] and have not been associated with increased rates of stillbirths or adverse 
pregnancy outcomes[119]. However, reports have shown an increased incidence of 
low birth weight and neural tube defects with exposure to general anaesthesia in the 
first trimester[120]; thus, general anaesthesia should be avoided whenever possible.

Local anaesthetics work by blocking sodium channels in nerve membranes, leading 
to absent nerve impulses and anaesthesia[121]. An extensive study on local anaesthetic 
use in 60000 pregnant females included benzocaine, procaine, tetracaine, and lidocaine 
and revealed no increased incidence of foetal complications[122] or foetal birth defects
[123].

Under circumstances where general anaesthesia was necessary, an appropriate 
understanding of additional pregnancy-related risks should be considered, including 
intubation difficulties, aspiration risks, thromboprophylaxis, and foetal well-being
[124]. General anaesthetics work at the level of the spinal cord and in different areas of 
the brain, which results in relaxation of the muscles and central nervous system 
depression, although the exact mechanism of action has not been ascertained[125]. 
Thiopentone in late pregnancy showed no significant effect on intrauterine pressure, 
while ketamine was found to cause a uterine contraction in early pregnancy and no 
effect in late pregnancy[126]. Volatile anaesthetics such as halothane, sevoflurane, 
desflurane, and isoflurane have been shown to inhibit uterine contractility; thus, they 
may be beneficial in preventing preterm contractions[127]. Nonetheless, the choice of 
anaesthetic technique and the selection of appropriate anaesthetic drugs should be 
carefully considered to preserve maternal safety, maintain the pregnancy state, and 
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achieve the best possible foetal outcome.

Screening for DR during pregnancy
According to Malaysia’s Clinical Practice Guidelines: Screening of DR, individuals 
with pre-existing DM who are planning for pregnancy should have their eyes 
examined before conception and counselled on the risk of DR development and 
progression[128]. Subsequent follow-up is dependent on the stage of DR found on the 
initial examinations: Every 3 mo for mild to no DR and referral to an ophthalmologist 
is necessary for moderate to severe DR. Women with gestational DM (GDM) do not 
require DR screening, as it carries no risk of DR unless GDM is diagnosed in the first 
trimester of pregnancy. GDM is a glucose intolerance state induced by pregnancy that 
may resolve or persist after the pregnancy period[129,130], and the prevalence of GDM 
in Malaysia was reported to be approximately 8.8%[131]. Women with GDM have a 
sevenfold increased relative risk of progressing to T2DM[132-134], and they are 
usually asymptomatic until macular oedema or PDR has developed.

Bastion et al[135] reported a case of a 36-year-old pregnant woman who had GDM at 
her previous pregnancy with an elevated post-delivery maternal glucose tolerance test. 
Her first-trimester fundoscopy found no DR. By the second trimester, she had 
developed PDR, and PRP was performed on both eyes during her pregnancy. This was 
followed by PPV with membrane peeling in the right eye at five months postpartum, 
as the right VH did not resolve spontaneously, leaving her with counting-finger vision
[135]. On the other hand, Raman and Livingstone reported a case study of a 31-year-
old pregnant woman with underlying T2DM who had diffuse VH on both eyes at her 
22nd week of gestation, which required urgent PRP. However, she developed recurrent 
VH in her third trimester, and PPV was then performed at 2 wk postpartum for her 
right eye, as it then developed inferior combined rhegmatogenous and tractional 
retinal detachment (TRD). Her left eye had a nonclearing VH requiring PPV a month 
later[136]. Both cases reported safe delivery of the baby and good postoperative visual 
acuity[135,136], highlighting the rapid progression of DR and the importance of 
follow-up and timely surgical intervention for a good final vision outcome.

However, Helen et al[137] reported four T1DM women with PDR who had adverse 
maternal outcomes, including abortion in one patient, preeclampsia, and preterm 
delivery in one patient, renal failure requiring dialysis in one patient, neonatal death 
occurring in one case, and premature delivery occurring in another case. All except 
one woman had stable or improved visual acuity. One woman progressed to develop 
neovascular glaucoma[137]. Hence, prepregnancy counselling and close follow-up 
during pregnancy and the postpartum period are essential for diabetic women.

The recommended ophthalmic management of DR during pregnancy at each stage
[23,26] is summarized in the following flowchart (Figure 1).

Despite the best efforts to monitor and manage DR during pregnancy, the literature 
suggests that compliance with treatment and follow-up is still a struggle for pregnant 
women with diabetes. Hampshire et al[138] looked at attendance at a prepregnancy 
care program for adequate retinal assessment in the subsequent pregnancy and found 
that 70% of women with pregestational diabetes had incomplete follow-up[138], 
suggesting a lack of awareness on sight-threatening complications of diabetes[139].

CONCLUSION
There is limited evidence for the management of STDR in pregnancy, with evidence 
mainly from case reports and series. Management of STDR in pregnancy requires 
prepregnancy counselling, treatment, and stabilization of DM and STDR. It involves 
appropriate control of systemic risk factors for DR progression, monitoring of DR with 
fundus imaging at least every trimester, and prompt referral to the ophthalmologist 
when there is DR progression during pregnancy. Treatments that are conventional for 
DME, such as anti-VEGF, should not be given during pregnancy in diabetic patients, 
particularly in the early trimester, as there have been several reports of foetal loss. PRP 
can be given for severe NPDR and PDR; however, surgical management for VH or 
TRD in pregnancy should be deferred. If at all required, surgery should be performed 
under local anaesthesia, at an earlier trimester, or deferred until after delivery.
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Figure 1 Flow chart showing the suggested management of sight-threatening diabetic retinopathy during pregnancy. DR: Diabetic 
retinopathy; STDR: Sight-threatening diabetic retinopathy; DME: Diabetic macular oedema; VEGF: Vascular endothelial growth factor; PRP: Panretinal 
photocoagulation; PDR: Proliferative DR; NPDR: Nonproliferative diabetic retinopathy.
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Abstract
Type 2 diabetes continues to be a serious and highly prevalent public health 
problem worldwide. In 2019, the highest prevalence of diabetes in the world at 
12.2%, with its associated morbidity and mortality, was found in the Middle East 
and North Africa region. In addition to a genetic predisposition in its population, 
evidence suggests that obesity, physical inactivity, urbanization, and poor 
nutritional habits have contributed to the high prevalence of diabetes and 
prediabetes in the region. These risk factors have also led to an earlier onset of 
type 2 diabetes among children and adolescents, negatively affecting the 
productive years of the youth and their quality of life. Furthermore, efforts to 
control the rising prevalence of diabetes and its complications have been 
challenged and complicated by the political instability and armed conflict in some 
countries of the region and the recent coronavirus disease 2019. Broad strategies, 
coupled with targeted interventions at the regional, national, and community 
levels are needed to address and curb the spread of this public health crisis.
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Core Tip: The Middle East and North Africa region has the world’s highest diabetes 
prevalence, the second highest rate of rise, the highest adjusted mortality from 
noncommunicable disease, and the highest diabetes-related disability adjusted life 
years. This review provides an up-to-date review of the diabetes status in this dynamic 
region of the world and touches on new elements that affect diabetes such as the high 
number of refugees and the coronavirus disease 2019 pandemic. This review identifies 
gaps and weaknesses in type 2 diabetes in the Middle East and North Africa region and 
highlights areas where planning and action are highly needed.
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INTRODUCTION
The worldwide prevalence of diabetes mellitus continues to grow with no sign of 
reversal. Data from the World Health Organization (WHO) shows that diabetes rose 
80% in prevalence between 1980 and 2014[1], and the International Diabetes 
Federation (IDF) estimates that in 2019, 9.3% of the global adult population age 20-79 
years suffered from diabetes[2]. Compared to high income countries (HIC), this 
increase disproportionately affects low- and middle-income countries and adds a 
burden of excess morbidity, mortality, and health care costs[3]. Specifically, the Middle 
East and North Africa region (MENA) carried the highest prevalence of diabetes in 
2019 at 12.2% and is expected to witness a 96% increase in diabetes prevalence 
between 2019 and 2045, second only to the African region with a 143% projected rise
[4]. To compare, over the same time period, the prevalence in Europe and North 
America/Caribbean regions is expected to increase by 15% and 33%, respectively. 
Moreover, 44.7% of people with type 2 diabetes (T2D) in the MENA region are 
unaware of their condition[4].

Despite the heterogeneity within the MENA countries in terms of culture, income, 
population size, and sociopolitical stability[5,6], multiple common predisposing 
factors for diabetes have been implicated, including aging of the population, the 
change in lifestyle with reduction in physical activity, and increased consumption of 
calories and unhealthy food items, which have led to a rise in the prevalence of 
overweightness and obesity[2]. Genetic and epigenetic factors may also be 
contributing elements[7]; in a region that has a high rate of consanguinity[8], multiple 
gene loci that predispose to diabetes have been identified in the Eastern Mediterranean 
Region (EMR) population[9]. In addition to diabetes, prediabetes has been identified in 
a sizable proportion of the MENA population[2], out of whom a majority is expected 
to progress to diabetes over time[10].

This unrelenting diabetes epidemic was an important driving factor that spurred the 
2011 declaration of the United Nations general assembly, in which countries 
committed to work on national plans for preventing and controlling noncommu-
nicable diseases (NCD)[11]. In addition to the risk factors behind the worldwide rise in 
diabetes prevalence, other factors, specific to the MENA region, are contributing to the 
epidemic[12]. Measures to address the high numbers in the MENA area have been 
ineffective partly due to inadequate funding, insufficient commitment, political 
instability, and armed conflict in multiple countries[13,14].

This review aims at describing the current prevalence of diabetes and prediabetes in 
the MENA region, the contributing risk factors, common diabetes complications, and 
strategies that can help curb its spread and complications.

METHODOLOGY
We searched Medline (OVID electronic database Ovid MEDLINE(R) and Epub Ahead 
of Print, In-Process and Other Non-Indexed Citations and Daily 1946 to December 07, 
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2020) for studies reporting in 20 countries of the MENA region not only diabetes 
mellitus and cardiovascular diseases (CVDs), but also diabetic foot or amputation, 
diabetic nephropathies, diabetic retinopathy (DR), the prevalence of diabetes, and the 
prevalence of diabetes for the pediatric and adolescent age group. Each of the latter 
searches was exported into Endnote X9 Software, and the library was screened for 
relevant literature. The search did include the Medical Subject headings (MESH) for all 
the concepts except for countries in which keywords were added along to MESH to 
ensure a wider range of results. Only articles in the English language and with studies 
where specific complication prevalence was evaluated were selected for our paper. We 
limited the prevalence studies to publications within the last decade (2010-2020). For 
diabetes prevalence studies, we excluded hospital and clinic-based studies.

There has been no consensus on which countries define the MENA region. For our 
review, we have included the following 20 countries: Afghanistan, Algeria, Bahrain, 
Egypt, Iran, Iraq, Jordan, Kuwait, Lebanon, Libya, Morocco, Oman, Pakistan, 
Palestine, Qatar, Saudi Arabia, Syria, Tunisia, United Arab Emirates (UAE), and 
Yemen. These countries are commonly included in the definition of EMR (EMRO). 
Therefore, we included data from the WHO, which reports on EMRO, and IDF, which 
reports on MENA.

PREVALENCE OF T2D
Diagnostic criteria for diabetes
The diagnostic criteria for diabetes by the American Diabetes Association (ADA) 
include the following: hemoglobin A1c 6.5%, fasting plasma glucose 126 mg/dL (7.0 
mmol/L), oral glucose tolerance test with 2 h plasma glucose 200 mg/dL (11.1 
mmol/L), or casual plasma glucose 200 mg/dL (11.1 mmol/L) in the presence of 
hyperglycemic symptoms[15]. It is worth noting that the IDF follows the ADA criteria 
in the diagnosis of T2D[16]. On the other hand, the WHO defines diabetes as raised 
fasting glucose 126 mg/dL (7.0 mmol/L), history of diabetes, or using antidiabetic 
medication[17]. Unless stated otherwise, the studies included in the prevalence 
paragraph follow either ADA or WHO diagnostic criteria.

Prevalence
In 2019 and as previously stated, 9.3% of adults were living with diabetes worldwide, 
with a predicted rise to 10.2% and 10.9% by years 2030 and 2045, respectively. The 
highest age adjusted prevalence was reported in the MENA reaching 12.2%, where 1 in 
8 adults was living with diabetes[2]. The WHO provides periodic country-specific 
rates of diabetes compiled from various studies[17]. We used WHO data to rank 
MENA countries by diabetes prevalence between 2000 and 2014[17], as shown in 
Figure 1.

The highest age standardized diabetes prevalence in the MENA region in the year 
2000 was in Kuwait with a prevalence of 15.4%, and the lowest prevalence was 6.8% in 
Yemen. Between 2000 and 2014, all 20 countries of the MENA region discussed in this 
paper experienced an increase in prevalence while Kuwait kept its first ranking among 
these countries, for having the highest prevalence among them at 19.6% (Figure 1). 
Kuwait has already exceeded its projected prevalence of diabetes for 2030, which was 
anticipated to be 16.9%[18]. Another high-income country, Qatar, ranked second in 
prevalence among MENA countries, following Kuwait, both in 2000 and 2014 
(Figure 1). In Saudi Arabia, a cross-sectional study was conducted from 2007 to 2009 
and included 18034 individuals older than 30 years. It found the prevalence of diabetes 
was 25.4% (out of which 10.2% were previously undiagnosed), and it was significantly 
higher in urban compared to rural areas[19].

Moving to Pakistan, in 2017, a large-scale national study including 18856 adults 
(above 20 years of age), found that T2D prevalence was 16.9% (n = 3201), and diabetes 
was significantly associated with age[20]. In 2019, the age-adjusted comparative 
prevalence in Pakistan rose to 19.9%, and that country was ranked first among the 
MENA countries for having the highest number of people (19.4 million) living with 
diabetes[2]. To understand the trend in diabetes prevalence in Jordan, four surveys 
using the same diagnostic criteria (the WHO criteria) were conducted in the years 
1994, 2004, 2009, and 2017. Over the years, the age-adjusted prevalence increased from 
17.1% in 2004 to 23.7% in 2017. This steep increase was attributed not only to increased 
incidence, but also to other factors like aging of the population and better survival of 
individuals with diabetes. In addition, the percentage of previously diagnosed 
diabetes increased as well, accounting for 82.6% of all diabetes cases in 2017, indicating 
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Figure 1 Middle East and North Africa countries ranked by prevalence of type 2 diabetes in 2000 and 2014 (prevalence and confidence 
intervals are in %)[1]. CI: Confidence interval.

improved screening and diabetes awareness[21].
Moving to North Africa, and according to the WHO, the prevalence of diabetes in 

Egypt in 2014 was 17.9%, the third highest prevalence in the MENA region. In 2019, 
Egypt occupied the second highest rank among MENA countries with respect to 
number of adults living with diabetes, with almost 9 million cases[2]. However, within 
Egypt, the prevalence was much lower in rural areas compared to the national 
average. As an example, a community-based cross-sectional study conducted in Qena 
Governorate over 2 years (2013-2015) found that 811 out of 9303 had T2D (8.7%). It is 
worth noting that the majority of participants (n = 7701) were younger than 40 years of 
age, which likely contributed to the relatively low prevalence in this governorate[22].

In a neighboring country to Egypt, Tunisia, the most recent national cross-sectional 
survey we could identify was conducted in 2005 and involved 7700 adults, age 35 to 70 
years. It found that the prevalence of T2D, based on WHO criteria, was 15.5%. Again, 
within that study, the urban prevalence was twice as high as in rural areas (17.7% vs 
9.7%, respectively)[23].

As for Iran, a national survey conducted in 2011 found that the prevalence of 
diabetes (T1D and T2D combined) was 11.4%, and the annual incidence was estimated 
to be 1%[24]. Two large community-based cross-sectional studies yielded the 
following: in the Yazd area of central Iran, out of 2269 adults above 20 years, the crude 
prevalence of self-reported diabetes in 2014-2015 was 14.1%, and 1 out of every 5 
people over 40 years of age was living with diabetes[25]. In contrast, the Pars Cohort 
Study in Southern Iran conducted on 9264 adults aged 40-75 years, found a slightly 
lower prevalence of diabetes of 9.9% using self-report and fasting plasma glucose[26,
27]. In either case, the prevalence is increasing over time, as was shown in a 5 year 
study in the city of Ahvaz. Out of 593 participants above 20 years of age, the 
prevalence of diabetes was 15.2% in 2009 and increased to 20.9% in 2014[27]. In both 
Southern and Southwest areas of Iran, diabetes prevalence was positively correlated 
with low education level, body mass index (BMI), and age.

Moving to Lebanon, a cross-sectional national survey including adults above 25 
years of age found a prevalence of self-reported diabetes of 8.5%; the prevalence was 
higher among older age, obese, and less physically active groups[28]. A more recent 
community-based survey that was conducted in Beirut in 2014, found that the 
prevalence of diabetes, based on self-report, fasting glucose, or hemoglobin A1c, was 
18.0%. Similarly, increasing age and BMI were risk factors[29]. The higher prevalence 
reported in this study, compared to the previously mentioned one, can be attributed to 
the different diagnostic criteria of diabetes and the characteristics of the participants, 



El-Kebbi IM et al. Diabetes in the MENA region

WJD https://www.wjgnet.com 1405 September 15, 2021 Volume 12 Issue 9

where they had a higher obesity rate and were residing in Beirut, the capital of 
Lebanon, unlike the first survey that included both an urban and a rural population. In 
2019, the IDF estimated the age adjusted comparative diabetes prevalence in Lebanon 
at 11.2%[2]. Other countries in the MENA region did not have recent or large 
community-based studies to estimate the prevalence of diabetes in the population. 
These countries (except for Morocco and Algeria) are more likely to have political 
instability and/or conflict (Libya, Iraq, Yemen, Afghanistan, Syria, Palestine, and 
Bahrain). The most recent community-based survey from Syria was conducted in 2006 
in the city of Aleppo and reported the total prevalence of T2D to be 15.6%, out of 
whom 5% were newly diagnosed, while the rest were self-reported cases. Like other 
studies, the prevalence was correlated with obesity and a positive family history[30]. 
In 2019, based on extrapolation from similar countries, the IDF stated that more than 1 
million adults were living with diabetes in Syria[2]. Unfortunately, Palestine, like 
Syria, lacks recent surveys and studies on a national level; however, the IDF estimated 
that the prevalence of diabetes in Palestine was 7% in 2017[31] and 9.5% in 2019[2].

Prevalence of diabetes by gender
The prevalence of diabetes was higher in women than men in several of the MENA 
countries (Table 1). Yet, some countries showed a higher prevalence in males 
compared to females, as is the case for Lebanon[28]. Gender differences may vary even 
within regions of the same country; for example, women in Central Iran[25] and the 
rural area of Kurdistan province[32] had a higher prevalence than men, whereas no 
significant differences in prevalence by genders was observed in the Southwest of Iran
[27].

Given that other global studies do not show a higher predisposition to diabetes 
among females, it is likely that it is the gender factor, and not the physiologic sex 
factor, that contributes to the risk. This is supported by the higher prevalence of 
obesity and sedentary lifestyle among women, as described in the risk factors section. 
The prevalence by gender is shown in Table 1 and Figure 2.

Urban vs rural
Studies mentioned previously for Egypt[21], Tunisia[22], and Lebanon[28,29] have 
shown a higher T2D prevalence in urban compared to rural areas. Similarly, a study 
including 9149 participants aged 7-80 years from Riyadh, the capital of Saudi Arabia, 
found that the prevalence of diabetes, based on the WHO definition, was 31.6%[33], 
which is higher than the overall reported national prevalence[17].

The higher urban compared to rural prevalence is not consistent across or within 
studies. For example, a national diabetes survey in Pakistan conducted in the years 
2016-2017 found a significantly higher prevalence in urban vs rural areas among males 
above 60 years of age and among females; however, younger males showed a higher 
prevalence in rural areas[34].

Similarly, the prevalence of diabetes in Iran was higher in rural compared to urban 
areas; it was noted that in the rural population of Kurdistan province, the prevalence 
of T2D in 2011-2017 was 19.6%. The prevalence was significantly associated with age 
and lower level of education. In this specific population, genetic polymorphisms were 
more common among rural populations, predisposing them to a higher risk of 
diabetes[32].

It is likely that the difference in prevalence in urban vs rural areas is attributed to 
different nutritional habits, activity level, and possibly a more health-promoting 
environment.

Unknown vs known diabetes
The rate of unknown or undiagnosed diabetes can be detected by population-based 
studies that collect blood samples and measure hemoglobin A1c or glucose levels. The 
proportion of undiagnosed diabetes in the MENA region was 44.7% in 2019[16]. In 
Kuwait, a cross-sectional survey in 2007 found that 23 subjects out of 120 diabetic 
adults were previously undiagnosed (19%)[35]. Similarly, in Pakistan, the rate of 
unknown diabetes was 27%[34].

In central Iran, undiagnosed diabetes was found to be more common in men (4%) 
than in women (3.7%), and it was significantly associated with older age; the 
prevalence of undiagnosed diabetes was 4.8 times higher in the age group 60-69 years 
compared to the youngest age group 20-29 years, indicating a higher level of diabetes 
unawareness in the older population[25]. In Beirut (Lebanon), 26 subjects out of 90 
were unaware that they had diabetes (29%)[29]. In Jordan, the percentage of newly 
diagnosed cases compared to all diabetic cases was 25.5% in 2004, and it dropped to 
17.4% in 2017[21]. In Qena, Egypt, around 35% of all the diabetes cases (both types) 
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Table 1 Gender specific prevalence of type 2 diabetes in % (CI) in 20 Middle East and North Africa countries in 2000 and 2014 as 
reported by the World Health Organization[1] and for Palestine[144]

2000 2014
Country

Men Women Men Women

Afghanistan 8.1 (5.3-11.5) 8.5 (5.7-11.9) 11.6 (6.4-18.2) 12.2 (6.8-18.8)

Algeria 8.6 (6.0-11.8) 9.2 (6.5-12.3) 12.3 (7.4-18.8) 12.6 (7.7-18.9)

Bahrain 10.6 (7.6-14.2) 9.9 (7.1-13.5) 12.0 (7.0-18.5) 10.6 (6.1-16.7)

Egypt 10.8 (7.5-14.7) 13.3 (9.6-17.5) 16.0 (10.0-23.6) 19.8 (12.9-28.2)

Iran 7.4 (5.5-9.4) 8.5 (6.4-10.7) 11.4 (7.2-17.2) 12.9 (8.4-18.8)

Iraq 11.5 (8.2-15.4) 12.4 (9.1-16.2) 17.2 (10.7-25.3) 17.5 (11.1-25.4)

Jordan 12.0 (8.8-15.9) 14.0 (10.5-18.0) 16.5 (10.5-24.0) 17.2 (11.3-24.6)

Kuwait 15.3 (11.2-20.3) 15.6 (11.4-20.4) 19.7 (12.8-28.1) 19.6 (12.9-27.7)

Lebanon 9.0 (5.7-13.1) 8.4 (5.3-12.2) 14.5 (8.7-21.8) 12.2 (7.4-18.5)

Libya 10.7 (7.9-14.1) 12.2 (9.1-15.8) 15.2 (9.5-22.5) 16.6 (10.7-23.8)

Morocco 9.0 (6.2-12.4) 9.2 (6.4-12.6} 14.0 (8.4-21.5} 13.4 (8.1-20.5}

Oman 10.2 (7.6-13.6) 9.9 (7.3-13.1) 14.3 (8.6-21.7) 12.3 (7.4-18.4)

Pakistan 9.1 (6.3-12.2) 9.0 (6.3-12.2) 12.6 (7.0-19.5) 12.1 (7.0-18.6)

Palestine 10.6 (7.8-14.0) 11.8 (8.9-15.2) 16.5 (10.3-24.3) 17.5 (11.4-24.9)

Qatar 13.7 (9.9-18.1) 14.2 (10.4-18.5) 18.9 (12.0-27.0) 18.8 (12.2-26.8)

Saudi Arabia 13.1 (9.8-17.1) 13.1 (9.8-17.0) 17.6 (11.5-25.4) 17.0 (11.1-24.4)

Syria 9.8 (7.0-13.2) 10.9 (8.1-14.2) 14.0 (8.5-21.0) 15.3 (9.6-22.4)

Tunisia 8.3 (6.0-11.1) 9.7 (7.2-12.7) 12.1 (7.4-18.3) 12.9 (7.9-19.0)

United Arab Emirates 11.8 (8.6-16.0) 12.4 (9.1-16.5) 15.0 (9.2-22.5) 15.4 (9.7-22.6)

Yemen 7.4 (4.5-11.3) 6.2 (3.6-9.4) 12.6 (6.7-20.6) 10.1 (5.3-17.0)

Figure 2 Prevalence of type 2 diabetes by gender in years 2000 and 2014 from the World Health Organization[1] and for Palestine[144].

were newly diagnosed[22], and Tunisia showed one of the highest rates of 
undiagnosed diabetes at 51.1%[23].
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PREDIABETES
The development of diabetes tends to be a gradual process with rising glucose levels 
from the normoglycemic range to the diabetic range. This process is driven by a 
combination of metabolic disorders that include both insulin resistance and a 
progressive decline in insulin secretion[10]; the term prediabetes has been used to 
characterize the intermediate state between normoglycemia and the glucose levels that 
define diabetes[2,15]. Patients with prediabetes comprise those with impaired fasting 
glucose (IFG) and/or impaired glucose tolerance (IGT)[15]. Like diabetes, patients 
with prediabetes are at an increased risk of cardiovascular events but to a lesser extent. 
Previous studies have suggested that up to 70% of patients with prediabetes will 
eventually progress to diabetes[10], however implementation of lifestyle changes or 
pharmacologic therapy may prevent or delay that progression[36]. It is estimated that 
25%-50% of patients with prediabetes may progress to diabetes within 5 years of 
diagnosis[37].

In addition to the high prevalence of diabetes, countries in the MENA region also 
suffer from a high prevalence of prediabetes. The IDF estimates that in 2019, the 
worldwide age adjusted comparative prevalence of IGT in adults aged 20-79 years was 
8.6%, with the European region being least affected at a prevalence of 4.4%, and the 
Western Pacific region having the highest prevalence at 10.4%[2]. The estimated 
MENA prevalence of IGT was intermediate at 9.2% and is projected to increase to 9.9% 
by 2045. Even though the projected prevalence goes up only by 0.7%, it translates into 
near doubling of the number from 35.5 million to 64.5 million adults with IGT mostly 
due to population growth.

Within the past 20 years, a relatively small number of studies have reported on the 
prevalence of prediabetes in the MENA countries, however there was a wide 
variability among them in the definition of prediabetes, the sample size and sampling 
technique, and the age group sampled (Table 2). Overall, there did not appear to be a 
major difference between gender subgroups. A relatively high prevalence of 
prediabetes was reported in Iraq[38], Saudi Arabia[19], the UAE[39], and Kuwait[40], 
ranging between 19.3% and 28.6%. An intermediate prevalence was found in the 
countries of Iran[41], Pakistan[34], and Qatar[42] with a prevalence ranging from 
13.8% to 14.6%. The countries of Yemen[43], Syria[30], Oman[44], and Tunisia[45] 
boasted a relatively low prevalence with a range of 4.6%-9.0%. A Lebanese study 
limited to the greater Beirut area reported an unusually high prevalence of prediabetes 
of 40.3%[29]; the way prediabetes was defined could have been a factor affecting the 
results, since either an elevated fasting glucose or a high A1c were acceptable 
parameters, while most of the other studies limited the prediabetes definition to IFG.

The values estimated by IDF for the prevalence of IGT in 2019 are overall lower 
compared to those reported for individual countries in the table, possibly because IDF 
limited their data collection to studies of IGT and excluded those that had also 
included isolated IFG in the definition of prediabetes. In addition, for the IDF data, 
only Algeria, Jordan, Oman, Pakistan, Saudi Arabia, Palestine, and the UAE had 
estimates based on oral glucose tolerance test. Diabetes prevalence for the remaining 
countries were extrapolated using values from countries deemed to be similar 
(geographic location, World Bank income group, ethnicity, language, and IDF region) 
and may be under-estimated[4].

RISK FACTORS
Multiple risk factors have been implicated in the increase in T2D prevalence. The 
change to a more sedentary lifestyle and the westernization of dietary habits with a 
shift to fast food and items rich in refined sugar and animal fat play a major role. 
Additional factors may also contribute to the rising prevalence, including cigarette and 
waterpipe smoking[46], pollution of the environment[47], and a high prevalence of 
hepatitis C in some countries (mainly Egypt and Pakistan)[48,49]. Moreover, there is 
evidence that people in lower socioeconomic groups are at increased risk of T2D[50].

Genetics
In addition to the well-known contributing effect of aging, sedentary lifestyle, 
unhealthy diets, and obesity in the development of diabetes, genetics also appear to 
play a role. A family history of diabetes in first degree relatives has long been known 
to increase the diabetes risk by up to 3-fold[51].
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Table 2 Prevalence of prediabetes (%) in some Middle East and North Africa countries

Prevalence of prediabetes % (95%CI)
Ref. Country, yr Age group 

(n)
Definition of 
prediabetes Sampling technique

Male Female Total

Nasrallah et al
[29]

Lebanon (Beirut 
area), 2014

≥ 18 yr (501) IFG: FPG 5.6-6.9 
mmol/L or A1c 5.8%-
6.49%

Probability multistage 
random sampling

48.0 (40.6-
55.4)

36.0 (30.7-
41.3)

40.3 (36.0-
44.6)

Mansour et al[38] Iraq, 2011-2012 19-94 yr 
(5445)

IFG: FPG 5.7-6.9 
mmol/L or A1c: 5.7%-
6.4%

Population-based 
random sample

28.6 29.5 29.1

Al-Rubeaan et al
[19]

Saudi Arabia, 2007-
2009

≥ 30 yr 
(18034)

IFG: FPG 5.6-6.9 
mmol/L

Random household 
national sample

26.4 24.7 25.5

Saadi et al[39] United Arab Emirates 
(Al-Ain), 2005-2006

> 18 yr 
(2455)

IFG: FPG 5.6-6.9 mmol/l 
or IGT

Simple random sample 19.7 22.8 22.8

Alkandari et al
[40]

Kuwait, 2014 18-69 yr 
(2561)

IFG: FPG 6.1-6.9 
mmol/L

Random sample 19.3 (16.9-
22.0)

19.5 (17.6-
21.5)

19.4 (17.9-
21.0)

Esteghamati et al
[41]

Iran, 2011 25-70 yr 
(11867)

IFG: FPG 5.6-6.9 
mmol/L

Randomized multistage 
cluster sample

15.45 (12.71-
18.18)

13.74 (11.55-
15.94)

14.6 (12.41-
16.78)

Basit et al[34] Pakistan, 2016-2017 ≥ 20 yr 
(10834)

IFG: FPG 6.1-6.9 
mmol/L orIGT

Multistage clustering 
technique

NA NA 14.4

Bener et al[42] Qatar, 2007-2008 > 20 yr 
(1117)

IFG: FPG 5.6-6.9 
mmol/L or IGT

Multistage stratified 
cluster sampling

NA NA 13.8

Gunaid et al[43] Yemen, 2000 ≥ 35 yr (250) IFG: FPG 5.6-6.1 
mmol/L or IGT

Multistage random 
sampling

5.7 (2.8-8.6) 10.9 (7.1-14.7) 9.0 (6.0-12.0)

Albache et al[30] Syria (Aleppo), 2006 ≥ 25 yr (806) IFG: FPG 6.1-6.9 
mmol/L

Random sampling 10.4 (4.7-
21.0)

6.8 (2.9-15.1) 8.6 (3.8-18.1)

Al-Lawati et al
[44]

Oman, 2000 ≥ 20 yr 
(5838)

IFG: FPG 6.1-6.9 
mmol/L

Multistage stratified 
probability sampling

7.1 (6.2-8.1) 5.1 (4.4-6.0) 6.1 (5.5-6.8)

Bouguerra et al
[45]

Tunisia, 1996-1997 ≥ 19 yr 
(7860)

IFG: FPG 6.1-6.9 
mmol/L

National cross-sectional 
sample

4.58 4.91 NA

IFG: Impaired fasting glucose according to specified glucose range; FPG: Fasting plasma glucose; IGT: Impaired glucose tolerance (using World Health 
Organization definition, glucose ≥ 7.8 but < 11.1 mmol/L, 2 h after 75 gm oral glucose load); CI: Confidence interval; NA: Not available; A1c: Hemoglobin 
A1c.

Reports from Palestine, Iran, and Lebanon showed that a positive family history of 
T2D raised the risk by 1.6, 1.8, and 3.4 times, respectively[28,52,53]. Moreover, despite 
a higher prevalence of obesity in North America and Europe, MENA has a compar-
atively higher prevalence of diabetes, suggesting the presence of a genetic predis-
position to glucose intolerance.

Genome wide association studies have yielded several single nucleotide 
polymorphisms that appear to be associated with the development of diabetes. A 
recent meta-analysis reported that, for people in the MENA area, 71 single nucleotide 
polymorphisms in 32 genes increased the risk of T2D by 24%-69%[7]. There was a 
strong association with single nucleotide polymorphisms in the TCF7L2 (in 9 
countries) and CDKAL1 genes (in 4 countries), in addition to a variety of other loci, 
including ADIPOQ, FTO, MC4R. COL8A1, KCNQ1, ALX4, and HNF1. TCF7L2 was the 
most widely reported gene in the region, in countries that include Palestine[54], 
Lebanon[55], UAE[56], Egypt[57], Qatar[58], and Tunisia[59]. In the Lebanese 
population, associations with T2D have been found with variants of the COL8A1, 
KCNQ1, ALX4, and HNF1 genes[60]. The high rate of consanguinity reported for the 
MENA region, varying from 30% and up to 60%[8], likely further enhances the genetic 
susceptibility observed.

Transition in nutrition
In addition to the genetic predisposition, a worldwide transition to unhealthy diets 
and reduction in physical activity[61] plays a role in the development of obesity and 
diabetes. Diets have shifted to a higher consumption of calories, processed food, and 
animal fat, and a lower intake of fiber, fruits, and vegetables. In particular, the MENA 
area has experienced a rapid rate of modernization and urbanization over the past 
decades. An analysis of food availability and consumption by Mehio Sibai et al[62] 
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showed a gradual and significant rise in daily caloric, protein, and fat intake between 
1969-1971 and 2002-2004. It is estimated that the energy supply during that period rose 
from 2200 up to 2930 kilocalorie per day. In parallel, there was an increase in sugar 
intake and a reduction in the intake of fruits and vegetables. In Saudi Arabia, a recent 
study of people aged 35-70 years showed that 34% of participants reported an 
unhealthy diet, with a higher rate in younger individuals and those living in urban 
areas[63]. Similarly, a review paper from Lebanon found a rising trend of increased 
energy consumption from fat and animal product in the population, with a reduction 
in carbohydrate and cereal intake[64]. Another study from Lebanon found that 
consuming minimally processed food such as fruits, vegetables, legumes, breads, and 
cheeses was less likely to be associated with the metabolic syndrome (odds ratio = 
0.18, 95%CI: 0.04-0.77) and hyperglycemia (odds ratio = 0.25, 95%CI: 0.07-0.98) 
compared to the consumption of highly processed food such as fast foods, snacks, 
meat, nuts, sweets, and liquor[65].

Physical inactivity
With the rapid worldwide modernization and advancement in technology, a reduction 
in the rate of physical activity has occurred. In the MENA region, all countries have 
demonstrated an increase in physical inactivity, with a higher prevalence among 
females compared to males. Figure 3 shows the prevalence of physical inactivity in 
MENA countries subdivided by gender. Insufficient physical activity was defined as 
the percentage of the population aged above 18 years who are not performing at least 
150 min/wk of moderate-intensity physical activity or its equivalent[66]. There was a 
very high prevalence of insufficient physical activity in the high income Gulf countries 
with a prevalence ranging from 33%-67%, possibly because of a shift from manual 
labor/high physical activity jobs to occupations that are more sedentary in the services 
sector[67]. A study in Saudi Arabia found that more than 90% of surveyed individuals 
had an inadequate level of physical activity[68]. In contrast, that prevalence was under 
30% for Jordan, Morocco, and Tunisia. Females were consistently less active compared 
to males, possibly due to prevailing local customs in conservative countries where 
women may not spend as much time outside the home or in public places and may not 
frequent exercise facilities.

Obesity
Because of the adoption of unhealthy dietary habits and food choices, and the 
significant reduction in physical activity, the prevalence of obesity has been steadily 
increasing worldwide including in the MENA region. It is well-known that obesity is a 
significant risk factor for diabetes, with many studies showing a correlation between 
BMI and the incidence of diabetes[69].

Data from the WHO risk surveillance program has shown a significant rise in the 
rate of obesity across all countries. The countries most affected are the high-income 
Gulf countries, in addition to Egypt, Libya, Lebanon, and Iraq with rates exceeding 
30%. In contrast, Afghanistan, Pakistan, and Yemen boasted a relatively low 
prevalence, ranging from 5% to 17%. However, all countries suffered a rise in obesity 
prevalence between 2000 and 2016, ranging from 30%-100% (Figure 4). Interestingly, 
females were disproportionately more affected than males, with a prevalence that is 
comparatively 1.5-fold to 2.0-fold higher. Specifically, the prevalence of female obesity 
exceeded 40% in some Gulf countries (Saudi Arabia, Kuwait, Qatar, and UAE), in 
addition to Egypt and Jordan[70] (Figure 5).

COMPLICATIONS OF DIABETES
Mortality
NCDs account for around 70% of deaths worldwide[70]. In 2019, diabetes was the 
ninth leading cause of death with around 1.8 million directly attributed to hyper-
glycemia[71]. In addition, CVD, which is the leading cause of death and commonly a 
chronic complication of diabetes[72], claimed during the same year around 9 million 
lives[71]. Since 2019 and up until January 2021, the coronavirus disease 2019 (COVID-
19) pandemic had already surpassed world diabetes mortality with over 2 million 
deaths; however, diabetes was again an important risk factor for mortality or the 
development of severe COVID-19 infection[73].

Regionally, the MENA region scores the worst in terms of hyperglycemia-related 
mortality with an age-standardized mortality rate per 100000 (ASM) of 139.6 in 2016, 
followed by Southeast Asia, which has an ASM of 115.3 and in contrast to Europe with 
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Figure 3 Prevalence (%) of insufficient physical activity among adults aged 18+ year in 2016 (age-standardized estimate)[1].

Figure 4 Prevalence (%) of obesity by country among adults aged 18 years or older, defined as body mass index ≥ 30 kg/m2 (age-
standardized estimate) in 2000 and 2016[70].

an ASM of 55.7 and the Americas with an ASM of 72.6[74].
Focusing on the MENA region, there seems to be a pattern of lower ASM mortality 

from NCDs (diabetes, CVD, cancer, and chronic obstructive pulmonary disease) for 
some HIC of the Gulf and for the North African countries. Thus, in 2016, the ASMs for 
Oman, Qatar, Bahrain, and UAE were 404.6, 425.5, 430.1, and 460, respectively; 
similarly, for the North African countries of Algeria, Tunisia, and Morocco, they were 
430.7, 460.6, and 483.9, respectively. In contrast, in low/middle low-income countries, 
ASM was 681.0 for Pakistan, 805.3 for Afghanistan, and 819.7 for Yemen, per 100000
[75]. The ASM from NCDs for the MENA countries as well as the absolute number of 
deaths from diabetes or from CVD are presented Table 3. In addition to the apparently 
higher mortality in middle-income countries and low-income countries, the largest 
proportion of diabetes-related deaths occur among individuals under 60 years of age, 
with loss of productive years, adding to the socioeconomic burden of diabetes[2]. The 
finding of lower mortality for the HIC is consistent with recent world data[76,77].

Even if not leading to premature death, diabetes causes significant morbidity with 
disability, lower productivity, and quality of life. The MENA region again has the 
highest rate of disability-adjusted life years caused by diabetes[77].

Macrovascular complications
Having diabetes essentially increases the risk of having a major adverse vascular event 
defined as nonfatal myocardial infarction, stroke, heart failure, and/or cardiovascular 
death by 2-3-fold after adjusting for age, sex, and smoking status[72,76,78]. We could 
not find any large cohort studies nor national data on the above hard outcomes even 
from countries with a high prevalence of T2D who have a national diabetes registry 
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Table 3 Mortality from high glucose and cardiovascular disease extracted from the World Health Organization country profile data site 
for 2016[75]

2016 Total population 
(million)

Age-standardized mortality rate 
for NCD per 100000

Diabetes 
deaths (n)

Diabetes mortality 
per 10000

CVD 
deaths (n)

CVD mortality 
per 10000

Afghanistan 
(LIC)

32527000 805.3 7056 2.17 51244 15.75

Algeria (MIC) 39667000 430.7 8390 2.12 69173 17.44

Bahrain (HIC) 1377000 430.1 404 2.93 775 5.63

Egypt (MIC) 91508000 711.8 17851 1.95 245904 26.87

Iran (MIC) 79109000 532.5 14842 1.88 160823 20.33

Iraq (MIC) 36423000 604.5 7279 2.00 51593 14.16

Jordan (MIC) 7595000 542.4 2347 3.09 13384 17.62

Kuwait (HIC) 3892000 541.4 326 0.84 4552 17.62

Lebanon (MIC) 5851000 516.4 1886 3.22 17814 30.45

Libya (MIC) 6278000 567.0 1292 2.06 11638 18.54

Morocco (MIC) 34378000 483.9 10645 3.10 69457 20.20

Oman (HIC) 4491000 404.6 903 2.01 4047 9.01

Pakistan (MIC) 189000000 681 44666 2.36 411569 21.78

Qatar (HIC) 2235000 425.5 359 1.60 1054 4.72

Saudi Arabia 
(HIC)

31540000 508.5 3737 1.18 42440 13.46

Syria (MIC) 18502000 594.7 1322 0.71 37885 20.48

Tunisia (MIC) 11254000 460.6 3523 3.13 31987 28.42

UAE (HIC) 9157000 460 707 0.77 5970 6.52

Yemen (MIC) 26832000 819.7 3854 1.44 56793 21.17

NCD: Noncommunicable diseases; CVD: Cardiovascular disease; LIC: Low income countries; MIC: Middle income countries; HIC: High income countries.

and/or have a relatively well-funded health care system[79]. The heterogeneity of the 
MENA population, the presence or absence of risk factors, and the inconsistent 
definition of outcomes makes comparisons between individual regions challenging. 
However, a recent study of 143567 adults with diabetes aged 35-70 years from 21 
countries around the world, including 5 countries from the MENA (Saudi Arabia, 
UAE, Iran, Palestine, and Pakistan) and followed for 9 years found an absolute 
incidence of major CVD among people with diabetes of 8.3; 9.2; and 10.3 per 1000 
person-years in HIC, middle-income countries, and low-income countries, 
respectively, as compared to 3.4; 4.9; and 5.3 per 1000 person-years in people without 
diabetes, respectively[76].

Specific to the MENA, the Tehran Lipid Study sampled 1198 adults aged ≥ 30 years 
with T2D and followed them for a median of 10 years. It reported a 23.4% and 14.3% 
cardiovascular and all-cause mortality, respectively. More than half of the mortality 
was due to cardiovascular events. Risk factors for death were male gender, smoking, 
and hypertension[80]. In a sample of 1308 adults with T2D recruited from primary 
care centers in Palestine, the prevalence of self-reported CVD was 12.2%[81]. The 
prevalence for CVD for Iran[4,80] and Palestine[82] is shown in Table 4.

On the other hand, risk factors for CVD, such as hypertension, dyslipidemia, 
smoking, physical inactivity, and obesity, are well documented through the 
implementation of the STEPS program by the WHO for most countries[17]. As an 
example, the prevalence of raised blood pressure (systolic blood pressure ≥ 140 and 
diastolic blood pressure ≥ 90 mmHg) was 26.3% for the EMR, which is the second 
highest in the world, with no gender predilection. It ranged from a low of 16.2% in 
Oman to as high as 25.0% in Pakistan. Similarly, the habit of smoking was high in this 
population, with a large gender difference, with 36.3% of men being active smokers 
(third highest in the world) vs 2.9% of women[17]. Of more concern is that a 
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Table 4 Select studies reporting on diabetic foot ulcer and macrovascular complications of diabetes for the Middle East and North 
Africa region

Complication Ref. Country
Sample 
size (% 
male)

Setting Duration of 
diabetes (yr)

Method of 
assessment Prevalence %

Diabetic foot ulcer Assaad-Khalil et al
[88], 2015

Egypt 
(Alexandria)

2000 (50.0) Diabetes Foot 
Clinic

11.7 ± 8.3 Physical exam 8.7

Al-Rubeaan et al
[89], 2015

Saudi Arabia 62681 (52.4) Saudi National 
Diabetes Registry

13.3 ± 8.1 Chart review 2.1

Yazdanpanah et al
[92], 2018

Iran (Ahfaz) 605 (42.8) Diabetes Clinic 9.2 ± 7.1 Physical exam 6.4

AlAyed et al[93], 
2017

Jordan 1000 (48.2) Diabetes Clinic 57.1% ≥ 5 Physical exam 5.3

Peripheral 
vascular disease

Akram et al[90], 
2011

Pakistan 830 (49.0) Outpatient Clinic 8.1 ± 6.2 low ABI; 
.4 ± 6.4 normal 
ABI

ABI below 0.9 31.6

Coronary artery 
disease

Saeedi et al[4], 2020 Iran 
(Kurdistan)

400 (18.0) Diabetes Clinic 14.6 ± 4.1 Angiography or 
physician

21.7 (5.75 CABG, 
3.75 angioplasty)

Abu Al-Halaweh 
et al[81], 2017

Palestine 1308 (35.9) Primary Care 
Centers

7.1 ± 6.3 Questionnaire 12.2 (myocardial 
infarction)

Afsharian et al[80], 
2016

Iran (Tehran) 1198 (42.1) Community-based NA Physician 
assessment

23.4

ABI: Ankle brachial index; NA: Not available; CABG: Coronary artery bypass grafting.

Figure 5 Prevalence (%) of obesity by country among male and female adults aged 18 years or older. Obesity defined as body mass index ≥ 30 
kg/m2 (age-standardized estimate) in 2000 and 2016[70].

substantial proportion of youth (aged 13-15 years) smoke cigarettes, reaching 10% in 
Qatar and 35% in the West Bank (Palestine)[82]. Additionally, the habit of waterpipe 
smoking is highly prevalent among youth in predominantly Arabic-speaking countries 
of the MENA region, with waterpipe exceeding cigarette smoking[82]. The prevalence 
of hypercholesterolemia (total cholesterol level ≥ 5.2 mmol/L) was 36.8% in the EMR
[70], which is comparable to the world prevalence. However, there is a higher predis-
position to the atherogenic dyslipidemias in this region, with an elevated prevalence of 
low high-density lipoprotein-cholesterol and familial hypercholesterolemia[83,84].

Given that the prevalence of CVD risk factors in the MENA region is high, it would 
be desirable to develop a predictive model adapted to its population. One such CVD 
predictive tool used 1314 Omani adults to develop it and another 405 individuals for 
validating it; that population sample was followed prospectively for 6 years and 
confirmed a 9% incidence of CV events[85].
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Diabetic foot ulcers
Diabetic foot ulcers (DFU) are a consequence of neuropathy and/or peripheral 
vascular disease. The lifetime risk for a person with diabetes to develop a DFU is 15%-
25%, and the global prevalence is 3%-8%[86]. In a systematic review of DFU involving 
Arabic speaking countries, a total of 9 studies were reviewed, representing 16512 
participants recruited from outpatient clinics. The prevalence of DFU was available for 
the following countries: Saudi Arabia (8.5%), Egypt (3.6%), Jordan (4.6%), Bahrain 
(5.9%), and Iraq (2.7%)[87]. A clinic-based study of 2000 adults with T2D in Alexandria 
(Egypt) found that 8.7% had DFU[88]. In a retrospective review of 62675 patients in 
Saudi Arabia, the prevalence of DFU was 2.05%, with an additional 1.06% suffering 
amputations[89].

Risk factors for DFU were a longer diabetes duration, male gender, higher BMI, the 
presence of an abnormal ankle-brachial index[90], and sensory neuropathy[88,91,92]. 
Prevalence of amputations varied from 1% to 2%[91,93]. Among 840 patients with 
diabetes in the Saudi National Diabetes Registry, the risk of mortality rose with DFU 
and increased further in the presence of lower extremity amputation, with a 
standardized mortality ratio of 4.39 and 7.21, respectively[94].

Microvascular complications
Most studies reporting on microvascular complications from the MENA region are 
either clinic or hospital based. However, some countries, like Saudi Arabia, possess a 
national diabetes registry, and others such as Iran have large cohorts followed longit-
udinally, like the Tehran Lipid Cohort. Among the three microvascular complications 
of diabetes namely nephropathy, neuropathy, and retinopathy, the latter is the most 
documented and studied.

Retinopathy
The overall global prevalence of DR is 34.6%, including 7.0% proliferative DR and 
6.8% clinically significant macular edema[95]. It is the most common cause of 
blindness in adults worldwide including the MENA region. The overall prevalence of 
DR in the MENA countries ranges from 12.6% to 37.8%, with proliferative DR ranging 
from 2.3% to 10.6%[96-99].

In a nationwide study of 50464 Saudi adults with T2D from the Saudi National 
Diabetes Registry, the prevalence of DR was 19.7%, with 10.6% proliferative and 5.7% 
clinically significant macular edema[100]. In a hospital-based study of 1325 adults with 
T2D from Egypt, the prevalence of DR was 20.5%[101]. In a clinic-based survey of 1308 
Palestinian adults with T2D, the prevalence of DR using nonmydriatic images was 
21.8%[81]. In a cross-sectional Tunisian clinic-based study of 2320 adults, the 
prevalence of DR was 26.3%, out of whom 3.4% had proliferative DR and 4.2% had 
clinically significant macular edema[102]. In a systematic review in Iran which 
included 17079 individuals, the overall prevalence of DR was 37.8%, with wide 
variability among regions[103]. The prevalence of DR for the various countries is 
shown in Table 5.

Importantly, retinopathy was found even among newly diagnosed adults with T2D. 
In Pakistan, DR was present at diagnosis in 15.9% of 958 adults with T2D[99]. 
Similarly, in Jordan, DR was documented in 7.9% of 127 adults with T2D within 6 mo 
of diagnosis[104]. Finally, in a retrospective chart review from Lebanon of 484 adults 
with T2D, DR was present in 26.6% at first ophthalmologic examination[105].

The elevated prevalence of DR at diagnosis is in line with the high proportion 
(44.7%) of undiagnosed diabetes for the MENA region[2]. It is likely that there is a 
latency period from onset of diabetes to time of its diagnosis, during which damage to 
the retina is taking place. In support of this theory is that duration of diabetes has been 
consistently reported as a risk factor for DR across most studies[96,100,101]. Even after 
being diagnosed, regular ophthalmologic check-ups were uncommon. This was 
evidenced in a community-based screening campaign of 2205 adults with mostly T2D, 
for whom only one third had regular retinal exams by an ophthalmologist[96]. 
Similarly, in Egypt, out of 1325 adults with long-standing diabetes, 82% were not 
aware of the need to do retinal checks[101]. Other risk factors for DR were poor 
glycemic control, older age, higher BMI, hypertension, smoking, the use of insulin, and 
the presence of other microvascular complications[97,98,100].

Nephropathy
Studies assessing nephropathy are more heterogeneous, with some reporting on 
albuminuria, others on glomerular filtration rate, and very few on end-stage renal 
disease. A global study evaluating the impact of diabetes on disability-adjusted life 
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Table 5 Select studies reporting on microvascular complications of diabetes in the Middle East and North Africa region

Complication Ref. Country Sample size 
(% male) Setting Duration of 

diabetes (yr)
Method of 
assessment Prevalence %

Retinopathy Al-Rubeaan et al
[89], 2015

Saudi Arabia 50464 (56.0) Saudi National 
Diabetes Registry

13.4 ± 8.2 Chart review 19.7 (10.6 PDR)

Macky et al[101], 
2011

Egypt 1325 (28.5) Hospital-based 48% for 5-15 Slit lamp 20.5 (2.3 PDR)

Jammal et al
[104], 2013

Jordan 127 (63.8) Clinic-based Newly 
diagnosed

Slit lamp 7.9

Uddin et al[99], 
2018

Pakistan 958 (56.0) Multi-Clinics Newly 
diagnosed

Slit lamp 15.9

Abu Al-Halaweh 
et al[81], 2017

Palestine 1308 (35.9) Primary Care 
Centers

7.1 ± 6.3 Digital retinal 
photo

21.8

Elshafei et al[97], 
2011

Qatar 540 (360/540) Community-based 12.9 ± 9.1 Slit lamp 23.5

Heydari et al
[98], 2012

Iran 1022 (40.2) Clinic-based 11.2 ± 8.2 DR; 
5.8 ± 5.4 no DR

Slit lamp 23.6

Arej et al[96], 
2019

Lebanon 2205 Community-based 9.1 ± 7.1 Digital retinal 
photo

12.6

Kahloun et al
[102], 2014

Tunis 2320 (39.8) Hospital-based 7.6 Slit lamp 26.3 (3.4 PDR)

Nephropathy Al-Rubeaan et al
[107], 2018

Saudi Arabia 54670 (51.2) Saudi National 
Diabetes Registry

13.6 ± 8.1 ACR and GFR 10.8 (1.2 micro; 8.1 
macro; 1.5 ESRD)

Uddin et al[99], 
2018

Pakistan 958 (56.0) Multi-Clinics Newly 
diagnosed

ACR 24.0

Zakkerkish et al
[110], 2013

Iran 350 (32.0) Diabetes Clinic 4.6 ± 5.5 ACR 20.6 (5.1 macro)

Shahwan et al
[108], 2019

Palestine 
(Ramallah)

550 (54.7); Age 
above 35 yr

Diabetes Clinic 8.9 ± 6.8 ACR 34.6 (5.8 macro)

Ali and Al Lami
[109], 2016

Iraq 224 (58.9) Diabetes Clinic 23.2 % ≥ 9 ACR (2 out of 3) 16.1

Neuropathy Khedr et al[22], 
2016

Egypt (Qena) 9303 (51.1); 837 
with diabetes

Community NR MNSI, then ENG 18.5

Ghandour et al
[114], 2018

Palestine 
(Ramallah)

517 (32.0) Primary Health 
Clinic

9.0 ± 7.5 Monofilament test 38.2

Chahbi et al
[115], 2018

Morocco 300 (50.7) Diabetes Clinic 10.6 ± 7.4 Diabetic 
Neuropathy Score

15.4 (DN4 painful)

Garoushi et al
[112], 2019

Libya 450 (50.2) Diabetes Clinic 15.1± 7.1 Diabetic 
Neuropathy Score

42.2 (s-LANSS ≥ 12 
pain)

Kiani et al[113], 
2013

Iran 521 (NR) Diabetes Clinic 9.2 ± 7.4 NSS and NDS 49.3

NR: Not recorded; MNSI: Michigan neuropathy screening instrument, ENG: Electroneurogram; PDR: Proliferative diabetic retinopathy; ACR: Albumin to 
creatinine ratio; S-LANSS: Leeds assessment of neuropathic symptoms and signs; NSS: Neuropathy symptom score; NDS: Neuropathy disability score; DR: 
Diabetic retinopathy; GFR: Glomerular filtration rate; ESRD: End-stage renal disease.

years in the EMR reported more than doubling of diabetes-related chronic kidney 
disease between 1990 and 2005[77]. This doubling was not only due to the increased 
prevalence of diabetes or aging but also due to more obesity, salt intake, and 
uncontrolled blood pressure[77]. In a national study from Libya, the estimated 
prevalence of end-stage renal disease was 624 per million. The major cause was 
diabetes, followed by hypertension[106].

The prevalence of microalbuminuria ranged from 10.8% in Saudi Arabia[107] to 
34.6% in Palestine[108], with Iraq[109], Iran[110], and Pakistan[99] at 16.1%, 20.6%, and 
24.0%, respectively. Macroalbuminuria constitutes about 15% of the reported 
albuminuria. The prevalence of nephropathy from selected studies is shown in Table 5.
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Risk factors for albuminuria were elevated blood pressure, high BMI, duration of 
disease, hyperglycemia, and the presence of diabetes complications[107,109,110].

Neuropathy
Diabetic peripheral neuropathy is the most common complication of diabetes; at least 
50% of individuals with diabetes will develop it to some extent[111]. Neuropathy 
negatively affects quality of life and constitutes a major risk for DFUs. Despite its high 
prevalence, studies on neuropathy are heterogeneous in terms of the populations 
studied, the setting (clinic or community-based), and the testing procedure used 
(questionnaire, monofilament test, or electroneurogram). Similarly, the prevalence in 
the MENA region varies from 18.5% (Egypt)[22] to 42.2% (Libya)[112] and 49% (Iran)
[113], using a standardized scoring system. Using a simple monofilament test, the 
prevalence was 38% in an outpatient clinic in Palestine[114]. Painful neuropathy is less 
common and was 15.4% in a cross-sectional study of 300 adults in Morocco[115]. 
Increasing age, duration of disease, high BMI, poor glycemic control, smoking, and 
low educational level were predisposing factors[112,113]. Peripheral neuropathy is 
overall more common in men, whereas painful neuropathy was more common in 
women[115].

DIABETES IN CHILDREN AND ADOLESCENTS
Whereas diabetes in children and adolescents used to be mostly limited to T1D, there 
has been, over the last two decades, an increasing proportion developing T2D globally
[15]. Moreover, in some countries, such as Japan, T2D in children and adolescents has 
become more prevalent than T1D[2]. Because of the earlier onset of the disease, 
affected children are expected to have a higher prevalence of complications in 
adulthood compared to others with adult-onset T2D within the same age group[17]. 
Furthermore, T2D starting at an early age would adversely affect productivity at its 
peak, raise the healthcare costs, and increase morbidity and mortality[15].

We could not find recent data about the overall prevalence of T2D in children and 
adolescents in the MENA region; however, data from specific countries reflect an 
increasing incidence and prevalence of T2D in this age group. In Kuwait, for instance, 
the incidence rate of T2D between 2011 and 2013 among children and adolescents, 
aged ≤ 14 years, was 2.56 per 100000 per year[116]. In Qatar, there were no registered 
cases of T2D among children and adolescents before 2008. Afterwards, the incidence of 
T2D increased from 1.16 per 100000 in 2012 to 2.72 per 100000 in 2016[117]. In Saudi 
Arabia, a nationwide survey conducted over years 2007-2009 found that 0.45% of the 
adolescents aged less than 18 years were known to have diabetes; out of which, 0.07% 
was T2D (n = 17). Moreover, the prevalence of newly diagnosed IFG and diabetes 
(both types) were 6.1% and 4.3%, respectively[118]. In Riyadh, T2D in the age group 7-
17 years was found to be more common than T1D with a prevalence of 4.5%[33].

Moving to Iran, from 2001 to 2011, 1% of adolescents developed prediabetes and 
T2D each year[119]. The study found that males were 1.28 times more likely to 
develop prediabetes and T2D than females, which differs from an American study for 
diabetes in youth, the SEARCH study, that found the prevalence to be higher among 
females. This lower prevalence among Iranian females could be attributed to the ethnic 
differences and to how prediabetes was defined. This study included IFG only in its 
definition of prediabetes, which is, in contrast to IGT, a more common phenotype in 
males than females, thus contributing to the higher prediabetes prevalence among 
Iranian males[119]. As for Lebanon, a cross-sectional study was conducted in 2007 
among students aged 11-18 years at three private schools in an urban area. It found 
that 10.5% of the students had IFG, and 3.5% had diabetes. Among overweight and 
obese individuals, the risk of developing prediabetes or diabetes was 4.93 and 2.85 
times higher, respectively. The diagnostic criteria used did not differentiate between 
T1D and T2D; however, since the majority of those diagnosed with prediabetes and 
diabetes were overweight or obese, they were likely insulin resistant. Therefore, T2D is 
on the differential and should be confirmed for such a patient profile[120].

Modifiable risk factors
Obesity: One of the most important risk factors for T2D in adolescents is obesity. In 
the UAE, the prevalence of prediabetes and T2D among overweight and obese public 
school students, aged 11-17 years, were 5.4% and 0.87%, respectively[121]. 
Furthermore, 100% of all the children and adolescents with T2D in Qatar were either 
overweight or obese[117], and 23.35% of Saudi adolescents with diagnosed diabetes 
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were obese[118].
Obesity presents a challenging health problem in the MENA region, where the rates 

of obesity have been increasing rapidly among children and adolescents at a faster rate 
than adults[122]. According to the WHO, the crude prevalence of obesity among 
children and adolescents in the region ranged from 2.4% in Afghanistan to 22.8% in 
Kuwait in 2016[123].

In Lebanon, two cross-sectional studies were conducted in 1997 and 2009 using the 
WHO definition for obesity in children and adolescents as age and sex specific scores + 
2. The prevalence of obesity in the age group 6-19 years increased from 7.3% in 1997 to 
10.9% in 2009[124]. Moreover, obesity was more common in boys (10.1%) than in girls 
(4.2%) in private schools, whereas there was no gender difference in public schools 
(6.7% and 6.0% for boys and girls, respectively)[120]. In Pakistan, recent data from 
Hazara city showed that the prevalence of obesity among school students was 4.78%, 
and similarly to Lebanon the prevalence was higher in private compared to public 
schools[125].

Physical inactivity: The Global School-based Student Health Surveys found that 
physical inactivity, defined as less than 60 min activity per day on 5 or more days in 
the past 7 d, was very high among children and adolescents in MENA countries and 
was higher in girls compared to boys. The prevalence was 65.4% in Lebanon, 72.5% in 
the UAE, 80% in Iraq, and more than 80% in many MENA countries, reaching as high 
as 90.6% in Egypt. The high sedentary lifestyle rates can be partly due to lack of 
encouragement of physical activities from parents, teachers, and friends, while 
favoring spending more time on other tasks such as their education[126].

Non modifiable risk factors
Family history: Along with obesity and physical inactivity, the genetic predisposition 
and family history present significant risk factors for T2D in adolescents[127]. The risk 
of abnormal glycemic status among Emirati school students was 1.9 times higher 
among those who have first degree relatives with diabetes; moreover, it was found 
that more than half of Emirati students with prediabetes and all those with T2D had a 
positive family history of diabetes[121]; the same applies to Qatari adolescents with 
T2D[117].

Other non-modifiable risk factors are low birth weight, maternal diabetes during 
pregnancy, and the postmenarchal phase in females[126]. During puberty, there is a 
physiological 30% increase in insulin resistance that, in the presence of other risk 
factors, can precipitate T2D; thus, the onset of T2D in youth is earlier in girls than boys 
and manifests itself usually during the second decade of life.

In summary, the youth of the MENA region are particularly vulnerable to 
developing T2D because of a culmination of risk factors. Multilevel interventions are 
needed to be able to effectively reverse this wave.

The management of T2D in children and adolescents presents a real challenge due 
to the poor adherence to the management recommendations of this age group and the 
difficulty in reversing obesity[128]; moreover, many of the young T2D patients are 
asymptomatic. Thus, it is important to screen those at risk. The ADA guidelines 
recommend screening children starting age 10 years or earlier (in case of an earlier 
onset of puberty) for all obese or overweight children if they have one additional risk 
factor[128]. The management for T2D in children and adolescents should include 
reduction of 7%-10% of the excess weight, physical activity for at least 60 min/d, and a 
healthy balanced diet rich in nutrients. Moreover, optimal blood pressure control and 
annual screening for neuropathy and retinopathy are crucial to prevent and manage 
complications[128]. All of these should be accompanied by educating patients and 
their parents about self-management including self-monitoring of blood glucose. We 
could not identify any studies from the MENA on the management of T2D in this age 
group.

CHALLENGES
In brief, the MENA region has the highest prevalence of T2D, and the rates continue to 
rise steeply. Furthermore, it has one of the highest diabetes related disability-adjusted 
life years and mortality rates from NCDs. Modifiable risk factors for both diabetes and 
its complications are highly prevalent in this population and extend to the pediatric 
and adolescent age group.
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To address and reverse this situation is a daunting yet unavoidable task. Emerging 
factors add to the challenge, such as the increasing pollution level and environmental 
degradation, the high level of geopolitical instability, and most recently the COVID-19 
pandemic. The latter two have had a direct impact on diabetes care.

Refugees and displaced people
In 2021, the United Nations High Commissioner Report indicated that there are 17.4 
million refugees, internally displaced or physically constrained people in the MENA 
region. These are predominantly from Syria, Iraq, Yemen, and Libya[129]. They 
constitute about 3% of the MENA population, and 18% of the global population of 
concern. During the year 2000, 24 million Yemeni people depended on assistance. In 
parallel, the rates of extreme poverty have doubled in the region, from 3.8% to 7.2% 
between 2015 and 2018, and are likely to rise further due to the financial strain of the 
COVID-19 pandemic[130]. Furthermore, in 2020 the MENA region was deemed the 
‘least peaceful’ area in the world with its many armed conflicts and/or political 
instability[131].

The above factors negatively influence NCDs in general and diabetes in particular. 
They also weaken the public healthcare system. The optimal management of diabetes 
requires a patient-centered approach with continuity of care[132]. Instead, in an 
unstable setting, the care is typically fragmented and interrupted, and the health of 
refugees and of displaced civilians is very likely to suffer. Unfortunately, very few 
national studies address the health status of refugees, so the prevalence of diabetes 
complications may be underestimated.

One such study was conducted in Lebanon on both the Lebanese population and 
Syrian refugees, as part of the STEPwise approach[133]. Out of 1899 Lebanese and 
2134 Syrian adults aged 18-69 years, 51.2% of Lebanese had three or more 
cardiovascular risk factors vs 59.8% of Syrians. A 2014 survey by the United Nations 
High Commissioner Report found that close to 15% of adult Syrian refugees had at 
least one chronic condition, with 16% of those having diabetes, half of whom reported 
difficulties accessing health services[13]. With social instability and lack of security in 
parts of other MENA countries, it is expected that similar conditions may be prevalent
[14]. The situation is likely to be complicated by poverty, food insecurity, poor 
nutrition, and inability to access health care. A concerted effort by the international 
community and governmental health agencies is needed to assist vulnerable people 
and provide them with access to medical care.

COVID-19 and diabetes
The COVID-19 pandemic has stressed the healthcare system and highlighted the need 
for a stronger infrastructure. Resources of all countries, even those that are relatively 
affluent, have been strained. National health systems should invest in interventions 
that aim at improving diabetes care. This is of paramount importance, in view of the 
data that shows a worse prognosis and an increased risk of complications and 
mortality for patients with diabetes hospitalized with COVID-19 infections[134]. A 
recent report from Qatar suggested that patients with diabetes hospitalized with 
COVID-19 infection had more severe clinical manifestations of pneumonia and acute 
respiratory distress syndrome and longer duration of hospitalization, intensive care 
stay, and mechanical ventilation[135]. Another study from Saudi Arabia reported that 
during the COVID-19 lockdown, patients with diabetes had reduced compliance with 
their medications and with healthy lifestyle habits[136]. Moreover, it is likely that 
many patients with diabetes have had a disrupted outpatient follow-up care due to 
visit cancellations during the pandemic, a situation that may adversely impact their 
overall diabetes control.

CONCLUSION
Call for action
There is ample evidence that diabetes can be prevented or delayed and its complic-
ations significantly reduced[137]. A recent editorial emphasized that worldwide 
implementation of diabetes prevention measures is an urgent matter[138]. Our review 
of T2D in the MENA region provides an opportunity to identify gaps and potential 
remedies for diabetes-related public health problems.

More accurate and complete data collection is needed for individual countries 
because available data is frequently scarce, outdated, relies on historical estimates, or 
is extrapolated from other similar countries. Without reliable data, the magnitude of 
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the problem can be under/overestimated, and areas of need cannot be properly 
identified.

In addition, the socioeconomic disparities in the care of diabetes need to be 
addressed because a lower socioeconomic background frequently emerged as a risk 
factor for diabetes and for complications. Strategies need to be put in place to address 
this issue, with interventions that are evidence-based, cost effective, and designed to 
improve access to care.

Another worrisome finding is the gender difference manifesting as a higher 
prevalence of obesity and physical inactivity among women compared to men. It calls 
for an investigation of potential reasons and for implementation of remedial solutions, 
especially that gestational diabetes carries the risk of generational transmission of 
metabolic syndrome[139].

Furthermore, there is an urgent need to introduce programs that educate about 
healthy nutrition choices and promote healthy habits. Proper monitoring of 
implementation of planned interventions followed by evaluation of their impact is 
mandatory. Strategies to promote and encourage physical activity are needed, whether 
through urban planning with introduction of sidewalks and walking trails or through 
building exercise facilities that are accessible and affordable.

Policies are needed to label food items with their nutritional and caloric content. 
Educational programs need to be introduced at the school, community, and workplace 
levels, with emphasis on adapting them to the local cultures and norms. To be 
effective, educational programs need to be culturally sensitive and tailored to the 
functional health literacy of the local population[140]. The national media and 
advertising industry need to be involved in educating the public, in partnership with 
the national health system. Telehealth may play an important role in terms of raising 
awareness and providing better access to care[141], especially in view of the geopol-
itical instability and the COVID-19 pandemic.

In addition, there is a need to promote a public health awareness at the level of 
primary health care providers for screening and managing diabetes and associated 
metabolic comorbidities. There is evidence to suggest that quality of care is not 
optimal[142]. Educational activities need not only address risk factors for diabetes 
such as obesity and unhealthy lifestyles but also how to manage diabetes and its 
potential complications and how to implement preventive measures to avoid complic-
ations, such as regular eye and foot exams and kidney function tests.

The prevention and management of diabetes should be the perfect prototype of 
‘health into all policies.’ In 2013, the WHO announced the Global Action Plan for the 
Prevention and Control of Non-Communicable Diseases 2013-2020 aimed at curbing 
the rise in obesity and diabetes. However, it is evident that not enough has been done 
so far to achieve this goal, and efforts have fallen short of the magnitude of the 
problem. Therefore, national strategies need to be put in place to address noncommu-
nicable diseases in general and diabetes in particular, with an emphasis not only on 
planning but also on implementation. In 2021, the WHO is launching the WHO Global 
Diabetes Compact, which would enable countries (especially low and middle income) 
to prevent diabetes by addressing risk factors and help these countries develop their 
capabilities in identifying and treating people with diabetes[143]. Such programs are 
urgently needed in the MENA region.
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Abstract
Dipeptidyl peptidase-4 inhibitors (DPP-4i) have an important place in the 
management of type 2 diabetes. The DPP-4 enzyme is ubiquitously distributed 
throughout the human body and has multiple substrates through which it 
regulates several important physiological functions. DPP-4 regulates several 
immune functions, including T-cell activation, macrophage function, and 
secretion of cytokines. Studies have reported an increase in autoimmune diseases 
like bullous pemphigoid, inflammatory bowel disease, and arthritis with DPP-4i 
use. The relationship of DPP-4i and autoimmune diseases is a complex one and 
warrants further research into the effect of DPP-4 inhibition on the immune 
system to understand the pathogenesis more clearly. Whether a particular cluster 
of autoimmune diseases is associated with DPP-4i use remains an important 
contentious issue. Nevertheless, a heightened awareness from the clinicians is 
required to identify and treat any such diseases. Through this review, we explore 
the clinical and pathophysiological characteristics of this association in light of 
recent evidence.

Key Words: Autoimmune disease; Bullous pemphigoid; Diabetes; Dipeptidyl peptidase-4 
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©The Author(s) 2021. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Dipeptidyl peptidase-4 (DPP-4) has an important role in the function of the 

https://www.f6publishing.com
https://dx.doi.org/10.4239/wjd.v12.i9.1426
http://orcid.org/0000-0003-4419-9376
http://orcid.org/0000-0003-4419-9376
http://orcid.org/0000-0003-4419-9376
http://orcid.org/0000-0002-8805-143X
http://orcid.org/0000-0002-8805-143X
http://orcid.org/0000-0001-8403-7756
http://orcid.org/0000-0001-8403-7756
http://orcid.org/0000-0003-1911-0026
http://orcid.org/0000-0003-1911-0026
http://orcid.org/0000-0002-2371-0625
http://orcid.org/0000-0002-2371-0625
http://orcid.org/0000-0003-4568-877X
http://orcid.org/0000-0003-4568-877X
mailto:jppgi@yahoo.com


Roy A et al. DPP-4 inhibitor and autoimmune diseases

WJD https://www.wjgnet.com 1427 September 15, 2021 Volume 12 Issue 9

upon this work non-commercially, 
and license their derivative works 
on different terms, provided the 
original work is properly cited and 
the use is non-commercial. See: htt
p://creativecommons.org/License
s/by-nc/4.0/

Manuscript source: Invited 
manuscript

Specialty type: Endocrinology and 
metabolism

Country/Territory of origin: India

Peer-review report’s scientific 
quality classification
Grade A (Excellent): 0 
Grade B (Very good): B 
Grade C (Good): 0 
Grade D (Fair): 0 
Grade E (Poor): 0

Received: February 15, 2021 
Peer-review started: February 15, 
2021 
First decision: March 30, 2021 
Revised: April 12, 2021 
Accepted: July 19, 2021 
Article in press: July 19, 2021 
Published online: September 15, 
2021

P-Reviewer: Yen FS 
S-Editor: Fan JR 
L-Editor: Filipodia 
P-Editor: Wang LYT

immune system. DPP-4 inhibitors are an important drug class for the management of 
type 2 diabetes mellitus. This group of drugs can have a diverse effect on immune 
modulation. Recently, certain autoimmune diseases are described with the use of DPP-
4 inhibitors, particularly bullous pemphigoid. Clinicians should be aware of this 
association and take appropriate action if such an adverse event takes place.

Citation: Roy A, Sahoo J, Narayanan N, Merugu C, Kamalanathan S, Naik D. Dipeptidyl 
peptidase-4 inhibitor-induced autoimmune diseases: Current evidence. World J Diabetes 2021; 
12(9): 1426-1441
URL: https://www.wjgnet.com/1948-9358/full/v12/i9/1426.htm
DOI: https://dx.doi.org/10.4239/wjd.v12.i9.1426

INTRODUCTION
Dipeptidyl peptidase-4 inhibitors (DPP-4i), also known as gliptins, are being 
increasingly used as a second-line add-on therapy in diabetes mellitus[1]. They have 
certain advantages as an oral hypoglycaemic agent like weight neutrality, lesser risk of 
hypoglycaemia, and insulin independent mechanism of action compared to other 
medications like sulfonylureas[2]. Sitagliptin, saxagliptin, alogliptin, and linagliptin 
are Food and Drug Administration (FDA) approved DPP-4is[3]. However, other DPP-
4is like teneligliptin, anagliptin, and vildagliptin are also in use in different countries 
across the globe.

DPP-4, also known as cluster of differentiation 26 (CD26) molecule, is expressed in 
many tissues and known for its role in diverse physiological functions of the human 
body. The interaction of the DPP-4 molecule and the immune system is complex. This 
includes regulation of a various subset of the immune cells including T cells and 
antigen presenting cells. Therefore, DPP-4i has the potential to modulate various 
immunological functions. Indeed, the therapeutic role of DPP-4i has been studied in 
autoimmune diseases (AD) like type 1 diabetes mellitus[4], latent autoimmune 
diabetes of the adult[5], acute graft vs host disease[6], autoimmune encephalomyelitis
[7], and multiple sclerosis[8]. However, in recent times several studies have shown an 
increased risk of certain AD like bullous pemphigoid (BP) among DPP-4i users. Thus, 
through this review, we summarise the currently available literature in the field of 
DPP-4i induced AD.

SEARCH STRATEGY
The keywords and combination of keywords for literature search are summarised in 
the Table 1. The initial literature search was carried out by three authors (AR, NN, and 
CM) independently in PubMed. The search was performed from the date of inception 
until January 15, 2021 to find relevant articles. The studies available in the English 
language were selected for this review. Relevant references in the individual articles 
were also scrutinised for their suitability and included in this review if found to be 
appropriate. The studies that evaluated the development of AD in patients treated 
with DPP-4i were selected by the authors (JS, SK, and DN) and were included in this 
review. We have given preferences to the most recent studies published in the last 5 
years.

THE INTERFACE BETWEEN IMMUNE SYSTEM AND DPP-4 ENZYME
DPP-4 is an enzyme that has a ubiquitous presence throughout the human body. The 
most important metabolic function is to cleave various gut peptides known as ‘incretin 
hormones’ like glucagon-like peptide-1, glucose-dependent insulinotropic peptide, 
and neuropeptide Y[9]. Incretins have several metabolic benefits like enhanced insulin 
secretion from the pancreatic beta cells and thus help in controlling blood glucose in 
subjects with diabetes[10]. DPP-4i prolongs the half-life of different incretins by 
inhibiting intestinal DPP-4 enzyme activity.

http://creativecommons.org/Licenses/by-nc/4.0/
http://creativecommons.org/Licenses/by-nc/4.0/
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Table 1 List of the keywords used for literature search

No.

1 Dipeptidyl peptidase 4 inhibitor

2 DPP-4 inhibitor

3 Gliptins

4 ‘Autoimmune disease’

5 [1] and [4]

6 [2] and [4]

7 [3] and [4]

8 [2] and [3] and [4]

9 Inflammatory bowel disease

10 [1] and [9]

11 Arthritis

12 Arthralgia 

13 ‘Rheumatoid arthritis’

14 [1] and [11]

15 [1] and [12]

16 [1] and [13]

DPP-4: Dipeptidyl peptidase-4.

The details of the role of DPP-4/CD26 in immune system is beyond the scope of this 
review and many elegant reviews are already there in this area[11,12]. The CD26 
molecule, also known as the ‘moonlight protein’ is a cell surface protein having 
significant DPP-4 activity. DPP-4 is expressed in several cell lines involved in the 
pathway of immune regulation. These include T helper cells type 17 (Th17), natural 
killer cells, activated B cells, macrophages, and myeloid cells[12]. DPP-4 is a 
transmembrane protein having three parts: a small intracellular part, a transmembrane 
part carrying the DPP-4 activity, and a large extracellular part[12]. There is also a 
soluble form of DPP-4 (sDPP-4) that carries a significant amount of enzyme catalytic 
activity[9]. Recent evidence suggests that circulating lymphocytes are an important 
source of the sDPP-4[13]. sDPP-4 is used as a biomarker of several diseases and a 
reduced serum level has been described in rheumatoid arthritis (RA), systemic lupus 
erythematosus, and psoriasis[12,14]. An elevated sDPP-4 has been shown in type 1 
diabetes suggesting its role in the pathogenesis[15].

DPP-4 promotes activation and proliferation of both T cells (Th1, Th17, and 
regulatory T cells)[16,17], and macrophages[18]. It also has a role in the immuno-
globulin synthesis regulation like isotype switching of B cells[19]. Moreover, evidence 
also suggests that DPP-4 significantly modulates secretion of different cytokines and 
chemokines, thus regulating tissue response to injury[20,21]. DPP-4i increases stromal 
derived factor-1 (or CXCL12) levels, which has several pleiotropic effects[22], e.g., 
beneficial effects in ischemic myocardium[23], diabetic nephropathy[24] and stroke
[25]. Interestingly, a recent study demonstrated a decrease in certain chemokines 
(CCL11/Eotaxin, CCL22/MDC, and CXCL10/IP-10) following a mixed meal test after 
6 mo of teneligliptin treatment in diabetes patients[26]. Nevertheless, the exact role of 
different cytokines/chemokines cleaved by the DPP-4 enzyme in immune regulation 
remains an unexplored area[27].

Several experimental studies have shown that DPP-4i suppresses various markers of 
inflammation[28] and/or fibrosis[29] and thus is regarded as an attractive therapeutic 
option in AD. Several animal research studies have shown the beneficial effects of 
DPP-4i in obesity-related inflammation[30], hepatic fibrosis[31], myocarditis[32], and 
diabetic nephropathy[25,26,33], as well as chemotherapy induced renal injury[34] 
through its immune-modulatory action. Earlier studies also showed the potential 
beneficial role of DPP-4i in different inflammatory central nervous system disorders, 
including multiple sclerosis[7,35]. However, several other studies have reported an 
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increased risk of a few specific AD with DPP-4i use, which are described below.

DPP-4I USE AND RISK OF OVERALL AD
In recent times, several studies have evaluated the association of different DPP-4i with 
overall AD. However, these studies are limited by the fact that most of them are either 
retrospective or cross-sectional in nature, and few studies assessed the full 
autoimmune spectrum. Kridin et al[36] from Israel reported that the prevalence of 3 
AD (Crohn’s disease, psoriasis and Hashimoto’s thyroiditis) out of nearly 15 AD was 
significantly higher in the DPP-4i-treated group as compared to age, gender, and 
ethnicity-matched diabetes control subjects. This study suggested that a cluster of AD 
might be associated with DPP-4i treatment. On the other hand, a Japanese study based 
on the analysis of the adverse drug reaction database showed an increased risk of 
overall AD in the older age group (> 60 years)[37]. However, a recent population-
based study[38] performed in Asian people found that DPP-4i treatment was 
significantly associated with a reduction in the prevalence of overall AD [adjusted 
hazard ratio (aHR): 0.56 (95% confidence interval (CI): 0.53–0.60; P < 0.001)]. The AD 
included RA, systemic lupus erythematosus, inflammatory bowel disease (IBD), 
Sjogren’s syndrome, psoriasis, and ankylosing spondylitis. Similar results indicating a 
lower risk of overall AD had been demonstrated by a few other studies[39,40]. Chen et 
al[38] also showed that the risk of AD was significantly lower in the younger 
population. This finding signifies the importance of age as an important determining 
factor of autoimmunity. Clinicians must be vigilant about the risk of different AD in 
DPP-4i treated patients as summarised in Table 2.

DPP-4I USE AND RISK OF BP
BP is the commonest skin AD associated with DPP-4i use, as described in the 
literature. However, pemphigus vulgaris has been reported rarely[41] in patients using 
DPP-4i. BP is a blistering skin condition that occurs commonly in the elderly 
population. It is an AD characterised by the presence of circulating autoantibodies 
directed against BP180 and BP230 autoantigens in basal keratinocytes. BP is caused by 
several drugs and carries a significant risk of mortality[42]. The recent addition to the 
list of the drugs is DPP-4i. Since 2011, many case reports[43-45] and case series[46-48] 
have reported the association between the use of DPP-4i and development of BP. In 
recent times, both observational and retrospective studies[49-54] and adverse drug 
event-based registries[55,56] have also shown this association (Tables 3 and 4).

Estimating the risk of BP with DPP-4i use
After the initial information obtained from the case reports and case series, adverse 
drug reaction-based databases have increasingly reported the association of BP with 
the use of DPP-4i[49,57-59]. Similarly, nation-wide population-based studies[50,60,61] 
also strengthened this association further as summarised in Table 3. However, it is 
important to note that most of the pharmacovigilance and adverse database studies 
have mentioned reporting odds ratio (ROR) to gather early signals of the association 
between DPP-4i use and BP. However, ROR neither allows to establish any association 
nor proves causality[62]. Moreover, a few meta-analyses[63,64] tried to sum-up the 
available data. DPP-4i use in diabetes is associated with both de novo development of 
BP as well as exacerbation of the already existing BP[65]. It is also important to note 
that studies have reported increasing diabetes prevalence in BP patients[66], so one 
should be cautious while prescribing DPP-4i in these patients.

How much is the risk? The answer is not a straightforward one. There is definite 
evidence that increased risk of BP is a class effect of DPP-4i use, and it varies from 
molecule to molecule. Studies have reported a 2-3 times risk (as reported by aHR) of 
developing BP in diabetes patients receiving DPP-4i (Tables 3 and 4). The meta-
analysis performed by Phan et al[64] on five case-control studies reported overall OR 
of 2.13 (95%CI: 1.59-2.86) for developing BP in DPP-4i users. Furthermore, a recent 
meta-analysis including randomized controlled trials (RCTs) as performed by Silverii 
et al[63] reported a Mantel-Haenszel OR of 4.44 (95%CI: 1.31-15.00) for overall DPP-4i 
use and development of BP. However, the included number of BP cases was low (n = 
17), and most of the data came from linagliptin trials, thus drawing conclusions about 
other DPP-4is was not possible from this study. It also underscores the importance of 
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Table 2 Summary of the studies that assessed risk of overall autoimmune diseases in dipeptidyl peptidase-4 inhibitor users

Ref. Population Study design Composite outcome Individual autoimmune disease outcome

Kridin et 
al[36], 
2018

T2DM patients receiving 
DPP-4i (n = 283) vs matched 
controls (n = 5660)

Cross-sectional 
retrospective study 
using patient 
database

OR 1.44 (95%CI: 1.06–1.96) 
for any disease from the 
cluster of AD (Crohn’s 
disease, psoriasis, 
Hashimoto’s thyroiditis, MS, 
ulcerative colitis) 

Crohn’s disease OR 3.56 (95%CI: 1.04–12.21). Psoriasis OR 
2.12 (95%CI: 0.99–4.66). Hashimoto’s thyroiditis OR 1.38 
(95%CI: 1.00–1.91). No difference in the following ADs: 
Addison’s disease, Arthropathy, Celiac disease, Idiopathic 
thrombocytopenic Purpura, Myasthenia gravis, Pernicious 
anaemia, RA, Sarcoidosis, Scleroderma, SLE

Noguchi 
et al[37], 
2019

Diabetes patients receiving 
DPP-4i and other 
antidiabetic drugs (n = 
38887)

Adverse Drug 
Event Report 
database analysis

PRR 4.09 for overall 
autoimmune disease 

Increased risk was noted in the following AD: RA, 
pemphigoid, autoimmune pancreatitis, and polymyalgia 
rheumatica

Chen et al
[38], 2020

T2DM patients (age ≥ 20 yr) 
receiving DPP-4i vs non-
DPP-4i medications (n = 
387099 in each group)

Retrospective 
cohort study using 
insurance claim 
data

HR 0.56 (95%CI: 0.53–0.60) 
for overall AD like RA, SLE, 
IBD, Sjogren syndrome, 
psoriasis and ankylosing 
spondylitis

RA: HR 0.56 (95%CI: 0.46–0.68). Psoriasis: HR 0.56 (95%CI: 
0.52–0.61). Ankylosing spondylitis: HR 0.56 (95%CI: 
0.50–0.63). SLE: HR 0.55 (95%CI: 0.35–0.88). IBD: HR 0.66 
(95%CI: 0.11–3.95). Sjogren syndrome: HR 0.58 (95%CI: 
0.46–0.75)

Kim et al
[39], 2015

T2DM patients (age ≥ 40 yr) 
started on DPP-4i as a part 
of combination therapy (n = 
73928) vs non-DPP-4i 
combination therapy (n = 
163062)

Cohort study 
using insurance 
claim data

HR 0.68 (95%CI: 0.52-0.89) 
for AD like RA, SLE, 
psoriasis, psoriatic arthritis, 
MS and IBD 

RA: HR 0.66, (95%CI: 0.44-0.99). Other AD (excluding RA): 
HR 0.73 (95%CI: 0.51-1.03)

Seong et al
[40], 2019

New T2DM patients (age ≥ 
18 yr) using DPP-4i (n = 
497619) or non-DPP-4i (n = 
643165) oral combination 
therapy 

Active comparator 
new-user cohort 
study

aHR 0.82 (95%CI: 0.68–0.99) 
for AD like RA, IBD, MS and 
SLE

RA: aHR 0.67 (95%CI: 0.49–0.92). IBD: aHR 0.81 (95%CI: 
0.61-1.08). SLE + MS: aHR 0.67 (95%CI: 0.37-1.19)

AD: Autoimmune disease; aHR: Adjusted hazard ratio; CI: Confidence interval; DPP-4i: Dipeptidyl peptidase-4 inhibitor; HR: Hazard ratio; IBD: 
Inflammatory bowel disease; MS: Multiple sclerosis; OR: Odds ratio; PRR: Proportional reporting ratio; RA: Rheumatoid arthritis; SLE: Systemic lupus 
erythematosus; T2DM: Type 2 diabetes mellitus.

systematic reporting of AD including BP as an adverse event in large clinical trials 
involving other DPP-4is.

Individual DPP-4i and risk of BP
Almost all of the DPP-4is are associated with the development of BP. However, 
vildagliptin is the most commonly implicated drug in the published literature. Both 
pharmacovigilance[64] and observational studies[57,67,68] reported vildagliptin use as 
a risk factor for development of BP with a OR varying from 1.81 to 10.40. Moreover, 
the meta-analysis by Phan et al[64] concluded that vildagliptin has the highest risk (OR 
5.08) followed by linagliptin (OR 2.87). But sitagliptin was not associated with BP (OR 
1.29, 95%CI: 0.79-2.08). Linagliptin had a similar propensity (HR 4.90, 95%CI: 
2.68–8.96) to cause BP as vildagliptin (HR 4.56, 95%CI: 1.42–14.64) in a recently 
published study[57]. The conclusion of a recently conducted meta-analysis[63] also 
revealed an increased risk of BP in linagliptin-treated patients (Mantel-Haenszel-OR 
4.69, 95%CI: 1.09-20.22). Additionally, few reports have also revealed teneligliptin[58,
69] and saxagliptin[46,56-58,70] induced BP. However, there is a possibility of 
reporting bias present since BP is not systematically reported in large clinical trials 
involving various DPP-4i.

Risk factors for the development of DPP-4i induced BP
Older age is one of the important risk factors, and most of the studies have reported 
the mean age of subjects with DPP-4i induced BP > 70-75 years (Table 5). But Lee et al
[57] has shown that the risk was similar between patients with more than or less than 
75 years of age. The second important risk factor is male gender. Kridin and Bergman
[71] reported a higher risk in males compared to females (OR 4.46 vs 1.88). In the same 
way, other studies also reported a male predilection[72]. On the contrary, Varpuluoma 
et al[60] reported that females are more likely to develop DPP-4i induced BP. Phan et al
[64] in their pooled meta-analysis found that both genders are susceptible to develop 
BP with higher propensity in males (OR 2.35 vs 1.88). The third risk factor is the DPP-4i 
with less selective DPP-4 enzyme inhibition like vildagliptin. The fourth is a recently 
discovered association of specific human leucocyte antigen (HLA) HLA-DQB1*03:01 
with DPP-4i induced BP in Japanese population[73]. However, Lindgren et al[74] did 
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Table 3 Summary of the pharmacovigilance and population-based studies reporting dipeptidyl peptidase-4 inhibitor induced bullous 
pemphigoid

Ref. Country Population Pooled odds 
ratio Individual DPP-4i Remarks

Reolid et al[55], 
2020

Spanish 
Pharmacovigilance 
System 

Overall reported 
adverse events

NA ROR: linagliptin 69.42 (95%CI: 
21.17–227.57), saxagliptin 46.45 (6.26-
344.25), vildagliptin 123.38 (95%CI: 
68.72–221.15), sitagliptin 12.42 (95%CI: 
3.89–39.63) 

Vildagliptin was the 
DPP-4i that most 
frequently induced BP

García et al[56], 
2016

European 
pharmacovigilance 
database

Overall reported 
adverse events

NA PRR: Vildagliptin 85.98 (95%CI: 
70.98–104.15), sitagliptin 4.55 (95%CI: 
3.32–6.24), saxagliptin 8.36 (95%CI: 
3.14–22.28), linagliptin 24.32 (95%CI: 
14.11–41.92)

Alogliptin was not 
associated with 
development of BP

Lee et al[57], 2019 Korea (Retrospective, 
nationwide, population-
based, case-control 
study)

670 patients with 
diabetes with BP 
and 670 control 
patients with only 
diabetes

aOR, 1.58 
(95%CI: 1.25-
2.00)

Vildagliptin aOR 1.81 (95%CI: 1.31-2.50), 
sitagliptin aOR, 1.70 (95%CI: 1.19-2.43), 
linagliptin aOR 1.64 (95%CI: 1.15-2.33)

Male gender was 
associated with higher 
risk of development of 
BP

Carnovale et al
[58], 2019

World Health 
Organization global 
Individual Case Safety 
Reports database

Overall reported 
adverse events

ROR 179.48 
(95%CI: 
166.41–193.58)

Teneligliptin 975.04 (95%CI: 
801.70–1185.87), sitagliptin 46.52 (95%CI: 
40.57–53.36), vildagliptin 399.70 (95%CI: 
362.26–441.02), linagliptin 143.23 (95%CI: 
122.60–167.33)

The highest ROR was 
found for teneligliptin

Béné et al[59], 2016 French 
Pharmacovigilance 
Database

Among 1297 
spontaneous ADR 
reports, 42 were 
DPP-4i induced 
BP

ROR 67·5 
(95%CI: 47.1-
96.9)

Vildagliptin ROR 225·3 (95%CI: 148.9-
340.9), sitagliptin ROR 17.0 (95%CI: 8.9-
32.5), saxagliptin ROR 16.5 (95%CI: 2.3-
119.1)

Vildagliptin had 
higher ROR

Varpuluoma et al
[60], 2018

Finland (Nationwide 
Registry Study)

3397 BP cases and 
12941 controls

aOR 2.13 
(95%CI: 
1.51–3.00)

aOR vildagliptin 8.66 (95%CI: 4.06-18.50), 
aOR sitagliptin 1.36 (95%CI: 0.93-1.99)

A significantly 
increased risk of BP 
after the use of 
vildagliptin

Hung et al[61], 
2020

Taiwan (Nationwide, 
population-based, 
cohort study)

6340 patients with 
DM on DPP-4i 
and 25360 DM 
patients without 
DPP-4i 

aHR 2.382 
(95%CI: 1.163-
4.883)

Vildagliptin aHR, 2.849 (95%CI: 1.893-
4.215), saxagliptin aHR, 2.657 (95%CI: 
1.770-3.934), sitagliptin aHR, 2.585 (95%CI: 
1.723–3.829), linagliptin aHR, 2.360 (95%CI: 
1.567–3.477), alogliptin aHR, 1.450 (95%CI: 
0.965–2.152)

Vildagliptin was 
significantly 
associated with an 
increased risk of BP, 
and alogliptin was not 
associated with 
development of BP

Arai et al[49], 2018 Japanese Adverse Drug 
Event Report database

392 BP cases in 
DPP-4i user and 
12811 without BP 
as control

ROR 87.56 
(95%CI: 
72.61–105.59)

ROR: alogliptin 8.02 (95%CI: 4.87–13.22), 
anagliptin 10.84 (95%CI: 3.46–33.96), 
sitagliptin 12.59 (95%CI: 9.86–16.06), 
trelagliptin 13.77 (95%CI: 3.40–55.85), 
saxagliptin 15.85 (95%CI: 5.87–42.79), 
linagliptin 28.96 (95%CI: 21.38–39.23), 
omarigliptin 43.79 (95%CI: 5.85–327.70), 
teneligliptin 58.52 (95%CI: 42.75–80.10), 
vildagliptin 105.33 (95%CI: 88.54–125.30)

The highest ROR was 
found with 
vildagliptin

MolinaGuarneros 
et al[70], 2020

Spain 
(pharmacovigilance 
data)

Case/non-case 
analysis (1998 
DPP-4i induced 
ADR where 45 
were DPP-4i 
induced BP)

ROR 70.0 
(47.1–104.1)

Vildagliptin 113.9 (95%CI: 73.4–177), 
linagliptin 55.2 (95%CI: 28.2–108.0), 
sitagliptin 9.1 (95%CI: 3.7–22.6), saxagliptin 
27.4 (95%CI: 3.7–200.1)

Highest risk of BP 
with vildagliptin

Douros et al[80], 
2019

United Kingdom 
Clinical Practice 
Research Datalink

Cohort study 
among 168774 
patients started on 
antidiabetic drugs

HR 2.21 
(95%CI: 1.45-
3.38)

Linagliptin HR 4.90 (95%CI: 2.68–8.96), 
vildagliptin HR 4.56 (95%CI: 1.42–14.64), 
saxagliptin HR 2.16 (95%CI: 0.86–5.46), 
sitagliptin HR 1.42 (95%CI: 0.79–2.53)

HRs for development 
of BP gradually 
increased with longer 
durations of DPP-4i 
use

ADR: Adverse drug reaction; aHR: Adjusted hazard ratio; aOR: Adjusted odds ratio; BP: Bullous pemphigoid; CI: Confidence interval; DPP-4i: Dipeptidyl 
peptidase-4 inhibitor; DM: Diabetes mellitus; NA: Not available; PRR: Proportional reporting ratio; ROR: Reporting odds ratio.

not find a similar association in Caucasians. The other possible associated risk factors 
are mentioned in Table 5[75-77].
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Table 4 Clinical characteristics of case-control studies reporting dipeptidyl peptidase-4 inhibitor-induced bullous pemphigoid

Ref. Type of the 
study Population Effect of 

gender Latency period Age Outcome

Plaquevent et 
al[50], 2019

Multicentre case-
control study

Out of 1787 patients with BP, 
108 subjects were gliptin 
users. Comparison with a 
large general population data 
base

NA 14.8 mo 
(interquartile 
range 6.0-26.7 
mo)

77.9 ± 
9.3 yr

No difference in outcome 
between gliptin withdrawal vs 
continued groups

Schaffer et al
[51], 2017

Retrospective case-
control study

Patients with diabetes and BP 
(n = 23) compared with 
patients with only diabetes (n 
= 170)

NA Range: 5-48 mo 77.6 yr Favourable outcome after gliptin 
withdrawal; however topical and 
systemic therapy were required in 
most of the cases

Béné et al[59], 
2016

Case/non case 
analysis from 
database

Patients with BP (n = 150) 
compared with other 
spontaneous adverse drug 
reactions

NA 10 mo (range 8 d-
37 mo)

74 yr 
(range 
45-91)

Favourable outcome in patients 
when DPP-4is were discontinued. 
Median time to improvement was 
10 d ( interquartile range : 5-15 d)

Benzaquen et 
al[68], 2018

Retrospective case-
control study with 
1:2 design

Patients with diabetes and BP 
(n = 61) compared with 
patients with only diabetes (n 
= 122)

Male aOR 4.36 
(95%CI: 1.38-
13.83), females 
1.64 (95%CI: 0.53-
5.11)

Median 8.2 mo 
(range 10 d to 3 
yr)

79.1 ± 
7.0 yr

Favourable outcome when DPP-
4is were discontinued 

Kridin and 
Bergman[71], 
2018

Retrospective case-
control study

Diabetes patients with BP (n = 
82) vs age and gender 
matched control population 
with only diabetes (n = 328)

Male OR 4.46 
(95%CI: 2.11-
9.40), female OR 
1.88 (95%CI: 0.92-
3.86)

Median 10.4 mo 
(range 1.0-26.5 
mo)

79.1 ± 
9.1 yr

Favourable outcome in gliptin 
withdrawal group

aOR: Adjusted odds ratio; BP: Bullous pemphigoid; CI: Confidence interval; DPP-4is: Dipeptidyl peptidase-4 inhibitors; NA: Not available; OR: Odds ratio.

Table 5 Emerging risk factors for development of dipeptidyl peptidase-4 inhibitor-induced bullous pemphigoid

Risk factors Possible risk/trigger factor1

Older age (> 70 yr of age)[57,59,68] Longer duration of DPP-4i use[64]

Male gender[64,71] Patients with dementia[53,54]

Specific HLA like HLA-DQB1*03:01 (In Japanese population)[73] Concomitant use of spironolactone[53]

Certain DPP-4i[63,64] (i.e. vildagliptin, linagliptin)2 Chronic kidney disease[54,77] and haemodialysis[76]

Thermal Burn[75]

1Based on small studies and case reports.
2High likelihood of modifications of the list as new data emerges. DPP-4i: Dipeptidyl peptidase-4 inhibitor; HLA: Human leucocyte antigen.

Clinical course of DPP-4i induced BP
Latency period: The reported range of latency period for the development of DPP-4i 
induced BP varies widely. It ranges from 8 d to 4 years[59,63,64,78] (Table 4). A very 
recent case series[79] reported a median latency period of 64 mo (range 20-128 mo); 
however, such an association is deemed as ‘possible,’ and causality is difficult to 
establish in such cases. Douros et al[80] showed that the risk of development of BP 
increases with longer duration of use of DPP-4i, and the peak reaches around 20 mo 
after exposure to DPP-4i. Molina-Guarneros et al[70] reported a variable latency period 
between different DPP-4i, where linagliptin has the shortest (3.5 mo) and sitagliptin 
has the longest (12 mo) latency period.

Clinical characteristics of DPP-4i induced BP: As more evidence is emerging, the 
clinical characteristics of DPP-4i induced BP are becoming clearer[81,82]. Moreover, 
studies have started differentiating this disease from the more common classical BP. 
The BP lesions in DPP-4i treated patients are described as a predominantly ‘non-
inflammatory’ phenotype and often exhibit lesser erythema when compared to the 
classical BP lesions[83,84]. Furthermore, a study performed in an Israeli cohort 
reported that DPP-4i induced BP had more extensive involvement and a predominant 
distribution of the lesion in the cephalic and truncal region of the body when 
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compared with other non-DPP-4i associated variants of BP[85]. A predominant 
mucosal involvement in DPP-4i induced BP was also reported by Kridin and Bergman
[71]. But this finding was not duplicated in other studies[64,72,73,86,87]. Another 
interesting feature of DPP-4i associated BP is lower peripheral eosinophil count[71] as 
well as less eosinophilic infiltrate in the skin lesion[83,88]. But Bellinato et al[89] did 
not find any such difference. These conflicting results warrant further research to look 
into this area, preferably in long-term follow-up studies.

Is DPP-4i induced BP a distinct immunological phenomenon?: BP is an immuno-
logical disease characterized by the development of autoimmunity against the BP180 
and BP230 protein, both of which are hemi-desmosomal protein present in the dermo-
epidermal junction[81]. BP180 is also known as collagen XVII. The principal 
autoantibody involved in the pathogenesis of the classic variant of BP is the one that 
acts against the extracellular non-collagenous part named the NC16A domain[90]. 
However, there is some evidence that DPP-4i induced BP has a different autoantibody 
profile compared to its classic counterpart. In an earlier report, Izumi et al[83] reported 
that a significant proportion of the DPP-4i induced BP patients had immunoglobulin G 
autoantibody against epitope other than the known NC16A region. Moreover, patients 
with non-NC16A antibodies had less inflammation and erythema, which is often-
described in patients with DPP-4i induced BP. A lesser prevalence of anti-NC16A 
antibody in DPP-4i induced BP was also described by Horikawa et al[84]. Interestingly, 
they reported that the majority of the anti-NC16A antibody-negative patients had 
antibody against the full-length BP180 antigen. Another study from Japan also 
described a similar finding[52]. However, this specific antibody profile that could 
differentiate DPP-4i induced BP from the classical variety was not demonstrated in 
studies performed in the European population[87,89,91]. Further research is needed in 
this area to better characterize the role of certain autoantibodies in the pathogenesis 
and to use them as markers for DPP-4i induced BP.

Effect of DPP-4i withdrawal on the outcome of BP: It is expected that DPP-4i 
withdrawal will lead to an improvement in BP. Studies had reported a favourable 
outcome when DPP-4i was withdrawn after the diagnosis of BP[59,68,71]. Moreover, 
mortality remained significant in few studies if DPP-4i was not withdrawn[68,71]. The 
outcome had been measured in terms of achievement of complete or partial remission. 
However, even after DPP-4i withdrawal, some patients may require topical or 
systemic glucocorticoids depending upon the severity of the lesions[59,68,71].
Contrarily, one study found no difference in the outcome of BP lesions irrespective of 
the withdrawal status of DPP-4i[50]. In fact, the effect of DPP-4i withdrawal in the 
natural history of BP is often complicated by the fact that concomitant topical and/or 
systemic glucocorticoids are already being used as a therapy of BP. Despite 
withdrawal of DPP-4i, BP may not remit fully and require glucocorticoid therapy. 
Therefore, DPP-4i might play a role of aggravator of BP rather than independently 
inducing BP in some cases. The time taken for the improvement of BP lesions also 
varies in different studies. One study reported a median time for improvement of 10 d 
after drug withdrawal[59], whereas other studies reported months to improve[68]. Re-
challenge or replacement with another DPP-4i carries a high risk of relapse of BP[59,
68] and thus preferably should be avoided. A very recent retrospective study reported 
that linagliptin induced BP might be difficult to treat, and it requires a higher dosage 
of systemic glucocorticoid compared to vildagliptin-induced BP[85].

DPP-4I USE AND RISK OF IBD
IBD is a chronic, relapsing, intestinal inflammatory condition in which various genetic, 
immunological, and environmental factors play a critical role. Earlier, the experimental 
studies showed a beneficial effect of DPP-4i use in animal models of colitis[92]. Thus, it 
was suggested that DPP-4i can be used as a potential therapeutic agent in IBD[8]. 
Studies have shown that DPP-4 levels in the plasma as well as in tissue are decreased 
in IBD patients compared to healthy controls[93], and the lower DPP-4 level correlates 
with higher disease activity and serum inflammatory markers like C-reactive proteins
[94,95]. Thus DPP-4i use is expected to have a potential impact on the immunopatho-
genesis of IBD. DPP-4i can also have an indirect effect on IBD by increasing the levels 
of different incretin hormones like glucagon-like peptide-1, glucagon-like peptide-2, 
and vaso-active intestinal peptide[93], though a direct effect of the DPP-4 molecule is 
still a possibility[96]. The clinical data are quite contrary to this basic science research.
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In a population-based cohort study by Abrahami et al[97] in the United Kingdom, it 
was shown that the use of DPP-4i was associated with an increased risk of IBD with an 
HR of 1.75 (95%CI: 1.22- 2.49; the estimated risk was 53.4 vs 34.5 per 100000 person 
years in DPP-4i users vs non-users). The maximum risk was seen after 3-4 years of 
DPP-4i use (HR 2.90, 95%CI: 1.31-6.41), and the risk declined thereafter. Another 
population-based study by Kridin et al[36] showed a three and half times increased 
risk of Crohn’s disease in DPP-4i users (OR 3.56; 95%CI: 1.04-12.21, P = 0.031). Wang et 
al[98] also demonstrated the increased risk of IBD in DPP-4i users while assessing the 
FDA’s Adverse Event Reporting System database. Radel et al[99] performed a meta-
analysis that included 16 studies (including major cardiovascular outcome trials of 
DPP-4i like EXAMINE, SAVOR-TIMI, and TECOS trial; n = 198404) and found a 
significantly increased relative risk (RR) 3.01 (95%CI: 2.30-3.93) of IBD using a fixed-
effects model. However, the most important limitation of the analysis was that the 
data was driven mainly by the study of Abrahami et al[97]. Moreover, a random effect 
analysis did not reveal any elevation in the IBD risk among DPP-4i users, and the 
duration of most of the trials included in the analysis were less than 4 years.

On the other hand, another meta-analysis (included 13 RCTs) performed by Li et al
[100] did not show any increase in the IBD risk among the DPP-4i users as compared 
to control population (RR 1.01, 95%CI: 0.30-3.41). The reported heterogeneity of the 
studies was low(I2 = 0%). However, the mean follow-up period was only 1.5 years. 
Wang et al[101] also evaluated this association in the real-world setting using the 
insurance databases and compared the risk of IBD between DPP-4i with sulfonylurea 
and thiazolidinedione users. During a median duration of 1.09–1.69 years, DPP-4i was 
not found to be associated with a risk of IBD. The population-based studies that 
evaluated the overall AD composite outcomes also did not find increased risk of IBD
[39,40].

To summarise, the data suggest a modest association of DPP-4i use and the 
development of IBD in studies that specifically looked for it, whereas pooled analysis 
of the RCT data failed to confirm this finding. Since the duration of the studies 
including many of the RCTs are short, a continued and watchful observation is 
required, particularly during the post-marketing surveillance. Future RCTs on DPP-4i 
should also systematically report development of IBD as an adverse event. 
Importantly, pathophysiological studies should be undertaken to further elucidate the 
underlying mechanism behind any such association. Clinicians should be aware of this 
association and a cautious approach should be undertaken while prescribing DPP-4i in 
a predisposed individual or those who show clinical features suggestive of IBD.

DPP-4I USE AND RISK OF AUTOIMMUNE JOINT DISEASES
The relationship between use of DPP-4i and different joint disorders is a complex one. 
The joint involvement can be either arthritis or arthralgia, which is not attributable to a 
specific autoimmune pathology.

Nonspecific autoimmune arthritis/arthralgia
The FDA’s Adverse Event Reporting System database found 33 cases of severe 
arthralgia reported with the use of DPP-4i. The reported DPP-4is were sitagliptin 
followed by saxagliptin, linagliptin, vildagliptin, and alogliptin suggesting a class 
effect of these drugs. In five cases, arthralgia was also reported even after switching to 
another DPP-4i. Following this data, the FDA published a safety warning declaring 
that DPP-4i may cause severe joint pain, with a time to event ranging from 1 d to years 
in August 2015[3]. Mascolo et al[102] summarised 22 published cases of DPP-4i 
induced arthralgia/arthritis. The duration of DPP-4i therapy before joint symptoms 
ranged from 2 wk to 31 mo. All these cases developed arthralgia following initiation of 
DPP-4i, and resolution of clinical features was achieved in most cases after discon-
tinuation of the drug. Similar to the FDA review, few of these described patients 
experienced joint symptoms following reinstitution of the DPP-4i. The joints that were 
involved were small joints of the hands/feet, knee, and ankle. A study by Saito et al
[103] identified 13 cases of multiple joint involvements in DPP-4i users and also noted 
improvement of symptoms within 3 mo of drug discontinuation. No patient required 
treatment with glucocorticoids. But 4 patients required non-steroidal anti-inflam-
matory drugs. A lower level of stromal derived factor-1α was noted during the active 
phase of joint involvement with normalisation of the values following clinical 
resolution. The levels of other cytokines and chemokines were not different between 
the groups thus warranting further research into the mechanism of DPP-4i induced 
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joint involvement. Moreover, in the absence of further study, clinical utility of 
measuring stromal derived factor-1α remains inconclusive at present.

Another study demonstrated a 3.77 times increased risk of arthralgia/arthritis 
among DPP-4i users, and interestingly different inflammatory markers were negative 
in a significant number (66%, n = 27/41) of such patients[104]. On the contrary, few 
studies negated the finding of an association between DPP-4i use and severe joint 
disease[105,106]. A meta-analysis including a total of 67 RCTs (79110 patients) showed 
that DPP-4is were associated with a small but statistically significant increased risk of 
arthralgia (RR: 1.13, 95%CI: 1.04-1.22; P = 0.003)[107]. However, the risk of 
development of serious arthralgia was not significant (RR: 1.44, 95%CI: 0.83–2.51; P = 
0.20). Also, subgroup analyses disclosed that add-on or combination therapy and 
diabetes duration (> 5 years) were possible predictive factors associated with the 
increased risk of overall arthralgia[107]. Thus, it remains to be proven that DPP-4i 
induced joint involvement is truly an autoimmune phenomenon, but clinicians should 
be alert to this association. Importantly, thorough investigation is required to rule out 
specific AD when drug discontinuation does not result in relief of joint symptoms.

RA
The relationship between DPP-4i and RA is complex. In recent times, multiple 
population-based cohort studies evaluated the onset of RA in DPP-4i users. The 
United States of America health claim data from 2005 to 2012 showed that DPP-4i was 
associated with a 34% decreased risk of RA (HR = 0.66, 95%CI: 0.44-0.99) compared 
with other oral antidiabetic drugs (sulfonylureas and thiazolidinediones)[39]. This was 
similar to the study findings by Seong et al[40], who also showed a 33% decreased risk 
of RA (HR = 0.67; 95%CI: 0.49-0.92)[40]. In contrast, a recent large United Kingdom 
population-based study by Douros et al[108] who specifically looked for the 
association of DPP-4i use and the new development of RA found that DPP-4i use was 
not associated with a risk of incident RA compared with the use of other antidiabetic 
drugs (HR 1.0, 95%CI: 0.8-1.3). These findings were consistent irrespective of the 
duration of drug use or the types of DPP-4i[108]. Kathe et al[109] also reported a 
similar finding in their study. Indeed, a recent meta-analysis revealed a hazard ratio of 
0.72 (95%CI: 0.54–0.96) for the development of RA in DPP-4i users[110]. However, this 
analysis had a limitation in the form of very high heterogeneity (I2 = 75%).

On the other hand, there are few case reports of flaring of RA in remitted patients 
with DPP-4i use. Sasaki et al[111] had reported relapse of RA in a patient using 
sitagliptin in 2010[111]. Yokota and Igaki[112] also reported the onset of RA with 
sitagliptin use in an HLA predisposed (HLA-DRB1 allele) individual[112]. In a recent 
report, Padron et al[113] reported sitagliptin induced sero-negative RA in a 56-year-old 
patient with a long duration of diabetes. Hence, caution should be exercised while 
prescribing DPP-4i to a person with a history of prior RA or at risk of RA.

CONCLUSION
In summary, the relationship between DPP-4i use and the development of AD is 
complex and evolving. While recent studies have suggested that DPP-4i use may be 
associated with decreases in the incidence of composite AD, they can also result in the 
development of certain AD. BP is one AD that can be induced by DPP-4i, particularly 
in the elderly population. The increment in IBD risk is modest, but evidence is mixed 
and requires further studies to confirm this finding. DPP-4i can increase the risk of 
nonspecific arthritis and arthralgia along with flaring up of RA. However, data 
regarding this finding needs further validation. The association with other AD is 
mostly uncertain due to lack of evidence, but an astute clinician should be alert to any 
such events in a patient receiving DPP-4i. Future studies, particularly long-term 
follow-up studies, should clarify the relationship between AD and DPP-4i use. More 
basic research is also needed to find the exact underlying pathogenesis behind this 
association.
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Abstract
Despite the existence of treatment for diabetes, inadequate metabolic control 
triggers the appearance of chronic complications such as diabetic retinopathy. 
Diabetic retinopathy is considered a multifactorial disease of complex etiology in 
which oxidative stress and low chronic inflammation play essential roles. Chronic 
exposure to hyperglycemia triggers a loss of redox balance that is critical for the 
appearance of neuronal and vascular damage during the development and 
progression of the disease. Current therapies for the treatment of diabetic 
retinopathy are used in advanced stages of the disease and are unable to reverse 
the retinal damage induced by hyperglycemia. The lack of effective therapies 
without side effects means there is an urgent need to identify an early action 
capable of preventing the development of the disease and its pathophysiological 
consequences in order to avoid loss of vision associated with diabetic retinopathy. 
Therefore, in this review we propose different therapeutic targets related to the 
modulation of the redox and inflammatory status that, potentially, can prevent 
the development and progression of the disease.

Key Words: Diabetic retinopathy; Oxidative stress; Inflammation; Cellular target; Diabetic 
macular edema
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Core Tip: The identification of potential therapeutic targets related to oxidative stress 
and low chronic inflammation induced in diabetic retinopathy (DR) may be crucial in 
developing therapeutic approaches for preventing the development of DR. Hence, we 
focus on the antioxidant role of nuclear factor erythroid 2-related factor 2, low and 
chronic inflammatory conditions developed in DR, modulation of lipid peroxidation, 
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activation of glucagon-like peptide-1 receptor, the classical biochemical pathways 
altered under hyperglycemia, and epigenetic alterations.
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INTRODUCTION
Diabetes mellitus is a metabolic disorder associated with hyperglycemia. The global 
prevalence of diabetes in adults 20-79 years of age, including both type 1 and type 2 
diabetes, diagnosed, and undiagnosed, was estimated at 463 million in 2019. Based on 
the estimation, by 2045 a projected 700 million adults will have diabetes[1]. Although 
diabetes is a pathology with multiple systemic consequences, the loss of metabolic 
control in particular is not effectively controlled in many patients and that triggers the 
development of long-term damage of various organs, including the retina. In fact, 
diabetic retinopathy (DR) is the greatest cause of preventable blindness in the working 
age population and the most frequent ocular pathology caused by diabetes[2]. Its 
prevalence increases as the number of diabetic patients increases, depends on the 
duration of the disease, and on inadequate glycemic control. It has also been associated 
with the presence of hypertension, and was estimated to affect 2.6 million people in 
2015 and projected to affect 3.2 million adults by 2020[2,3].

Cellular aerobic metabolism induces the physiological production of reactive 
oxygen species (ROS), which are molecular actors in the regulation of normal cell 
signaling. The production of ROS is countered by antioxidant enzymatic and nonen-
zymatic machinery enabling a homeostatic redox balance. However, the balance may 
be easily altered by a pathological condition. Glucose metabolism linked to reduction 
in antioxidant defenses triggers an oxidant environment in body tissues exposed to 
chronic hyperglycemia[4]. Although the blood-retinal barrier (BRB) makes the tissue a 
privileged place, as the retina is protected from the escape of circulating toxins, its 
cellular components are extremely sensitive to alterations in oxygen level[5]. In fact, 
the imbalance in redox homeostasis induced by diabetes triggers neuronal retinal cell 
death and pericyte cell death followed by an increase in the vascular permeability, and 
cumulative molecular damage leading to development and progression of DR to 
advanced stages[2,6-8]. Because of this, oxidative stress is considered a major cause of 
DR development.

The complex and extensive harmful effects of ROS contribute to the neurovascular 
complications observed in the retina. In this review, we focus on the main cellular 
targets affected by oxidative stress. The affects lead to cellular dysfunction and are 
potential therapeutic targets to avoid the development and progression of DR. Among 
hyperglycemia abnormalities closely associated with oxidative stress we highlight the 
key role of the transcription factor nuclear factor erythroid 2-related factor 2 (Nrf2) and 
its importance in the modulation of oxidative stress, the increased accumulation of 
advanced glycation end products (AGEs), polyol and hexosamine pathways and 
protein kinase C activation, lipid peroxidation, activation of glucagon-like peptide-1 
receptor (GLP1R), and alteration of the epigenetic status[2,9].

THE IMPORTANCE OF LOOKING FOR NEW THERAPEUTIC TARGETS IN 
DIABETIC RETINOPATHY: ACTUAL THERAPIES
As DR is most often asymptomatic, the pathology can be significantly advanced when 
the patients suffer a loss of vision. Therefore, an early diagnosis is necessary to detect 
the first signs before the disease progresses to more serious stages[10]. In the early 
stages of DR, with the objective being to prevent its development or stop its 
progression, the only therapeutic strategy is a strict control of risk factors, mainly 
blood glucose and blood pressure[11]. Overall, treatment is applicable in very 
advanced stages of the pathology and when DR affects the macula, triggering diabetic 
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macular edema (DME), which is the most common cause of blindness induced by 
chronic hyperglycemia. The main interventions for DR and DME include ocular and 
systemic pharmacotherapy, with conventional laser therapy as the secondary 
treatment option, although it remains the first-line option when the cost and burden of 
drug treatment are considered, and vitreoretinal surgery[12,13]. The decision to use 
one or other of the treatments depends on the specific clinical situation of the patient.

Pharmacotherapy
The evidence that inflammation plays a critical role when DR affects the macula, 
triggering DME, has opened new avenues and targets for developing new treatments. 
There are many anti-inflammatory therapies, such as intravitreal glucocorticoids, 
topical nonsteroidal anti-inflammatory drugs (NSAIDs), inflammatory molecule 
inhibitors, renin-angiotensin system blockers, and natural anti-inflammatory therapies 
that can reduce the use of anti-neovascularizing agents in the treatment of DR, but 
more studies are needed[6]. Despite these therapies, the most important class of drugs 
are those that decrease the effects of vascular endothelial growth factor (VEGF), and 
corticosteroids[14].

Anti-VEGF treatment
Intravitreal injections of anti-VEGF drugs are the treatment par excellence for DR and 
its angiogenic complications. The monoclonal antibody ranibizumab (Lucentis®), the 
long-acting antibody bevacizumab (Avastin®), the aptamer pegaptanib (Macugen®), 
and the recombinant fusion protein aflibercept (Eylea®) are the anti-VEGF agents most 
frequently used to treat DME. The drugs, do not affect the pathogenesis of DR and 
must be administered for years as frequent intravitreal injections, estimated to be 
around 12-15 injections in the first 3 years of treatment[15-17]. They are also associated 
with adverse effects such as susceptibility to the development of endophthalmitis, 
vitreous floaters, and transient increase in intraocular pressure[18].

Administration of corticosteroids
Acknowledging the role of inflammatory processes in the pathogenesis of DR, anti-
inflammatory drugs are an attractive option for the treatment of the disease[19]. 
Hence, the anti-inflammatory and anti-angiogenic effects associated with corticost-
eroids have led to their inclusion in the treatment of DR and DME. Several mediators 
of inflammation are upregulated in DR. The mediators, including tumor necrosis 
factor-α (TNF-α), interleukin-1β (IL-1β) and VEGF have a key role in pathogenesis and 
can be modulated by corticosteroids[20]. The effects of corticosteroids include the 
reduction of vascular permeability and the breakdown of the BRB, prevention of 
leukocyte adhesion to vascular walls, suppression of VEGF gene transcription and 
translation, and the rapid decrease of DME[21].

The main mode of administration is intravitreal injection, which avoids the 
limitations of BRB. However, treatment-associated adverse effects of steroids include 
cataracts, high intraocular pressure, and glaucoma. Less frequent side effects, such as 
vitreous hemorrhage, retinal detachment, and endophthalmitis are related to the 
injection[22,23]. Moreover, short-term effects and transient efficacy are limiting factors 
in the application of this treatment, and new injections it is often required at various 
time intervals based on the steroid half-life. Currently, DME is treated with several 
different steroids, including fluocinolone, triamcinolone, and dexamethasone[24]. Side 
effects associated with chronic use and the need for repeat injections have brought 
about the development of new methods of intraocular administration, such as 
sustained release from an intravitreal implant. Slow-release formulations are used to 
avoid reinjection, which allows the use small quantities of corticosteroids, which 
results in fewer side effects[25]. Both nonbiodegradable and biodegradable devices are 
available. In biodegradable devices, the polymers degrade slowly over time, thus 
avoiding the need for surgery to remove the implant, in contrast to the nonbiode-
gradable ones[26].

Laser therapy
Over the past 30 years, the most successful means of delaying the progression of DR 
has been focal, grid, or panretinal photocoagulation (PRP) laser treatment[27]. In the 
treatment of proliferative DR, the use of PRP reduces oxygen requirements and 
decreases retinal neovascularization. PRP eliminates the hypoxic retina and/or 
increases the diffusion of O2 found in the choroid to supplement the affected retinal 
circulation. Furthermore, laser therapy decreases the formation of vasoproliferative 
agents and inhibits neovascularization. The procedure uses scattered laser spots of 
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200-500 µm in the peripheral retina, avoiding the central macula. In the case of DME, 
the laser spots are applied in the regions of the macular area with microaneurysms in 
order to decrease exudation[28].

The use of laser therapy plays an important role in controlling diabetes mellitus-
related retinal disease and is generally used in situations in which the use of pharma-
cotherapy is contraindicated, there is poor monitoring of patient visits, if the response 
to anti-VEGF treatment is ineffective, or if the patient is pregnant[13]. Although PRP 
treatment can effectively control neovascularization and prevent blindness, it is unable 
to restore vision and has its own damaging effects on vision[29]. The destructive 
capacity of laser therapy permanently damages the cells, thus producing side effects 
that affect the deterioration of vision, such as loss of contrast sensitivity, decreased 
night vision, color vision, visual field, and the appearance of DME[30]. In certain 
situations, the prior use of laser photocoagulation and intravitreal anti-VEGF agents 
induce fibrotic changes in preexisting retinal neovascularization, causing tractional 
retinal detachment with the need for early surgery to avoid permanent blindness[31].

Surgical intervention
Surgical intervention is used in cases that show no response to pharmacological 
treatment, laser, or combined therapy, as well as in the most severe cases of DME. 
Therefore, vitrectomy is indicated in situations such as vitreous hemorrhages that do 
not disappear, tractional detachment of the retina in proliferative DR, and anomalies 
in the vitreoretinal interface that prevent the resolution of DME[32]. To facilitate the 
intervention, an intravitreal injection of an anti-VEGF agent like bevacizumab, 
ranibizumab, or aflibercept, is included as a preoperative complement in patients with 
no contraindications, as they cause a rapid involution of active neovascularization[33].

Surgical vitrectomy entailing the removal of most of the vitreous body and hyaloid 
membrane has shown a series of benefits, such as decreased growth of fibrovascular 
membranes caused by the absence of proliferation in scaffolds, increased intraocular 
cytokine turnover, and removal of mechanical barriers that hinder the exit of 
metabolites and fluids and obstruct intravitreal drug delivery through intraretinal 
penetration[34]. However, because of individual variability in the surgical anatomy 
that each case presents, diabetic vitrectomy continues to be one of the most difficult 
conditions to treat. In addition, it has postoperative consequences such as rhegmato-
genous retinal detachment, development of cataracts, proliferation of diabetic 
fibrovascular membranes, vitreous hemorrhage, appearance of epiretinal membranes, 
elevated intraocular pressure, and neurovascular glaucoma[35-37].

All these treatments are expensive, uncomfortable for the patient, have limited 
effectiveness because of the administration protocols, and are associated with a 
significant number of side effects[38]. Despite benefits in slowing the progression of 
DR and improving vision, damage to the retinal blood vessels the function of neuronal 
cells is irreversible[2]. Even after the advances made in the treatment of retinopathy, 
many patients still progress to advanced stages of disease. It is necessary, therefore, to 
investigate new therapeutic approaches capable of both delaying and preventing the 
appearance of the first stages of DR.

RETINOCELLULAR ALTERATIONS IN DIABETIC RETINOPATHY DEVE-
LOPMENT
Oxidative stress has been defined as an imbalance between the production and the 
removal of free radicals, which leads to their accumulation. The most common free 
radicals are ROS, such as the superoxide anion (O2•−), hydrogen peroxide (H2O2), the 
peroxyl radical (ROO•), and the hydroxyl radical (•OH). These oxygen-derived 
molecules are very reactive and generally toxic to cells[39,40]. Under physiological 
conditions, free radicals are normally and continuously produced. Low to moderate 
levels of free radicals support normal cellular metabolism, proliferation, differen-
tiation, immune system regulation, and vascular remodeling[2,41]. Intracellular ROS 
levels are controlled by enzymes including catalase (CAT), superoxide dismutase 
(SOD), and glutathione peroxidase (GPx) and nonenzymatic species like glutathione 
(GSH), thioredoxin, NADPH, α-tocopherol, ascorbic acid and β-carotene, which 
constitute an antioxidant defenses system. Oxidative stress leads to the accumulation 
of ROS because of excessive production or inefficient removal. ROS can modify the 
structure of proteins, lipids, carbohydrates, and nucleic acids, thus affecting their 
function[2].
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Oxidative stress plays a critical role in the pathogenesis of DR. The retina has high 
metabolic activity, high oxygen partial pressure from the blood in the choroid, and it is 
highly exposed to bright light. All these factors, together with the oxidative enviro-
nment induced by hyperglycemia in diabetes, cause an increased level of ROS in the 
retina[42-44]. ROS overproduction in the retina triggers cell death, retinal ischemia, 
retinal neovascularization, and DME[45]. Furthermore, various mutations of 
detoxifying enzymes that have a significant role in DR development, such as CAT or 
SOD, have been reported[46]. This suggest that hyperglycemia-induced oxidative 
stress is one of the main causes of DR[45,47,48]. Therefore, some treatments of DR are 
based in the inhibition of ROS generation, neutralization of free radicals, or the 
reinforcement of the antioxidant defense system[39].

Oxidative stress and Nrf2
Nrf2 is a transcription factor that activates the expression of various detoxifying and 
antioxidant defense genes in response to oxidative stress[49,50]. The functional activity 
of Nrf2 depends on whether it is located in the nucleus or in the cytoplasm. Under 
physiological conditions and in the absence of oxidative stress, Kelch-like enoyl-CoA 
hydratase-associated protein 1 (Keap1) sequesters Nrf2 in the cytoplasm and mediates 
its rapid ubiquitination and degradation, suppressing its transcriptional activity[51,
52]. When there is an accumulation of ROS, Keap1 changes its conformational 
structure and releases Nrf2, which then translocates from the cytoplasm to the nucleus. 
Once there, Nrf2 binds to the antioxidant response element of a promoter region to 
initiate transcription of several genes encoding heme oxygenase 1 (HO-1), NAD(P)H 
dehydrogenase (quinone) 1, thioredoxin reductase, peroxiredoxins, SOD, CAT, GPx, 
GSH reductase (GR), GSH S-transferase (GST), and glutamate-cysteine ligase (GCL). 
These enzymes contribute to elimination of ROS and play a critical defensive role in 
cell homeostasis[2,50,53]. Nrf2 is an important cellular pathway that protects against 
oxidative stress in the retina[54,55]. In diabetes, Nrf2 increases in the retina but so does 
keap-1, which prevents Nrf2 from reaching the nucleus. Thus, Nrf2 nuclear level is 
decreased and the antioxidant defense system is compromised[55-57]. As a result, the 
activity of Nrf2-associated antioxidant enzymes like SOD, GR, GPx, and CAT in 
diabetes patients or glutamate-cysteine ligase in rat diabetes models[55,58,59]. Thus, 
the increased risk of developing DR in diabetes patients results from reduced 
antioxidant capability and the oxidative environment generated by hyperglycemia[2]. 
These studies also suggest that Keap1 knockdown would release Nrf2, which would 
move to the nucleus and activate the antioxidant defense system[54,55]. In addition to 
the regulation of the antioxidant response, Nrf2 regulates the inflammatory response 
in diabetes[60]. The response is mediated by nuclear factor kappa-light-chain-enhancer 
of activated B cells (NF-κB) and cyclooxygenase-2 (COX-2). When Nrf2 activity is 
reduced, there is an increase of proinflammatory cytokines because of the induction of 
NF-κB, which is associated with capillary cell apoptosis in diabetes via the overex-
pression of proapoptotic Bax or TNF-α[61-63]. In an experimental model of strepto-
zotocin-induced diabetes, rutin, a flavonoid derivative of quercetin, protected against 
neuron damage in diabetes via the Nrf2/HO-1 and NF-κB signaling pathway, together 
with its anti-inflammatory action via COX-2 inhibition[2,64]. The data suggest that 
Nrf2 activation could be an important protective mechanism for diabetic complic-
ations, making it an especially attractive pharmacological target in the progression of 
DR[54]. Many studies suggest that natural compounds, including polyphenols, can 
reduce oxidative stress and inflammation through activating Nrf2 and the consequent 
antioxidant response[57].

Several publications have described the therapeutic potential of various 
polyphenols in diabetes, including those in green tea,, resveratrol, curcumin, 
quercetin, and tannins[65-73]. Pterostilbene (Pter), is a phenol that been shown to 
prevent early DR alterations via Nrf2 activation in an experimental rabbit model[47]. In 
addition to natural antioxidants, other molecules have been shown to activate Nrf2 in 
DR. One example is RS9, a derivative of the triterpenoid bardoxolone methyl, which 
was found to delay retinal degeneration by inhibiting inflammatory responses and 
increasing intrinsic antioxidant enzymes via activation of Nrf2[74]. Another triter-
penoid derivative, dihydro-CDDO-trifluoroethyl amide (dh404) has been shown to 
protect the retina against diabetes-induced damage through the activation of Nrf2[75].

Another therapeutic approach in the treatment of DR is, as suggested above, is the 
inactivation of Keap1. Triterpenoids, salvianolic acids, and sulforaphane[76-79] have 
been shown to inactivate Keap1 by covalently modifying its reactive cysteine residues. 
As a consequence, Nrf2 is activated by its translocation into the nucleus and its 
downstream target genes are then activated, which prevents or reverts ROS-mediated 
toxicity[50].
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Inflammatory response
Inflammation is a defensive process mediated by the host immune system in response 
to injury or stress. In DR, acute inflammation normally produces beneficial effects like 
tissue defense and repair. Chronic inflammation produces structural and molecular 
alterations in the retina that usually cause tissue damage and cell death[2]. The inflam-
matory response in the retina is caused by various factors like hyperglycemia, growth 
factors, AGEs, high levels of circulating or vitreous cytokines and chemokines, and 
ROS[80]. These factors induce intracellular signaling pathways, including the 
transcription factor NF-κB, which translocates into the nucleus to initiate the 
transcription of proinflammatory cytokines i.e. TNF-α, IL-1β, and IL-6; proinflam-
matory proteins such as COX-2 or the inducible isoform of nitric oxide synthetase 
(iNOS), and chemokines such as monocyte chemoattractant protein-1. The proinflam-
matory molecules play an important role in the recruitment and activation of 
monocytes and leukocytes[81,82]. Adhesion of leukocytes to the capillaries of the 
retina (leukostasis), together with the release of ROS and proinflammatory cytokines, 
leads to vascular permeability, BRB breakdown, and capillary pericyte loss. Thus, it is 
clear that chronic inflammation is critical for the development of DR, principally in the 
early stages[2,27,81,83].

Several studies have shown that there is an increase of proinflammatory molecules 
in the retina or vitreous humor of diabetic animals and patients. Those reported are 
VEGF, TNF-α, iNOS, COX-2, prostacyclin, insulin-like growth factor 1, NF-κB, 
placental growth factor, intercellular adhesion molecule-1, IL-1β, IL-2, IL-6 and IL-8[81,
84-86]. The findings highlight the key role of inflammation in the development of DR. 
The detailed mechanisms involved in the inflammatory response in DR are not clear, 
but inhibition of some of the inflammatory mediators mentioned in the previous 
paragraphs has been shown to block DR development in animal models of diabetes[82,
87-92]. NSAIDs, anti-VEGF, and anti-TNF-α agents diminish the progression of DR in 
humans because of their anti-inflammatory properties[93]. Systemic administration of 
specific COX-2 inhibitors could be a possible therapy, although COX-2 inhibitors 
increase the incidence of heart attack and stroke[94]. Nevertheless, in preclinical 
studies, topical administration was shown to reduce the signs of DR[95-97]. More 
studies on the beneficial effects of these molecules are needed.

Tetracyclines, such as minocycline and doxycycline, have immunomodulatory 
properties that include inhibiting the production of NO, COX, prostaglandins, IL-1β, 
TNF-α, and caspases[98-100]. In a single-center phase I/II clinical trial in five patients 
with DME, treatment with minocycline resulted in improved visual function, reduced 
central DME, and vascular leakage[101]. In another clinical trial, patients with severe 
nonproliferative or non-high-risk proliferative DR were treated with doxycycline, 
which resulted in an improvement of perimetric parameters compared with patients 
who received a placebo[102]. IL-6 is one of the most important proinflammatory 
cytokines present in the vitreous of DR patients. Various clinical studies have invest-
igated the effect on DR of two IL-6 inhibitors, an antibody against IL-6 (EBI-031, clinic-
altrials.gov ID: NCT02842541) and an antibody against the IL-6 receptor (tocilizumab, 
clinicaltrials.gov ID: NCT02511067) in patients with DME. Although they have not yet 
concluded, the studies have shown that IL-6 inhibitors can be effective in the 
management of non-infectious uveitis. Therefore, the roles of IL-6 inhibition could be 
more widely investigated in the management of retinal vascular diseases and non-
uveitic DME[103]. The effect of anti-TNF-α therapy has also been studied in a few 
clinical cases but there are no conclusive data about the effects of these inhibitors in 
DR or DME[104]. The same is true of canakinumab, a selective IL-1β antibody[105].

Alteration of biochemical pathways
It has long been accepted that hyperglycemia induces the alteration of the biochemical 
pathways, such as an increased flux of advanced glycation end products/receptors 
(AGE/RAGE), the polyol pathway, protein kinase C (PKC) activation, the hexosamine 
pathway, and unbalancing redox status. The induction of ROS stimulates a low 
chronic inflammatory state that contributes to the development and progression of 
neurovascular dysfunction in DR[2]. The regulation of these molecular pathways 
therefore offers potential targets against DR.

Glucose and products generated by carbohydrate metabolism are able to transform 
proteins, lipids, or nucleic acids by glycation, triggering the formation of AGEs, a 
synthesis that is accelerated in the presence of ROS and redox-active transition metals
[106,107]. In addition, the production of AGEs stimulates increased formation of 
oxidative species, resulting in positive feedback that contributes to the progression of 
the complications of diabetes[108]. AGEs have severe effects on retinal tissue, such as 
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aberrant extracellular crosslinking of extracellular matrix proteins and increased 
vascular stiffness, which disturbs normal vascular function. AGEs also bind to various 
receptors in the plasma membrane (RAGE) and activate intracellular signaling 
cascades that trigger the release of proinflammatory cytokines and proangiogenic 
factors, with evident damage of neurovascular retinal structures[109]. As AGEs 
formation is closely related to oxidative stress, modulation of the antioxidant machi-
nery is an attractive approach for preventing the development and progression of DR. 
The administration of curcumin to diabetic rats was shown to improve redox 
imbalance in the retina[110] and protect against effects of glycation[111]. Epigalloc-
atechin 3-gallate, quercetin, kaempferol, and resveratrol are other examples of natural 
antioxidants able to diminish the production of AGEs[112-115]. In addition, drugs 
such as aminoguanidine have been shown to be effective inhibitors of AGE formation 
and to inhibit the development of DR[116,117]. However, adverse side- effects 
preclude their use in humans[108]. Aragonès et al[108] in their latest excellent paper, 
review the benefits of enhancing the detoxifying activity of the glyoxalase system, a 
main mechanism for detoxifying the intermediates and precursors of AGEs formation, 
to avoid glycation-derived damage in DR.

Under normoglycemic conditions, glucose is metabolized by the glycolytic pathway. 
However, in chronic hyperglycemia, excess glucose is reduced to sorbitol by the 
enzymatic action of aldose reductase. Sorbitol is then converted to fructose by sorbitol 
dehydrogenase. The two enzymes constitute an alternative route of glucose 
metabolism known as the polyol pathway, which is an important source of oxidative 
stress and AGE production[2]. In addition, sorbitol increases cellular osmolarity, 
triggering osmotic damage and cell death in retinal capillaries[118,119]. Although 
clinical trials have been inconclusive in the use of polyol pathway inhibitors to treat 
DR, its use as a potential therapeutic target in DR should not be ruled out[120,121]. In 
fact, the benefits of polyphenols for DR treatment is extended to inhibition of the 
polyol pathway. For example, Pter, a natural stilbene analog of resveratrol, in addition 
to promoting antioxidant defenses via Nrf2, inhibited aldose reductase and AGEs 
formation in a galactosemic rat model[47,122]. Another alternative route to glycolysis 
in hyperglycemia is the hexosamine pathway. Glutamine fructose-6-phosphate 
amidotransferase (GFAT) converts fructose-6-phosphate to N-acetylglucosamine-6-
phosphate, which is a substrate of O-N-Acetyl-GluN transferase (OGT) and converted 
to uridine-5-diphosphate-N-acetylglucosamine (UDP-GlucNAc), a precursor of 
glycoproteins, glycolipids, proteoglycans, and glycosaminoglycans[123]. High levels of 
glucose and N-acetylglucosamine-6-phosphate activity inhibit glucose-6-phosphate 
dehydrogenase and low NADPH-dependent GSH production, triggering an increase 
in the level of H2O2[124]. Glucosamine administration or overexpression of GFAT also 
leads to H2O2 accumulation, highlighting the role of the hexosamine pathway in 
oxidative stress[125]. Moreover, OGT activity has been associated with altered TGFβ 
gene expression, which induces NADPH oxidase (NOX) activation, suppression of the 
antioxidant system, and mitochondrial ROS production[126-128]. In fact, antioxidant 
treatment has shown beneficial effects against some adverse consequences of the 
hexosamine pathway[125]. Various inhibitors of the hexosamine pathway, such as the 
antineoplastic azaserine, the anthraquinone rhein, and the lipid-soluble thiamine 
derivative benfotiamine, have been evaluated in experimental animal models. In 
addition to the hexosamine pathway, those agents inhibit AGE formation and the PKC 
pathway[129-131]. However, the effectiveness of this therapeutic approach in DR has 
not been shown in clinical trials.

Inhibition of the PKC pathway is of interest. PKCs comprise a family of cAMP-
dependent protein kinases with multiple isoforms involved in the regulation of other 
proteins[2]. PKCs are activated when the second messenger is bound to its regulatory 
domain. Phosphatidylserine, calcium, and diacylglycerol (DAG) or phorbol esters are 
activators of PKC-α, β1, β2, and γ. Phosphatidylserine, DAG or phorbol 12-myristate 
13-acetate (PMA) activate PKC-δ, ε, θ, and η, while PKC-ζ and -ι/λ are not activated by 
calcium, DAG or PMA[132]. Cysteine residues are abundant in the PKC structure 
which makes the regulatory domain susceptible to redox modulation[2]. In fact, 
hyperglycemia can activate some PKC isoforms directly through DAG, or indirectly by 
the oxidative stress generated through AGE production and the polyol pathway[133,
134]. PKC contributes to redox injury of retinas exposed to chronic hyperglycemia at 
different levels, triggering the signs of DR. For example, PKC-β is an activator of NOX, 
and the overproduction of O2

•− increases the formation of peroxynitrite to induce 
endothelial changes[135-137]. PKC-δ is involved in the death of capillary cells and 
perycites, with subsequent formation of microaneurysms[138,139]. PKC-β and PKC-ζ 
are involved in VEGF-dependent changes of the retinal barrier[140]. Moreover, PKC 
induces the overexpression of plasminogen activator-1 and the activation of NF- κB in 
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vascular smooth muscle and endothelial cells, pericytes, and mesangial cells[134]. 
Inhibition of PKC has been considered as an effective approach to treat DR. The highly 
selective PKC-β inhibitor, ruboxistaurin mesylate, is one of the most studied. Initial 
clinical studies showed its potential in the prevention of vision loss induced by DR
[141]. However, in 2007 the European Medicines Agency declared a minimum benefit 
in the treatment of moderately severe to severe non-proliferative DR[142]. In any case, 
knowledge of the role of the various isoforms of PKC is incomplete and offers another 
therapeutic target to be considered.

Lipid alterations
Lipids play a crucial role in the maintenance and development of retinal functions. The 
plasma membranes of the outer segments of retina photoreceptors contain high levels 
of polyunsaturated fatty acids (PUFAs). The most abundant PUFAs in the retina are 
ω3-docohexaenoic (DHA), ω3-eicosapentaenoic (EPA), and ω6-arachidonic (AA), with 
DHA being predominant[143-146]. The functions of PUFAs in the retina have been 
demonstrated in numerous studies. PUFA supplementation has protective and 
therapeutic effects against proliferative and degenerative retinal diseases, possibly 
resulting from their antioxidant and anti-inflammatory properties[147-150]. In 
addition, DHA deficiency has been associated with structural and functional 
abnormalities in the visual system[149]. ROS formed during oxidative stress can 
oxidize PUFAs because of the presence of susceptible carbon double bonds in the 
molecular structure[44,150]. The free radical chain reaction results in lipid 
peroxidation and acts to amplify the generation of lipid radical species, causing PUFA 
degradation into a variety of potentially harmful oxidation products[42,146]. The 
increase of ROS in DR, together with the high PUFA content in the membranes of the 
photoreceptors, triggers an increase of lipid peroxidation[42,44,151]. In fact, patients 
with DR have higher lipid peroxidation than those without retinal disease[151-153]. 
Moreover, a number of published papers indicate that lipid peroxidation has serious 
pathophysiological effects that contribute to the development of DR[149,154-158], and 
there is increasing evidence of the importance of products of lipid peroxidation as 
mediators in the development of neovascularization in DR[149,159,160].

The role of lipid peroxidation in DR has been extensively studied, the determination 
of lipid peroxidation products, including aldehydes such as 4-hydroxynonenal (4-
HNE) or malondialdehyde (MDA), and F2-isoprostanes (F2-IsoP) such as 8-iso-PGF2α in 
plasma, urine, or the retina[161]. 4-HNE, an end product of nonenzymatic lipid 
peroxidation of ω6 PUFAs like linoleic acid and amino acids, has been shown to be 
extremely reactive with DNA, RNA, and proteins in the retina[39,162-165]. Zhou et al
[166] reported that 4-HNE activates the canonical WNT pathway through oxidative 
stress in a rat model, playing a pathogenic role in the development of DR. Previous 
studies by that group have shown that blockade of WNT signaling attenuated retinal 
inflammation and neovascularization in DR in humans and animal models[167]. In 
fact, inhibition of the WNT pathway by peroxisome proliferator-activated receptor 
alpha (PPARα) overexpression induced anti-inflammatory and antifibrosis effects
[168]. The retinal protective role of PPARα has been demonstrated both in vitro and in 
vivo. Chronic hyperglycemia in experimental animal models of diabetes or treatment 
of retinal cell lines with high glucose concentrations reduces PPARα mRNA and 
protein expression levels. The use of PPARα agonists, such as fenofibrate, have been 
discussed as a treatment of DR by preventing microvascular damage[169,170]. Overex-
pression of PPARα was found to reduce ROS production, apoptosis induced by 
oxidative stress, and downregulation of NOX4 expression[171]. It also inhibited cell 
proliferation, migration, and had anti-angiogenic effects[172]. The data suggest that 
the WNT pathway and PPARα represent a new target for therapeutical intervention of 
DR[167].

Other studies suggest that 4-HNE retinal damage in DR could result from the 
induction of p53-mediated apoptosis in retinal pigment epithelial cells[173]. It has also 
been shown that 4-HNE attenuated β2-adrenoceptor-mediated vasodilation of rat 
retinal arterioles, which would contribute to the retinal vascular dysfunction observed 
in patients with diabetes mellitus[174].

Several studies of possible new treatments of DR have focusing on protecting effects 
damage associated with 4-HNE. Chiang et al[175] reported that fucoxanthin, a marine 
carotenoid extracted from seaweed, effectively protected against the effects of 4-HNE- 
and high glucose-induced DR in ARPE-19 human retinal epithelial cells through the 
antioxidant ability of this compound. Pter was also shown to reduce 4HNE levels in 
the retina of a rabbit model of type 1 diabetes mellitus, preventing early DR alterations
[47]. MDA is a product of the peroxidative decomposition of PUFAs. It is a highly 
reactive molecule that forms covalent bonds with the amino acids of endogenous 
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proteins[42,48]. MDA possesses cytotoxic, hepatotoxic, mutagenic, and genotoxic 
properties, and can alter proteins, DNA, RNA, and many other biomolecules[176,177]. 
MDA concentration as a final product of lipid oxidation is routinely determined by 
thiobarbituric acid assay or chromatography-mass spectrometry[176-178]. There are no 
studies of its mechanism of action in DR. It has only been used as a biomarker of lipid 
peroxidation in biological samples.

Since its discovery, F2-IsoP has become one of the most reliable biomarkers of lipid 
peroxidation and oxidative stress in in vitro studies and in animal models[179-181]. F2-
IsoP comprises a family of prostaglandin-like compounds produced by nonenzymatic 
peroxidation of amino acids in membrane phospholipids[181]. One of the most studied 
F2-IsoP is 8-iso-PGF2α (also known as 8-epi-PGF2α or 15-F2t-isoprostane), which has been 
shown to be involved in inflammation and immunity in various diseases[48,181]. In 
DR, 8-iso-PGF2α is produced by COX activity and enzymatic oxidation of PGF2α[182]. It 
has been shown to be a potent vasoconstrictor in the retina by increasing thromboxane 
A2 formation through the activation of Ca2+ influx[182-184].

Further research is needed to clarify the pathophysiological activity of PUFA 
derivatives in DR. Nevertheless, it seems that inhibition of the formation of these 
highly cytotoxic molecules could be a possible therapeutic strategy for the 
management of DR. In fact, Pter has been recently reported to be able to restore the 
control levels of a large group of specific neuronal and retinal lipid peroxidation 
markers in diabetic rabbits[185]. This suggests that this polyphenol could protect the 
retina, preventing early lipid peroxidation damage in DR development.

GLP1R
In recent years, new pharmacological therapies have been developed as effective 
treatments for type 2 diabetes. Glucagon-like peptide 1 receptor agonists (GLP1RAs) 
have emerged as a safe treatment, and some agonists have been incorporated into the 
clinical guidelines of the American Diabetes Association and the European Association 
for the Study of Diabetes. Furthermore, preclinical studies have shown the benefits of 
GLP1R activation on diabetic vascular complications such as DR[186]. Actually, the 
benefits are broad. GLP1R activation, independent of homeostatic glycemic control, 
can reduce the harmful consequences of diabetes on the retina, such as oxidative 
stress, neurodegeneration, inflammation, BRB breakdown, or angiogenesis[187-190].

The AKT pathway is a target of GLP1R activation and is essential for retinal 
neuroprotection in early DR development[188]. AKT phosphorylates a number of 
heterogeneous substrates including E2 ubiquitin ligases, transcription factors, protein 
and lipid kinases, metabolic enzymes, etc., showing that AKT not only regulates a 
physiological process, but also controls multiple cellular functions. The first AKT 
substrate reported was GSK3[191]. Inactivation of GSK3 by AKT-phosphorylation has 
been shown to regulate transcription factors such as Nrf2, which is needed for DR 
development[192]. Moreover, in vitro and in vivo studies have demonstrated the 
ability of GLP1 to protect neurons from aggregation by β-amyloid peptide and against 
AGEs, as well as being able to reduce hyperphosphorylation of the tau protein by 
regulating GSK3β. It is believed that the mechanism of action of GLP1 is the activation 
of the PI3K/AKT signaling pathway, which is capable of phosphorylating and 
inactivating GSK3β[193]. Although further studies are needed to understand the 
importance and possible modulation of PI3K/AKT/GSK3β/Nrf2 pathway by GLP1R, 
these observations allow us to develop hypotheses of the key effects that modulation 
of Nrf2 by GLP1R agonists have on DR development.

Epigenetic modifications
Although glycemic control may be achieved, chronic hyperglycemia during the first 
few months may be enough exposure to develop stable and heritable epigenetic 
modifications capable of altering gene expression and becoming a potential major 
factor of DR development[194]. The alterations occur on chromosomes without 
changes in the DNA sequence and are the basis of the known “metabolic memory”. 
The identified molecular mechanisms underlying these long-term effects act at 
different levels that include DNA methylation, post translational modifications of 
histones or regulation by noncoding (nc)RNAs[195]. For example, the low retinal 
histone acetylation of H3 induced by hyperglycemia for 6 mo did not recover after 6 
mo of good glycemic control[196]. Likewise, euglycemia was unable to recover the 
DNA hypomethylation and unusual gene expression induced by hyperglycemia[197].

DNA methylation status is controlled by the activity of DNA methyltransferase 
(DNMT) enzymes that catalyze the transfer of a methyl group from S-adenosyl-L-
methinione, and DNA demethylases. Imbalanced activity in diabetes, induces 
alterations in specific genes that triggers aberrant expression related to DR. For 
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example, chronic hyperglycemia in the retina stimulates the binding of DNMT1 and 
the DNA demethylase ten-eleven-translocation (TET) 2 to the promoter of Ras-related 
C3 botulinum toxin substrate (Rac1)[198]. Methylation induced by DNMT1 is rapidly 
reversed by TET2, triggering hypomethylation of the promoter and allowing Rac1 
transcription, which induces NOX, and relevant effectors in DR development[199]. In 
fact, the mitochondrial damage initiated by NOX-2 activation has been associated with 
early DR development while its inhibition protects endothelial retinal cells from 
diabetes-induced apoptosis[200].

Although diabetes induces a global state of DNA hypomethylation, different states 
of methylation for specific CpG islands are closely related to DR development. An 
increase in the expression and activity of DNMTs has been observed in DR[201-203]. 
Based on that, inhibition of DNMTs can be a possible protective therapy against the 
development of DR. For example, 5-aza-2'-deoxycytidine, a nonselective inhibitor of 
DNMTs, re-establishes the expression of genes hypermethylated by hyperglycemia 
and related to DR development, such as SOD2 and glutathione S-transferase theta 1 
(GSTT1), which protects against oxidative stress[203].

Changes in the pattern of acetylation and methylation are the most studied post 
translational modifications of histones. Overall, the acetylation of histones H3 and H4 
and di or tri-methylation of H3K4 are related to euchromatin status. Low acetylation 
and high methylation levels are associated with silent heterochromatin. Experimental 
models of DR have provided contradictory results for histone acetylation. For 
example, Zhong and Kowluru[196] revealed reduced global acetylation, but Kadiyala 
et al[204] observed augmented histone acetylation in diabetic retinas. So far, in vivo 
experimental results for histone acetylation in DR remain contradictory[194,205].

Histone methylation is associated with transcriptional activation or repression 
depending on the type of residue and the number of methyl groups. Hence, the 
methylation of H3K4, H3K48, and H3K79 have been considered activation marks, 
while that of H3K9 and H3K27 are associated with transcriptional repression[206]. For 
example, decreased levels of H3K4me1 and H3K4me3 at the GCL promoter in diabetic 
rats compromised Nrf2 binding, triggering low transcription of the enzyme and 
reduced levels of GSH in the retina[207]. Moreover, the overexpression of matrix 
metalloproteinase-9, a proapoptotic enzyme in the development of DR, is caused by a 
decrease in H3K9me2 and an increase in acetyl H3K9, which facilitates the binding of 
NF-κB p65[208].

Thus, hyperglycemia-induced differential histone methylation or acetylation 
appears to regulate expression of several genes in cellular pathways that contribute to 
the development of diabetic retinopathy. In fact, the polyisoprenylated benzophenone 
derivative garcinol, prevents histone acetylation involved in the metabolic memory in 
DR[209]. In that sense, histone deacetylase inhibitors like resveratrol, curcumin, and 
genistein are also being considered as targets for treatment of DR[210].

A low percentage of cellular transcribed RNA is ncRNA, RNA sequences with 
different but important cell functions. Long ncRNA and small ncRNA, such as circular 
RNA, or miRNA, are essential in the pathological processes of diabetic complications, 
including atherosclerosis, microvascular dysfunction, and DR[211]. The most well-
studied are miRNAs[212], sequences of approximately 18-25 nucleotides partially 
complementary to mRNAs able to block their translation and activate their 
degradation in collaboration with the ribonucleoprotein complex RNA-induced 
silencing complex[213]. There are numerous examples of the importance of their role 
in DR. Experimental models of DR have shown that downregulation of miR126, miR-
146a, and miR200b is associated with retinal neovascularization through increased 
VEGF production[214]. The expression of miR-20b-5p, a modulator of cell prolif-
eration, apoptosis, differentiation, and angiogenesis, is upregulated in the retinal 
endothelial cells of diabetic rats and patients with DR, inducing a decrease in tight 
junction proteins that increases BRB permeability and the microvascular leakage 
observed in DR[215]. Although the expression and physiological function of circular 
RNA is not yet fully elucidated, the molecules serve as miRNA or RNA-binding 
protein sponges to modulate expression or translation of regulatory proteins[216]. 
Circular DNMT3B, a reducer of the expression of miR-20b-5p, is downregulated in 
diabetes and its overexpression improves the vascular dysfunction induced in diabetic 
retinas, an interesting potential strategy for treatment of DR[215]. The possibility of 
using siRNAs to target some miRNAs mentioned above has also been considered. 
However, no methods are currently available for in vivo treatments[209]. In addition, 
double-stranded miRNA mimics and anti-mRNA antisense oligodeoxyribonucleotide 
are being used to target specific miRNA in other diseases, and therefore can also be 
studied for the treatment of DR[210].
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Table 1 Summary of alterations, targets, and novel therapies

Contributors in DR 
development Retinal alterations Targets Possible novel therapies

ROS accumulation Low nuclear levels of Nrf2, 
antioxidant enzymes activities, and 
GLP1R expression. Retinal cell death, 
retinal ischemia, retinal 
neovascularization, DME

Nrf2 activation, Keap1 knockdown, 
inhibition and/or neutralization of ROS 
generation, GLP1R activation, 
reinforcement of the antioxidant defense 
system

Green tea polyphenols, resveratrol, curcumin, 
quercetin, tannins, pterostilbene, GLP1R 
agonist, RS9, dh404, triterpenoids, salvianolic 
acids, sulforaphane

Synthesis of 
proinflammatory 
molecules

Vascular permeability, BRB 
breakdown, capillary pericyte loss, 
neovascularization

Inhibition of inflammatory pathways COX-2 inhibitors, tetracyclines (minocycline 
and doxycycline), IL-6 inhibitors (EBI-031 and 
tocilizumab), anti-TNF-α therapy, 
canakinumab (selective IL-1β antibody), 
fenofibrate (PPARα agonist)

Increased production 
of AGE/RAGE

Aberrant extracellular crosslinking of 
extracellular matrix proteins, 
increased vascular stiffness, release 
of proinflammatory cytokines and 
proangiogenic factors

Low the production of AGEs Curcumin, epigallocatechin 3-gallate, 
quercetin, kaempferol and resveratrol

Activation of the 
polyol pathway

Retinal capillary osmotic damage 
and cell death

Inhibition of the polyol pathway Pterostilbene

Increased flux through 
the hexosamine 
pathway

Neuro-vascular dysfunctions Inhibition of the hexosamine pathway Azaserine (antineoplastic), rhein 
(anthraquinone), benfotiamine (lipid-soluble 
thiamine derivative) 

Activation of the PKC 
pathway

Endothelial alterations, cell demise of 
capillary cells and pericytes, 
formation of microaneurysms, 
VEGF-dependent retinal barrier 
alterations

Inhibition of PKC pathway Ruboxistaurin mesylate (PKC-β inhibitor)

Lipid peroxidation Generation of lipid radical species, 
apoptosis in retinal pigment 
epithelial cells, retinal vascular 
dysfunction, development of 
neovascularization

Inhibition of the formation of lipid 
peroxides in the retina

Fucoxanthin, pterostilbene

DNA methylation Increased expression and activity of 
DNMTs

Inhibition of DNMTs 5-aza-2'-deoxycytidine

Histone methylation 
and acetylation

Decreased levels of H3K4me1 and 
H3K4me3 at glutamate-cysteine 
ligase promoter or decreased levels 
of H3K9me2 and increased levels in 
acetyl H3K9

Regulation of histone 
methylation/acetylation

Garcinol, resveratrol, curcumin, genistein

Regulation by ncRNA 
(miRNA and circular 
RNA)

Downregulation of miR126, miR-
146a, and miR200b; retinal 
upregulation of miR-20b-5p, 
neovascularization and 
microvascular leakage

Modulation of miRNAs expression, 
overexpression of circular DNMT3B

siRNAs,double-stranded miRNA mimics and 
anti-mRNA antisense 
oligodeoxyribonucleotide

AGE/RAGE: Advanced glycation end products/receptors; BRB: Blood-retinal barrier; COX-2: Cyclooxygenase-2; dh404: Dihydro-CDDO-trifluoroethyl 
amide; DME: Diabetic macular edema; DNMT: DNA methyltransferases; GLP1R: Glucagon-like peptide-1 receptor; IL: Interleukin; Keap1: Kelch-like 
enoyl-CoA hydratase associated protein 1; miRNA: microRNA; ncRNA: noncoding RNAs; Nrf2: Nuclear factor erythroid 2-related factor 2; PKC: Protein 
kinase C; PPARα: Peroxisome proliferator-activated receptor α; ROS: Reactive oxygen species; TNF-α: Tumor necrosis factor α; VEGF: Vascular endothelial 
growth factor.

With the increase in evidence on the importance of epigenetic modifications in DR, a 
better understanding of their effects has great potential for establishing new targets 
against this pathology. Fortunately, advances are being made in the use of mimics and 
inhibitors in different chronic diseases and cancer that will undoubtedly contribute to 
a better understanding of the role of epigenetic changes in DR.

CONCLUSION
With the global increase in the prevalence of diabetes, an increase in associated 
complications such as DR is expected. Although in recent decades considerable 
advances have been made in the treatment of the disease, current therapeutic 
approaches focus on advanced stages in which the retina can present irreparable 
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damage at the neuronal and vascular level. Furthermore, the recommended treatments 
for DR have serious limitations such us long-term side effects, the high cost involved, 
or patient discomfort. Hence the need for the development of new therapeutic 
approaches (Table 1). Considering the current state of knowledge, treatments for 
diabetic retinopathy should go beyond acting on a single etiological cause such as 
neovascularization. New treatments should present a set of advantages that facilitate 
their administration without the need for special facilities. Ideal treatments would be 
noninvasive, effective, affordable, and accessible to the global population. Recognizing 
the importance of redox imbalance in the development and progression of DR offers a 
new direction for tackling the condition. One such option that should be explored is 
action directed at cellular targets that participate in modulating or altering the 
pathology, so that the progression of the disease can be delayed or even prevented.
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Abstract
The gut microbiota (GM) plays a role in the development and progression of type 
1 and type 2 diabetes mellitus (DM) and its complications. Gut dysbiosis 
contributes to the pathogenesis of DM. The GM has been shown to influence the 
efficacy of different antidiabetic medications. Intake of gut biotics, like prebiotics, 
probiotics and synbiotics, can improve the glucose control as well as the metabolic 
profile associated with DM. There is some preliminary evidence that it might even 
help with the cardiovascular, ophthalmic, nervous, and renal complications of 
DM and even contribute to the prevention of DM. More large-scale research 
studies are needed before wide spread use of gut biotics in clinical practice as an 
adjuvant therapy to the current management of DM.

Key Words: Probiotics; Prebiotics; Synbiotics; Diabetes mellitus; Microbial dysbiosis; 
Antidiabetic drugs
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Core Tip: The emerging role of the gut microbiome on diabetes development, 
progression as well as prevention has been discussed in this manuscript. The 
significance of gut dysbiosis in the aetiopathogenesis of diabetes mellitus and its 
complications has been reviewed. A bidirectional relationship exists between the 
antidiabetic drugs and the gut microbiome. Faecal transplantation, and bariatric 
surgery, typically used to treat morbid obesity, have also been shown to improve 
commensal gut microbiota changes. Diabetic outcomes and management can improve 
with better understanding of the drug-gut microbiome interactions. There is emerging 
evidence pointing out that gut biotics can be an add-on therapy with the antidiabetic 
management. To our knowledge, there is no evidence about the role of gut microbes of 
diabetic patients who had pancreatic cell transplantation, as well as the role of gut 
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INTRODUCTION
Globally diabetes mellitus (DM) is a common medical disorder and is seen in 
pandemic proportions[1] with the global prevalence in adult subjects is roughly 10%
[2]. The International Diabetes Federation projected by 2035, there will be 592 million 
cases of diabetes in the world[3]. DM type 1 is secondary to auto-immune- mediated 
loss of beta-cell function and is seen in 5% of the diabetic population. DM type 2 is 
mainly due to insulin resistance and is seen in 95% of diabetic subjects[4]. The 2016 US 
National Health Interview Survey data showed roughly 8.58% of the population had 
type 2 DM and 0.55% had type 1 DM[5].

Various research has been done in the last decade since the study of the human 
microbiome in 2012[6,7]. Microbes contribute to 2% of human body weight and the 
bacterial genomes exceeds human genes by a factor of 150[8,9]. Gut microbiota (GM) 
varies with age, diet, geographical location, life style, and the use of xenobiotics[10-
12]. In the recent years there have been more focus on the GM in the development, 
progression, and distant organ complications due to DM[13]. Many studies have 
shown the role of the gut microbiome in DM[14-17].

The gut microbiome starts to develop with the mode of birth and it is influenced by 
environmental factors, diet, as well as certain medications, including antibiotics[18]. 
There are differences between the gut microbes seen between non-diabetic and 
diabetic subjects[20] (Table 1). Gut dysbiosis plays a role in numerous diseases 
including DM. Both altered GM and endocrine disrupters can influence the 
development of DM[21]. In this literature review, we analyzed the evidence for the 
role of GM in the development, pathogenesis, complications, management, and 
prevention of DM.

LITERATURE SEARCH
A literature search was performed using the electronic databases MEDLINE 
(1966–February 2021), EMBASE and SCOPUS (1965–February 2021), and DARE 
(1966–February 2021). The main search items were gut bacteria, GM, intestinal flora, 
gut dysbiosis, type 1 DM, type 2 DM, diabetic retinopathy, diabetic neuropathy, 
diabetic nephropathy, probiotics, prebiotics, synbiotics, bariatric surgery, and faecal 
transplantation. Non-English articles were excluded.

GM IN TYPE 1 DM
Studies have shown that Firmicutes/Bacteroides ratio is altered in type 1 DM[22]. In 
the study by Huang et al[23] (2018) negative association was seen with gut microbe 
Faecalibacterium and Ruminococcacea and hemoglobin A1c (HbA1c), whereas in the 
study by Fassatoui et al[24]. (2019) a negative association was seen between HbA1c 
and Akkermansia muciciniphia. A systematic review of studies done in Hispanic 
populations showed that patients with newly diagnosed type 1 DM have high levels of 
Bacteroides with a reduced proportion of Prevotella, Megamonas, and Acidaminococcus. 
With the initiation of insulin treatment these subjects showed an increase of Prevotella 
levels. Prior to the development of type 1 DM, inverse relationship of Firmicutes/ 
Bacteroidetes ratio has been reported[25].

https://www.wjgnet.com/1948-9358/full/v12/i9/1463.htm
https://dx.doi.org/10.4239/wjd.v12.i9.1463
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Table 1 Changes in the microbiome in type 1 and type 2 diabetes mellitus

Location Change in microbiome Ref.

Type 1 diabetes

Gastrointestinal 
tract

(1) Decreased:  Prevotella; Megamona; Acidaminococcus; and (2) Increased: Bacteriodes Elena et al[25], 
2019

Gastrointestinal 
tract

(1) Decreased: Bifidobacterium adolescentis; Bifidobacteria; and (2) Increased:  Clostridium perfingens; Bacteroides De Goffau et al
[122], 2013

Gastrointestinal 
tract

Increased: Leptotrichia goodfellowii; Bacillus cerus; Enterobacter mori LMG 25706 Tai et al[123], 
2016

Gastrointestinal 
tract

Increased: Bacteroidetes/Firmicutes Giongo et al[124], 
2011

Gastrointestinal 
tract

(1) Decreased: Faecalibacterium prausnitzii; and (2) Increased: Bacteroides dorei; Bacteroides vulgatus De Goffa et al
[125], 2014

Gastrointestinal 
tract

(1) Decreased: Prevotella; Akkermansia; Bifidobacterium adolescentis; Roseburia faecis; Faecalibacterium prausnitzii; and 
(2) Increased: Dialister invisus; Gemella sanguinis; Difidobacterium longum

Brown et al[126], 
2011

Type 2 diabetes

Gastrointestinal 
tract

(1) Decreased: Clostridium coccoides; Clostridium leptum; and (2) Increased: Lactobacillus Chen et al[28], 
2019

Gastrointestinal 
tract

(1) Decreased: Bifidobacterium; Bacteroides; Faecalibacterium; Akkermansia; Roseburia; and (2) Increased: Ruminococcus; 
Fusobacterium; Blautia

Gurung et al[30], 
2020

Gastrointestinal 
tract

(1) Decreased: Bifidobacterium; Akkermansia; and (2) Increased: Dorea Li et al[127], 2020 

Gastrointestinal 
tract

(1) Decreased: Bifdobacterium; and (2) Increased: Lactobacillus Sedighi et al[31], 
2017

Blood (1) Decreased: Aquabacterium; Xanthomonas; Pseudonocardia; and (2) Increased: Actinotalea; Alishewanella; 
Seiminibacterium; Pseudoclavibacter

Qiu et al[38], 2019

GM IN TYPE 2 DM
The type of gut microbes and the changes seen with them influence the development 
of DM. The prominent GM seen in the intestine are the gram-positive Firmicutes and 
gram-negative Bacteroidetes and it is influenced by dietary changes[26]. A change in 
the ratio of Bacteroidetes to Firmicutes is associated with DM[27]. A case-control study 
done by Chen et al[28] (2019) in newly diagnosed type 2 DM subjects, Lactobacillus 
faecal count was significantly higher whereas Clostridium coccoides and Clostridium 
leptum was lower, and these changes in the microbes was positively correlated with 
glycated hemoglobin with higher Lactobacillus count subjects, and negatively 
correlated with decreased Clostridium count subjects when compared with healthy 
controls. Another study found that patients with DM showed an affiliation with the 
following phyla of bacteria: Firmicutes, Bacteroidetes, Proteobacteria and 
Actinobacteria[29]. Alterations in the gut microbe population may be related to DM, 
and gut microbes Ruminococcus and Fusobacterium has been shown with the 
development of type 2 DM, when compared to healthy adults[30]. A study by Sedighi 
et al[31] (2017) found that patients with type 2 DM has increased levels of Lactobacillus, 
while healthy controls showed increased Bifidobacterium. With respect to the Lactoba-
cillus genus, there are various mixed results suggesting its association with type 2 DM. 
Certain strain such as L. acidophilus, L. gasseri, and L. salivarius have been increased 
where as L. amyloyorus has been decreased[30]. However, many species from this 
genus, such as L. plantarum, L. casei, and L. rhamnosus are often involved in probiotic 
preparation and have shown to be beneficial in diabetic mice models[30]. Overall, it 
looks that there may be a strain-specific association with DM.

Further changes in the microbiome in patients with DM are listed in Table 1. 
Nutrient imbalance by affecting the GM can influence the development of type 2 DM. 
With newly diagnosed type 2 DM different measurement parameters like age, blood 
lipids, body-mass index, blood pressure, and dietary nutrient intake was related to the 
gut microbiome composition[32].
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RELATIONSHIP BETWEEN GUT AND BLOOD MICROBIOME AND ITS 
ASSOCIATION WITH TYPE 2 DM
Cani et al[33] (2008) in their animal study showed lipopolysaccharide produced by 
gram negative intestinal bacteria can translocate into systemic circulation through a 
leaky gut and can result in endotoxemia causing metabolic dysfunction and obesity. 
Recent evidence points out in addition to gut microbiome, the blood microbiome plays 
a role in DM. Blood is usually considered to be sterile, but the research suggests the 
presence of a microbe or microbial component in healthy humans is known as a blood 
microbiome. The evidence for blood human microbiome is slowly growing[34-36].

In a study by Sato et al[37] (2014) with Japanese type 2 DM subjects, blood micro-
biome translocation from gut microbiome was detected at a higher rate (28%) in type 2 
diabetic subjects when compared with healthy controls (4%) (P < 0.01). A recent nested 
case control study by Qiu et al[38] (2019) showed the blood microbe Sediminibacterium 
is associated with increased risk of type 2 DM [Odd ratio (OR) = 14.098, 95%CI: 1.358- 
146.330] where as the microbe Bacteroides in blood have a reduced risk for type 2 DM 
(OR = 0.367, 95%CI: 0.151- 0.894).

GM AS A COMPLEX ENDOCRINE ORGAN
The regulation of the GI system is done by short-chain fatty acids (SCFA) derived from 
the metabolism of carbohydrates, and GM plays a role in this function. In addition, the 
gut microbes produce hormone like chemicals that can act at distant targets. 
Neuroactive compounds like tryptophan and neurotransmitters like serotonin, 
dopamine, noradrenaline, GABA, and hormones like leptin, ghrelin and glucagon-like 
peptide 1 (GLP-1) are indirectly regulated by SCFAs via enteroendocrine cells. Overall, 
the gut microbes produce several substances of a hormonal nature into the circulation 
which act as distant sites. Because of the GM’s ability to influence distant organs and 
systems as mentioned above it is considered as an endocrine organ. Overall GM 
functions as an autonomous endocrine organ and plays a role in bodily endocrine 
actions including neuroendocrine and immunoendocrine regulations[39-42].

DM AND GUT DYSBIOSIS
Gut dysbiosis, is a state of increased or altered prevalence of gut bacteria which might 
in turn result in many disorders such as gastrointestinal, obesity, DM, immunological, 
and neurobehavioral diseases[43]. Shifts in the GM’s composition with more 
pathogenic species and phyla can contribute to the above-mentioned diseases. 
Hyperglycemia was associated with changes of microbiota composition, preferring the 
non-commensal ones, on the detriment of beneficial phyla such as Bacteroidetes, 
Proteobacteria, and Actinobacteria. The ratio of Firmicutes/Bacteroidetes has been 
found to be correlated with plasma glucose concentration. Microbiota are capable to 
ferment undigested carbohydrates, fiber, and other dietary and xenobiotic compounds 
to produce SCFAs, which through their ubiquitous receptor play an important role in 
host glucose metabolism[37,44,45]. The Human Microbiome plays a role in gut 
permeability, modification of bile acids, glucose breakdown and in the absorption of 
nutrients[46,47].

Normal commensal bacteria are helpful in maintaining the gut wall integrity, innate 
immunity, insulin sensitivity, metabolism, and in communication with the brain 
functions, as well as help to prevent the penetration of harmful microorganisms in the 
bowel. Bidirectional relationship exists between the GM and the brain. This chain of 
communication depends on the interaction of gut microbe through immune and 
neuroendocrine system with the central nervous system. Short-chain fatty acids, such 
as butyrates, acetates and propionates, produced by the GM are beneficial to different 
metabolic processes. The imbalance between the microbiome and host organism lead 
to dysbiosis. Gut microbiome dysbiosis through inflammation and metabolic dysregu-
lation increases insulin resistance and influence the development of type 2 DM[48] 
(Figure 1).

Microbial dysbiosis can also be the result of nutritional imbalance which can lead to 
a low-grade inflammatory state, obesity, and other metabolic disorders[49]. Gut 
microbes affect gut permeability, glucose and lipid metabolism, energy homeostasis, 
and insulin sensitivity. Like any other medical conditions, gut microbes play a role in 



Alagiakrishnan K et al. Gut microbiota in DM

WJD https://www.wjgnet.com 1467 September 15, 2021 Volume 12 Issue 9

Figure 1 The role of gut dysbiosis in diabetes mellitus. The ingestion of a diet rich in carbohydrates and fats along with certain xenobiotics can lead to a 
disruption of the gut microbiome (dysbiosis). Under normal conditions, the gut bacteria produce metabolic products such as short chain fatty acids (SCFA) 
(Hexagons) that act locally and have a positive benefit on metabolism. Under conditions of dysbiosis there can be a disruption to the enteroendocrine cells and lead 
to gut permeability. This can lead to an increase in these metabolic products as well as bacterial translocation to the bloodstream, leading to endotoxemia resulting in 
metabolic dysfunction and insulin resistance contributing to type 2 diabetes. Gut dysbiosis also results in altered production of SCFA and release of 
lipopolysaccharides (LPS) (Triangles) and an increase production of other metabolites such as imidazole propionate and bacteria derived amino acids. These 
metabolites can act directly to affect insulin resistance. Excess SCFA and LPS can act on hepatic, skeletal, adipose, and pancreatic cells leading to metabolic 
dysfunction, altered inflammation and immune response which can influence insulin resistance. These factors can contribute to the development of type 1 and type 2 
diabetes. SCFA: Short chain fatty acids; EEC: Enteroendocrine cells; LPS: Lipopolysaccharides; BCAA: Bacteria derived amino acids; IMP: Imidazole propionate; 
GM: Gut microbiota.

inflammation and immunity[50]. A diet rich in fat and sugar may lead to an 
abundance of lipopolysaccharide (LPS) release from GM and this LPS, by entering into 
systemic circulation, can affect β-cells, leading to decreased insulin release, and 
thereby altering systemic insulin sensitivity, resulting in insulin resistance, and 
potentially leading to DM[51].

Diets rich in carbohydrates and fat as well as xenobiotics (medications affecting the 
gut microbes) can cause gut dysbiosis. Normally GM produces metabolic products like 
SCFA, acetate, butyrate and propionate which acts locally leading to beneficial effects 
on different metabolic process. When there is gut dysbiosis, it can affect the enteroen-
docrine L-type cells in the intestinal epithelium and increase the gut permeability 
(leaky gut) causing these metabolic products to enter into the systemic circulation, as 
well as translocation of the gut microbiome into the circulation leading to the 
formation of the blood microbiome. This blood microbiome can cause endotoxemia 
and affect both metabolic dysfunction and insulin resistance. Gut dysbiosis results in 
excessive production of SCFA and LPS, as well as additional GM metabolites like 
imidazole propionate (IMP), derived from histidine, and bacteria derived amino acids. 
Excessive SCFA and LPS by acting on hepatic, adipose, skeletal and pancreatic cells 
causes metabolic dysfunction, inflammation and altered immune response. When 
there is a metabolic dysfunction due to gut dysbiosis combined with inflammatory and 
altered immune response it can cause type 1 DM, and when combined with insulin 
resistance due to gut dysbiosis as well as the effect of blood microbiome it can lead to 
the development of type 2 DM (Figure 1).
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GUT MICROBES AND METABOLIC NETWORKS
The human gut contains a wide variety of microbial communities that carry out a wide 
range of biochemical functions that can influence the human body through metabolite 
production, physiological regulation, and interacting with the host’s cellular response 
and immunity[52]. It has also been found that the host’s own genetics can influence the 
composition of their gut microbiome, making each host a unique ecosystem[53]. 
Dynamic changes in the gut microbiome have been seen within individuals often in 
various disease states, such as obesity, and DM[19,54-56]. The GM has been found to 
cause enhanced transcriptional changes in the intestinal cells and protein biosynthesis 
in the crypts within the intestine[57].

SCFAs produced by GM can serve as signaling molecules that can influence the 
host’s lipid and glucose levels, liver, skeletal muscle, and even immunity[52]. When 
there is a disruption of the gut microbiome, the altered mixture of SCFA may influence 
obesity, insulin sensitivity, weight gain and other comorbidities[58,59]. Obese 
individuals with type 2 DM have shown changes in the GM that are distinct, from 
non-diabetic subjects. It was found that individuals with type 2 DM showed an 
increase level of Proteobacteria and Bacteroides with a decreased level of Firmicutes[19]. 

The GM has been found to influence the host’s metabolism and show great 
adaptability to the changing environment within the intestines based on diet, genetics, 
and various physiological cues from the host[52]. The human gut microbiome can 
modulate absorption as well as nutrient availability within the host. This can be 
achieved through gene expression changes, alteration of hormones and immunity[52].

ASSOCIATION BETWEEN MICROBIOME, OBESITY AND DM
Microbial diversity and the production of SCFA as well as products such as butyrate, 
propionate, and acetate have been found to have a protective role against obesity and 
insulin resistance[60,61]. SCFAs are able to act as signaling molecule that can activate a 
variety of pathways that are involved in cholesterol, lipid, and glucose metabolism
[58]. Modifications of the microbiome can influence metabolic parameters, in 
particular when there is a higher abundance of Firmicutes leading to a higher 
Firmicutes/Bacteroidetes ratio that may be linked to obesity[62]. This may in part be 
due to the fact that Firmicutes are more efficient at promoting the nutrient absorption 
leading to subsequent weight gain compared to Bacteroidetes[63].

A study showed the GM composition is different in obese subjects with and without 
type 2 DM[20]. A recent study also showed for the first time in subjects with type 2 
DM the relationship between body composition and GM[64]. Faecal microbiota of 
obese subjects without DM had increased numbers of SCFA producing microbes, 
whereas obese subjects with type 2 DM had less beneficial SCFA butyrate producing 
microbes[65].

ROLE OF GUT MICROBES IN THE PROGRESSION OF DM
The progression of DM is seen as macrovascular[66] and microvascular complications 
like retinopathy, nephropathy, and neuropathy[67]. Gut microbes seem to play a role 
in the progression of DM and also shown to play a role in these complications. Diet 
induced diabetic animal models helps to study these complications[68]. Studies have 
shown that subjects with DM and eye complications have higher bacterial conjunctival 
flora when compared to subjects without DM[69-72]. Beli et al[73] (2018) in their 
animal study showed the association between the GM and diabetic retinopathy 
(Table 2). More research is needed to understand the mechanism how GM causes 
diabetic retinopathy[74].

Diabetic neuropathy is seen as autonomic neuropathy as well as distal sensory and 
motor neuropathy and correlate with diabetic control, and GM also seems to play a 
role[75]. In a human study with early diabetic nephropathy, Barrios et al[76] (2015) 
showed an increase in colonic GM, whereas with end-stage renal disease patients 
microbes producing urease, uricase, p-cresol and indole-forming enzymes were seen
[77]. The proposed mechanisms for progression of kidney disease could be due to GM 
imbalance, metabolic shifts, immunosuppression, inflammation, as well as accumu-
lation of uremic toxins[78].
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Table 2 Selected animal studies showing the effect of various interventions on the gut microbiome and the role of gut microbiota in 
diabetes mellitus management

Intervention Organism Health benefit Change in microbiome Ref.

Intermittent fasting Mice Protection from diabetic retinopathy by increasing 
Tauroursodeoxycholate (a neuroprotective bile acid) 
producing microbes

Increased Firmicutes and decreased 
Bacteroidetes and Verrucomicrobia in 
diabetic mice undergoing intermittent 
fasting

Beli et al
[73], 2018

Antibiotic treatment 
(ampicillin, metronidazole, 
neomycin, vancomycin, or 
their cocktail)

Mice Reduction in fasting glucose. Change in glucose 
tolerance (seen with ampicillin, vancomycin, or 
cocktail)

Alterations in the α- and β- diversity. 
An association with Akkermansia 
mucinipjila with decrease fasting 
glucose. The effect is mediated through 
systemic changes in glucose 
metabolism

Rodrigues 
et al[94], 
2017

Prebiotic: Acorn and sago Mice Mice fed acorn and sago derived prebiotics had an 
amelioration of the glucose intolerance and insulin 
resistance induced by a high-fat diet feeding. Intake 
of both novel prebiotics as well as inulin increases 
SCFAs levels in the mouse gut

Ahmadi et 
al[103], 2019

Combination of a functional 
fibre [PolyGlycopleX (PGX) 
with metformin (MET) or 
sitagliptin and metformin 
(S/MET)]

Mice PGX + MET and PGX + S/MET showed reduced 
glycemia compared to controls and single treatment 
(P = 0.001). HbA1c was lower in PGX + S/MET 
compared to all other treatments (P = 0.001)

Reimer et al
[93], 2014

Artificial sweetener 
(Neotame)

Mice Decreased butyrate synthetic genes in Neotame 
group. Higher concentrations of cholesterol (P < 
0.05) and fatty acids (P < 0.05) in Neotame treated 
mice feces

Reduction in α-diversity and altered β-
diversity. Reduced Firmicutes (P < 
0.01) and increased Bacteroides (P < 
0.01)

Chi et al
[85], 2018

Combination of metformin 
and a prebiotic [konjac 
mannan-oligosaccharides 
(MOS)]

Mice Combination of metformin and MOS help 
ameliorate insulin resistance and improved glycemic 
control (P < 0.05) and repair islet and hepatic 
histology

Metformin and MOS change the 
microbiome (P < 0.0001) with: 
Decreased: Rikenellaceae and 
Clostridiales; Increased: Akkermansia 
muciniphila and Bifidobacterium 
pseudolongum

Zheng et al
[96], 2018

MANAGEMENT
In DM, normal GM can be restored using diet, gut biotics, faecal transplantation, and 
bariatric surgery, which may help with the proper management of DM.

Faecal transplant, bariatric surgery
There is some evidence from human studies, that both faecal transplant and bariatric 
surgery improved the glucose and metabolic parameters by altering the GM[48]. A 
meta-analysis done by Magouliotis et al[79] (2017) showed some discrepancy between 
the human studies and the benefits witnessed from bariatric surgery. Another study 
looking at obese insulin resistant subjects who received allogenic faecal transplants 
from a lean insulin sensitive donor show improved insulin sensitivity for a short 
period of 6 weeks, however the benefit was not seen past 12 weeks[80] (Table 3).

Nutritional therapy
Diet can modulate the GM and play a role in the management of DM by preventing 
gut dysbiosis[81] (Table 2). Fruits and vegetables contain polyphenols which can 
increase beneficial GM like A. muciniphila, Lactobacilli and Bifidobacteria[82]. 
Unbalanced dietary intake can affect the structure and abundance of GM which can 
play a role in the development of DM[83].

Artificial sweeteners
Artificial sweeteners are no-calorie sugar substitutes, may induce glucose intolerance 
by affecting the gut microbes. In an animal study with saccharin-fed mice showed an 
increase in Bacteroides and a reduction in Lactobacillus reuteri leading to GM dysbiosis 
and glucose intolerance[84]. Similar effects were seen in another study by Chi et al[85] 
(2018) using the artificial sweetener, Neotame. In a cross-sectional human study by 
Frankenfeld et al[86] (2015), showed sweeteners like aspartame or acesulfame-K found 
no effect on gut bacterial abundance. A recent randomized-blinded crossover study in 
healthy participants did not demonstrate measurable changes in the GM or in SCFAs 
after 14 d daily intake of aspartame and sucralose[87]. These preliminary observations 
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Table 3 Selected human studies showing the effect of diet, gut biotics, faecal transplantation and bariatric surgery on gut microbiome 
and the role of gut microbiota in diabetes mellitus management

Intervention Organism Health benefit Change in microbiome Ref.

Probiotics Human Decreased fasting blood glucose and HbA1c levels. 
Increased HDL levels, however no significant effect on 
BMI and LDL levels were found

Kocsis et al[112], 
2020

Artificial 
sweeteners 
(aspartame and 
acesulfame-K)

Human Compared to controls, aspartame and 
acesulfame-K had different bacterial 
diversity (P < 0.01, P = 0.03 
respectively), compared to controls

Frankenfeld et al
[86], 2015

Probiotics, 
Prebiotics, or 
synbiotics

Human 
(meta-
analysis)

The use of probiotics, prebiotics, or synbiotics showed a 
decrease in FBG (P < 0.01), total cholesterol (P = 0.02), 
triacylglycerols (P = 0.01) and insulinaemia (P < 0.01), as 
well as increased HDL-cholesterol levels (P < 0.01. Even 
though HbA1c reduction is seen it is not statistically 
significant. No effect on LDL-cholesterol was seen

Bock et al[115], 
2020

Laparoscopic 
sleeve gastrectomy

Human Decreased weight and BMI. Restored insulin tolerance and 
type 2 DM remission

Increased: Bacteroidetes/Firmicutes ratio 
at 1- and 3-months post surgery. 
Lactobacillales

Kikuchi et al
[128], 2018;Li et 
al[129],  2013

Roux-en-Y gastric 
bypass

Human Type 2 DM remission and improved BMI and weight loss. 
Improved gastric emptying and bile acid metabolism

Decreased: Bacteroidetes/Firmicutes 
ratio. Improved probiotic 
supplementation effects due to 
lowered pH environment

Selber-Hnatiw et 
al[52], 2020; Li et 
al[129],  2013

BMI: Body mass index; HbA1c: Hemoglobin A1c; FBG: Fasting blood glucose; HDL: High-density lipoprotein; LDL: Low-density lipoprotein.

needed to be established in future human research studies.

ALTERATION OF GM BY ANTIDIABETIC DRUGS AND ITS ROLE IN DM 
MANAGEMENT
Antidiabetic drugs can influence the gut microbiome by affecting the drug microbiome 
interface, whereas the gut microbiome also influences the metabolism and play a role 
in the efficacy of antidiabetic drugs. The interactions of antidiabetic drugs and 
microbiota is getting more attention as it may play a role in the management of DM
[88]. Antidiabetic agents cause alteration of the specific gut microbes. Metformin 
increases the population of Akkermansia muciniphila by 18-fold, enhancing the digestion 
of mucin and increasing SCFA[89]. Metformin, in addition to Akkermasia, causes 
increase in Lactobacillus and Bifidobacterium, whereas insulin increase Fusobacterium
[90]. This first line antidiabetic agent in type 2 DM modifies the GM, alter the bile acid 
circulation and thereby a possibility that primary site of action may be gut and the GM
[91].

Understanding the pharmacokinetics, pharmacodynamics and pharmacomicro-
biomics of antidiabetic medications and gut microbes can help to understand drug- 
gut microbiome and its potential benefit with antidiabetic drugs. Overall, it may help 
to better manage the DM management[92].

Antidiabetic drugs have been shown to affect the different gut microbes and their 
metabolic effects through the medication-microbiome-metabolism axis. GM can 
influence the pharmacokinetics of various antidiabetic drugs such as drug absorption, 
drug metabolism which can affect the potency of these medications. Overall, there is a 
bidirectional relationship exist between antidiabetic drugs and gut microbes[88].

Different combinations of antidiabetic drugs are used to better control DM. The 
commonly used combination is metformin with sulphonylureas, thiazolidinediones, 
DPP-4 inhibitors and insulin. One animal study showed some delay in the progression 
of DM when sitagliptin/metformin combination given with a prebiotic fibre[93]. 
Currently, there is a need for more research of different combination therapies on GM.
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GUT BIOTICS AND DM
Animal studies
Several animal studies have showed that gut biotics, like prebiotics and probiotics, can 
improve the efficacy of antidiabetic drugs. Treatment with individual or a cocktail of 
antibiotics reduced dysbiosis and decrease fasting glucose but did not affect body 
weight, as well as antibiotic treatment also changed gene expression in the ileum and 
liver, and shifted the alpha (α) and beta (β) diversities of GM[94]. In an animal study 
with mice, combining probiotics and/or prebiotics with antidiabetic medications 
showed an improvement in glycemic control and insulin sensitivity[95]. A study by 
Reimer et al[93] (2014) found that using a combination of sitagliptin and metformin 
with a functional fiber can delay DM progression. In an animal study usage of 
mannan-oligosaccharides by altering the GM increased the hypoglycemic effects of 
metformin[96]. Yang et al[97] (2020) found that Genistein found in soybeans and soy 
derived foods (prebiotic) helped to improve glucose and lipid metabolism by altering 
GM composition[97]. In another animal study, certain GM like Bacteroides fragilis, A. 
muciniphila, L. plantarum, L. casei can induce interleukin 10 (IL-10), which has been 
shown to improve both insulin resistance and glucose metabolism[98] (Table 2).

Human studies
Many gut microbes have been shown to have antidiabetic effect in humans by 
different mechanisms including effect on insulin sensitivity[99]. Roseburia intestinalis 
can improve insulin sensitivity by increasing IL-22 production[100]. Some strains of 
Lactobacilli act like acarbose and have been shown to inhibit alpha glucosidase[101]. 
Prebiotics can feed the gut microbiome and increase the population of L-cells in the 
intestine and thereby increase the amount of GLP-1[102] and prevent high fat diet 
induced insulin resistance[103]. In the recent PREMOTE randomized control trial 
(RTC) study, probiotics showed antidiabetic effect by altering metabolic homeostasis
[104]. Thus, GM may be useful in the management of DM[105]. Jafarnejad et al[106] 
(2015) and Asemi et al[107] (2014), in their two studies showed multi-probiotic 
supplement as well as synbiotic (L. sporogenes plus inulin) product helps to reduce 
glucose and other metabolic parameters. Tonucci et al[108] (2015) in their double-blind 
RCT study comparing fermented milk containing L. acidophilus (LA-5) plus B. animalis 
(Lactis BB-12) with plain fermented milk in 45 type 2 DM subjects showed decreased in 
HbA1c as well as low-density lipoproteins cholesterol and inflammatory cytokines. 
Multiple RTCs and the meta-analysis of these RCT’s with different gut microbes 
demonstrated antidiabetic effect as well as effect on different metabolic parameters
[109-111] (Table 3).

A recent meta-analysis of 14 RCTs showed significant decrease in HbA1c in the 
probiotic group compared to placebo controls, weighted mean difference (WMD) is - 
0.33%, 95%CI -0.53 to –0.13, P = 0.001. In this meta-analysis, probiotics significantly 
reduced fasting blood glucose, insulin, lipid profile and inflammatory marker in 
addition to blood pressure levels[112]. Another meta-analysis showed similar result 
with reduction in HbA1c% (WMD = - 0.24, 95%CI: - 0.44 to - 0.04, P = 0.02), fasting 
blood glucose (WMD = - 0.44 mmol/L, 95%CI: - 0.74 to - 0.15, P = 0.003)[113,114]. A 
meta-analysis study done in 2021 with probiotics, prebiotics or synbiotics on type 2 
DM also showed significant improvement in glucose and other metabolic parameters
[115]. Prebiotic inulin improves glycemic control in young adults with type 1 DM
[116]. Certain specific species of probiotic microbes as well as certain prebiotics by 
altering the GM was shown to improve the auto-immune condition, which plays a 
major role in the pathogenesis of type 1 DM[117].

A study by Didari et al[118] (2014) looked at the safety of probiotics and synbiotics 
and found that certain populations, such as patients who are immunocompromised, 
with cardiac valvular disease, having a central venous catheter, or those with short-
bowel syndrome may have an increased risk for systemic infections. Thus, caution 
may be warranted when using these products in diabetic patients and a risk-benefit 
analysis should be considered.

GUT MICROBES AND THE PREVENTION OF DM
Some preliminary evidence in animal studies indicates altering GM may help to 
prevent DM[119,120]. A recent study by Gurung et al[30] (2020) showed with certain 
gut microbes l ike Bifidobacterium, Bacteroides, Faecalibacterium, Akkermansia  and 
Roseburia have a negative association with DM and appears to be protective. In 42 
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healthy adults, GM Lactobacillus johnsonii seems to reduce the risk of type 1 DM[121].

CONCLUSION
Gut dysbiosis plays a role in the development and progression of DM. The current 
evidence also points out that the GM can play a role in DM related complications. 
Modulation of the gut bacteria or dysbiosis can be corrected by fibre, diet, antidiabetic 
medications, and by using gut biotics like prebiotics, probiotics, and synbiotics as well 
as by bariatric surgery and faecal transplantation. The interaction between gut 
microbes and antidiabetic agents is a promising field that may change the landscape of 
DM management in the future. There is some preliminary evidence to show that GM 
may play a role in the prevention of DM. More research is needed on a large scale to 
confirm these findings.
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Abstract
Non-alcoholic fatty liver disease (NAFLD) has become one of the most common 
chronic liver diseases worldwide. A strong relationship exists between NAFLD 
and diabetes mellitus. There is growing evidence of a mechanistically complex 
and strong association between the two diseases. Current data also shows that one 
disease actually leads to worsening of the other and vice versa. Understanding of 
the various pathophysiological mechanisms involved, natural history and 
spectrum of these two diseases is essential not only for early diagnosis and 
management but also for prevention of severe disease forms. Despite the 
tremendous progress made in recent times in acquiring knowledge about these 
highly prevalent diseases, the guidelines and recommendations for screening and 
management of diabetics with NAFLD remain ambiguous. An interdisciplinary 
approach is required to not only raise awareness of the prevalence of NAFLD in 
diabetics but also for better patient management. This can help attenuate the 
development of significant complications, such as cirrhosis, decompensation and 
hepatocellular carcinoma in these patients, thereby halting NAFLD in its tracks. 
This review focuses on the pivotal role of primary care physicians and endocrino-
logists in identification of NAFLD in diabetics in early stages and the role of 
proactive screening for prompt referral to hepatologist.
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Core Tip: With prevalence of non-alcoholic fatty liver disease (NAFLD) in diabetics 
being substantial, there is a need for its increased awareness and knowledge in the 
primary care physicians and endocrinologists. It is important to understand that these 
patients have the propensity to develop more severe forms of liver diseases, and their 
early identification and management can help in providing a stitch in time. We have 
reviewed in detail, the currently available societal guidance on screening of NAFLD in 
diabetics, especially with regards to high-risk patients that require hepatologist’s 
referral. We have even proposed a screening protocol for these patients based on 
available literature. This will not only help the treating physicians in identifying the 
disease in its incipient stages but also help in patient’s timely referral.

Citation: Khandelwal R, Dassanayake AS, Conjeevaram HS, Singh SP. Non-alcoholic fatty 
liver disease in diabetes: When to refer to the hepatologist? World J Diabetes 2021; 12(9): 
1479-1493
URL: https://www.wjgnet.com/1948-9358/full/v12/i9/1479.htm
DOI: https://dx.doi.org/10.4239/wjd.v12.i9.1479

INTRODUCTION
Non-alcoholic fatty liver disease (NAFLD) has assumed the status of major global 
health concern in recent times. It has become the most common chronic liver disease 
(CLD) worldwide, with prevalence among the general population being 25%-35%[1]. 
NAFLD is increasingly being recognized not only in adults but also in children and 
adolescents, adding further to the disease burden[2]. An individual is said to have 
NAFLD if the liver biopsy or imaging shows evidence of hepatic steatosis (≥ 5% liver 
fat) with background history of little or no alcohol consumption and in the absence of 
other liver diseases/conditions leading to hepatic steatosis[3]. The disease spectrum 
varies from simple steatosis (simple fatty liver) to the more severe and progressive 
non-alcoholic steatohepatitis (NASH) and cirrhosis[4,5]. Cirrhosis due to NASH is 
currently the second leading etiology for liver transplantation in the United States as 
well as in Europe and is projected to become the leading indication in the next decade
[6,7]. The risk factors associated with NAFLD are also linked with other manifestations 
of metabolic syndrome viz diabetes, dyslipidemia, obesity and hypertension 
suggesting a relationship between these metabolic traits and the likelihood of 
developing NAFLD and also advanced fibrosis[8-10]. Studies have shown that 70%-
80% of diabetics have NAFLD[11,12]. The presence of diabetes and obesity in patients 
with NAFLD has consistently been shown to be a key predictor of inflammatory 
disease progression leading to NASH and advanced fibrosis[13-15]. It is noteworthy 
that NAFLD is also frequent in subjects at increased risk for developing diabetes, 
including patients with the metabolic syndrome[13,16] and women with gestational 
diabetes or polycystic ovary syndrome[17], further underscoring the relationship 
between the two diseases. The strong association, as highlighted by various studies, is 
mechanistically complex, and NAFLD may precede or succeed diabetes onset[18,19]. 
Despite this, ambiguity remains in the guidelines and recommendations for screening 
of diabetic patients for NAFLD and vice versa, and their management. As most of the 
diabetic patients and patients with metabolic syndrome are under long-term treatment 
from an endocrinologist or a general physician, they are unlikely to visit a hepatologist 
for liver assessment and risk stratification, before they develop significant liver-related 
morbidity. This article represents an effort to understand and examine not only the 
link between the two diseases but to also review the available guidelines and 
screening strategies, and suggest future directives for these patients. Timely referral to 
a specialist can surely help nip ‘the epidemic of this liver disease’ in the bud.

ASSOCIATION BETWEEN NAFLD AND DIABETES - ARE THEY CO-
PREVALENT OR CORRELATED?
NAFLD has often been referred to as the “hepatic manifestation” of metabolic 
syndrome[20]. It is known that lipid accumulation is the hallmark of NAFLD. In order 
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to understand if NAFLD is the cause or consequence of diabetes or are they both just 
co-passengers, we need to delve deeper into the pathophysiology of the two entities.

Cross-talk between adipose tissue, insulin and liver in normal individuals
Adipose tissue present in the body not only acts as a storage depot but also prevents 
ectopic lipid deposition in muscle, liver, heart, and other tissues. Besides, it also acts as 
an endocrine gland, secreting many hormones, cytokines, and vasoactive substances
[21]. It has been found that upon eating a meal, there is an increase in the rate of 
insulin secretion, that facilitates the entry of glucose into the adipocytes[22] enabling 
the generation of L-α-glycerophosphate needed for triglyceride formation[23]. Insulin 
also increases the lipoprotein lipase activity in adipose tissue, thus promoting the 
generation of free fatty acids (FFAs) from chylomicron-triglyceride which leads to 
increase in the rate of entry of FFAs into adipocytes[24]. Besides, insulin is known to 
inhibit the action of hormone-sensitive lipase, the enzyme that causes hydrolysis of the 
triglycerides already stored in the adipocytes, further reducing the levels of circulating 
FFAs and glycerol[25]. The various adipokines released from adipose tissue, including 
adiponectin and cytokines, regulate liver energy metabolism[26]. In addition, 
adiponectin also stimulates β oxidation in the liver and improves liver insulin 
sensitivity[27].

When carbohydrates are abundant, the liver not only utilizes glucose as the main 
metabolic fuel but also converts glucose into fatty acids[28]. Hepatocytes derive FFAs 
either from diet or from adipose tissue via lipolysis and/or from hepatic de novo 
lipogenesis (DNL)[28]. Once inside the hepatocytes, the FFAs are acted on by acyl-CoA 
synthases to form fatty acyl-CoAs, which may enter either esterification and/or β-
oxidation pathways[29]. Studies have shown that 59% triacylglycerols (TAGs) that 
tend to accumulate in liver, come from circulating FFAs; DNL, which is the process in 
which carbohydrates are converted to lipids, contributes to 26% and the rest 14% is 
from the diet[30]. The TAGs and cholesterol esters are either stored in lipid droplets 
within hepatocytes or secreted into the circulation as very-low density lipoprotein 
(VLDL) particles. Insulin has an important action in liver as it potently suppresses 
gluconeogenesis in liver and stimulates lipogenesis[28]. TAG accumulation is not 
hepatotoxic per se and could represent a defensive mechanism to balance FFA excess, 
as demonstrated in mouse models[31]. Studies have shown that increased TAG 
concentration is an epiphenomenon which happens simultaneously with toxic 
metabolite generation, lipotoxicity and liver injury[32].

Normally, in the liver, there is a fine balance between lipid uptake (in the form of 
FFAs/DNL, and esterification) and lipid disposal (in the form of metabolism/β-
oxidation and elimination as VLDLs)[33]. In patients with NAFLD, it has been 
demonstrated that VLDL removal, at times, is unable to keep pace with the increased 
rate of TAG uptake and intrahepatic production[33], leading to metabolic dis-
turbances.

Insulin resistance: The key player in NAFLD and diabetes
The pathogenesis of NAFLD was earlier explained by the ‘two-hits hypothesis’, 
according to which the ‘first hit’ was hepatic accumulation of lipids, occurring 
secondary to sedentary lifestyle, high fat diet, obesity and insulin resistance (IR). This 
sensitized the liver to further insults, which acted as ‘second hit’, thereby leading to 
activation of inflammatory cascades and fibrogenesis[34]. The dictum that steatosis 
always precedes inflammation has now largely been discarded, as it was discovered 
that NASH can also present in liver ‘de novo’. Indeed, the timing and combination of 
genetic, external and intracellular events, rather than the simple sum of hepatic insults, 
result in different pathways leading to steatosis or NASH[35]. In order to overcome 
the shortcomings, the ‘multiple hit’ theory for pathogenesis of NAFLD has been 
proposed. Such hits include IR, hormones from the adipose tissue, nutritional factors, 
gut microbiota, and genetic and epigenetic factors[36].

IR has been highlighted as one of the key events occurring in NAFLD and diabetes, 
but difficulty lies in establishing if it is the cause or the consequence[37]. The link 
between diabetes and NAFLD can be described by a spectrum of metabolic changes 
represented by IR, defective hepatic lipid profile and TAG metabolism causing fat 
accumulation, immune responses, and/or subsequent hyperinsulinemia as 
determined by the β-cell dysfunction in diabetes[37].

Presence of IR in NAFLD has also been substantiated in one study which showed 
that lean non-diabetic men with increased liver fat (as quantified by MRS) had both 
hepatic and adipose tissue IR along with impaired insulin suppression of glucose 
production and serum FFAs, when compared with subjects matched for both body 
mass index (BMI) and intra-abdominal fat but having low levels of hepatic fat[38].
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IR and the liver
IR causes decrease in the rate of glycogen synthesis, along with increased rate of 
gluconeogenesis in liver[30]. The increase in intrahepatic glucose and resultant 
glycolysis provide substrates for DNL. There is increased production of acetylCoA 
which gets converted to malonylCoA that gets sequestered towards DNL as a 
substrate, thereby leading to hepatic steatosis[30]. Transcriptional regulation of DNL is 
primarily orchestrated by the sterol regulating element binding protein 1c (SREBP1c)
[39]. Glucose and insulin promote lipogenesis through activation of the carbohydrate 
response element binding protein (ChREBP) and SREBP1c[39]. In states of IR, SREBP-
1c is over-expressed and DNL is up-regulated[40]. SREBP1c can enhance the 
generation of harmful lipid molecules, such as diacylglycerol and ceramides, which 
further enhance IR. This results in a positive feedback loop in which hepatic DNL 
helps IR and IR stimulates hepatic DNL[41]. Also, β-oxidation of FFAs is inhibited in 
IR states, further promoting accumulation of hepatic lipids[42]. Excess of stored fat 
leads to abnormal lipid peroxidation and release of pro-inflammatory cytokines, high 
reactive oxygen species, and reactive nitrogen species causing liver disease[37]. The 
role of abnormal adipocyte and liver macrophage activity has also been highlighted in 
research models[37].

FFAs in the hepatocytes can induce defects in insulin signaling pathways through 
serine-kinase activation, thereby contributing to the IR[43]. Further, the increased 
FFAs released, due to excessive intra-hepatic TAGs, cause hepatic IR and inflam-
mation[44], and localized intrahepatic inflammation can contribute to peripheral IR
[45]. In addition to this, an increase in circulating FFAs impairs the ability of insulin to 
suppress endogenous glucose production and may directly enhance hepatic glucose 
production[25]. This explains why hepatic steatosis resolution can prevent diabetes 
onset[46].

IR and adipose tissue
IR by its action on adipose tissue, causes lipolysis, increasing the flux of FFAs to the 
liver. The adipocyte tissue becomes inflamed and dysfunctional and releases 
adipokines and inflammatory cytokines, such asinterleukin-6 and tumor necrosis 
factor (TNF)α-1, and there is decreased release of anti-inflammatory adiponectin[47]. 
The imbalance between pro-insulin (adiponectin, leptin) and anti-insulin (TNFα) 
cytokines further helps in the development of IR[48]. A novel adipokine, Gremlin 1, 
that antagonizes insulin signaling is positively correlated with the percentage of body 
fat and IR in diabetes and NAFLD/NASH subjects, and may become a potential 
biomarker or therapeutic target in the future[49].

Other mechanisms behind association of NAFLD and diabetes
Some researchers have proposed that chronic hyperglycemia (“glucose toxicity” or 
glucotoxicity), especially in patients with diabetes, may play an important role in 
development of NASH, further underscoring the interplay between NAFLD and 
diabetes[50]. Proposed mechanisms that need to be validated include hepatic inflam-
mation and oxidative stress due to hyperglycemia, accelerated production of advanced 
glycosylation end-products and development of inflammation in Kupffer and hepatic 
stellate cells, alteration of the hepatocyte microenvironment by glucotoxicity, up-
regulation by hyperglycemia of genes involved in key lipogenic and glycolytic 
pathways (such as the transcription factor ChREBP, stimulation of liver-pyruvate 
kinase, and many others), activation by high-fructose diets of DNL, along with up-
regulation of inflammatory pathways[50]. Some theories also suggest that gut 
microbiome alteration and dietary habits are other mechanisms that induce and 
maintain diabetes and/or NAFLD[51].

As research to unravel the pathophysiological correlation between NAFLD and 
diabetes continues, the role of a new ‘liver-pancreas’ axis, existing between the liver 
and pancreatic α-cells, has emerged[52]. Pancreatic α-cells are known to secrete 
glucagon[53]. A study has shown that normal glucose-tolerant obese patients have 
fasting hyperglucagonemia, which is related to liver steatosis[53]. It has also been 
shown that besides hepatic IR, glucagon resistance can also putatively contribute to 
diabetes development in NAFLD patients[54].

Figure 1 schematically illustrates the pathophysiologic association between NAFLD 
and diabetes.

Many studies in NAFLD patients have also highlighted that both genetic and 
environmental factors interfere with the insulin signaling cascade and become cardinal 
in maintaining and worsening of IR[36]. Various molecular mechanisms that may be 
involved include serine phosphorylation of ‘insulin receptor substrate’ by inflam-
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Figure 1 Pathophysiologic association between diabetes and non-alcoholic fatty liver disease. NAFLD: Non-alcoholic fatty liver disease.

matory signal transducers, such as c-Jun N-terminal protein kinase 1 or inhibitor of 
nuclear factor-jB kinase-b, activation of nuclear factor kappa B and suppressors of 
cytokine signaling[36].

It is interesting to note that not all studies show the positive relationship of diabetes 
and NAFLD. Recently, few genotype/phenotype-related studies have shown a dispro-
portional development of diabetes in patients of NAFLD having specific gene variants, 
such as the patatin-like phospholipase domain-containing 3 (PNPLA3 rs738409 GG) 
and transmembrane 6 superfamily member 2 protein (TM6SF2 rs58542926 C>T gene)
[55]. Other NAFLD-related gene variants, such as LYPLAL1 and MBOAT7, have also 
shown no increase in the risk of diabetes in these patients[55].

NATURAL HISTORY AND DISEASE SPECTRUM OF NAFLD AND 
DIABETES
While the pathophysiologic association of diabetes and NAFLD is partly because of 
the “common soil”, the clinical course of the two entities appears to be like an 
inextricably intertwined vine. NAFLD, as a disease, has been studied for many years 
and is broadly divided into two pathologically distinct conditions with different 
prognoses, namely: non-alcoholic fatty liver (NAFL) (i.e. pure steatosis or steatosis 
with mild lobular inflammation) and NASH[15]. The latter encompasses a wide 
spectrum of disease, including fibrosis and cirrhosis, and may be associated with 
hepatocellular carcinoma (HCC). NASH is further sub-classified as early NASH with 
no or mild (F0-F1) fibrosis, fibrotic NASH with significant (≥ F2) or advanced (≥ F3, 
bridging) fibrosis and NASH-cirrhosis with F4 fibrosis[15]. It is often difficult to differ-
entiate NAFL from the progressive NASH, as patients are usually asymptomatic with 
normal liver enzyme levels, and imaging tests may at times fail to identify the steatosis 
and fibrosis[56,57]. Various studies have highlighted that about one-third patients 
with NAFL and NASH have progressive fibrosis and 20% may have some regression 
over an average follow-up between 2.2 and 13.8 years[58]. The rate of fibrosis 
progression has been found to be characteristically slow, with an average progression 
of one stage taking 7.7 years[58]. While the rate of progression in NASH subjects may 
be twice as high, there exists a sub-group of both NASH and NAFL patients who may 
progress rapidly from no fibrosis to advanced fibrosis over an average period of 6 
years[58].

Diabetes in patients with NAFLD
It has been observed that individuals with diagnosed NAFLD have a 2-fold increased 
risk of developing diabetes[59]. The prevalence of diabetes among diagnosed NAFLD 
and NASH patients is estimated to be 22.51% and 43.63%, respectively, which is much 
higher as compared to the prevalence of diabetes in the general population (8.5%)[60]. 
A study from India, conducted on 515 NAFLD patients, showed that the prevalence of 
diabetes and prediabetes in the cohort was about 24% and 23% respectively[61]. 
Diabetes seems to accelerate the course of NAFLD, and has also been found to be one 
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of the strongest clinical predictors of progression of NAFLD to NASH and cirrhosis
[62]. Furthermore, a strong pathophysiological link also exists between diabetes and 
HCC. The increased levels of inflammatory biomarkers and hyperinsulinemia, that are 
found in diabetics, may be responsible for the increased risk of HCC[63].

NAFLD in patients with diabetes 
Increasing epidemiological evidence suggests that there is a bidirectional relationship 
between NAFLD and diabetes and that NAFLD may precede and/or promote the 
development of diabetes[64]. On evaluating and analyzing patients with diabetes, 
several studies have reported that the prevalence of NAFLD in these patients ranges 
broadly, between 34%-94%[65]. The prevalence of NAFLD is higher not just in 
diabetics but also in those at risk of developing diabetes[66]. These patients can be 
identified as having glycosylated hemoglobin A1c (HbA1c) values of 5.7%–6.4% 
(38.8–46.4 mmoL/moL), impaired fasting glucose (fasting glucose: 100–125 mg/dL 
[5.55–6.94 mmoL/L]) and/or impaired glucose tolerance (glucose: 140–199 mg/dL 
[7.77–11.04 mmoL/L]) at 2 h of the standardized 75 g oral glucose tolerance test 
(OGTT)[66]. Interestingly, insulin treatment, that increases body fat, does not appear 
to promote or worsen NAFLD in diabetics[67]. A study has shown the estimated 
prevalence of NASH and advanced fibrosis in individuals with coexisting NAFLD and 
diabetes to be 37.3% (95% confidence interval [CI]: 24.7–50.0) and 17.0% (95%CI: 
7.2–34.8), respectively[68]. Further, the overall mortality ratio in 5–10 years was found 
to be of 585 per 100000, which was greater than mortality from other CLDs[68].

In patients with diabetes, NAFLD is believed to increase the risk of cardiovascular 
events by 1.87-fold after adjusting for confounders[69]. Co-existent NAFLD may also 
increase the risk of microvascular complications of diabetes, including chronic kidney 
disease and retinopathy[70]. Growing evidence shows that besides its effect on the 
liver, NAFLD in diabetics may also lead to development of sensory-motor and 
autonomic neuropathy[71,72].

Thus, a careful consideration and evaluation of diabetes in patients with NAFLD 
(NAFL/NASH) and vice versa not only helps in prognostication and therapy but also 
has a potential to prevent associated complications.

EVALUATION OF DIABETICS WITH NAFLD
Before discussing the moot point of when to refer a diabetic with NAFLD to a hepato-
logist, it is essential to understand that NAFLD and diabetes are like a “two-way 
road”; detection of one entity in patients of the other can immensely help in reducing 
the disease burden of both. Patients with NAFLD have a significantly higher 
prevalence of abnormal glucose tolerance (prediabetes or diabetes) than those without 
NAFLD (20.6% vs 11%)[73]. It is therefore possible to decrease incident diabetes with 
improvement of NAFLD[46]. In view of this, European associations (EASL-EASD-
EASO) in their guidelines have recommended mandatory screening for diabetes in all 
persons with NAFLD, by fasting or random blood glucose or HbA1c and if available, 
by the standardized 75-g OGTT in high-risk groups[15].

It was observed that diabetics with other components of metabolic syndrome were 
at a higher risk of having advanced CLD, thereby requiring further liver assessment
[74]. It was found that development of NAFLD and, in particular, NASH-related 
fibrosis can have profound effects on morbidity and mortality in diabetics[60,75]. 
Studies have shown that steatosis in diabetics is associated with increased prevalence 
of altered albumin excretion rate, thus playing an important role in the development of 
diabetic nephropathy[76]. The earlier NICE NAFLD Guidelines of 2016 did not give 
any recommendations for screening of patients with diabetes for liver fibrosis, but 
with mounting evidence, this saw a gradual change.

Various non-invasive indicators were approved by the EASD for NAFLD diagnosis. 
These include NAFLD liver fat score, the fatty liver index (FLI)[77], fibrosis-4 index 
(FIB-4) and NAFLD fibrosis score (NFS)[78]. Besides, SteatoTest, NashTest, ActiTest 
and FibroTest too are handy tools in quantifying liver steatosis and fibrosis[79]. 
FibroScan®, a frequently used non-invasive test for liver stiffness measurement (LSM), 
can not only help to detect and stage fibrosis in NAFLD/NASH but can also predict 
macrovascular and microvascular complications of diabetes[80,81]. Experts have also 
proposed the use of intrahepatic TAG measurement with magnetic resonance 
imaging-derived proton density fat fraction as a standard test for detecting and 
grading hepatic steatosis[82,83]. Separation of diabetes patients with the relatively 
benign form of the disease (NAFL), from those who have NASH (with or without 
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moderate-to severe fibrosis [F2]) requiring early intervention, has always been seen as 
a big challenge[84].

The gold standard for NAFLD diagnosis is liver biopsy. But this procedure, which 
requires specialist referral, being invasive and having several drawbacks, such as 
sampling error, high cost, inter- and intra- observer variability and risk of complic-
ations[85], cannot be applied to all the patients. In order to not miss at-risk patients 
while focusing on suitable and sustainable hepatologist referral, in 2016, the EASL-
EASD-EASO guidelines were published[15]. It was recommended that in case of 
presence of obesity/diabetes or the incidental finding of raised liver enzymes with 
metabolic risk factors, patients should promptly be evaluated with non-invasive 
screening tests to identify steatosis, NASH, and fibrosis[15]. They suggested 
ultrasound evaluation along with application of steatosis biomarkers like FLI, 
SteatoTest, NAFLD Fat score to identify steatosis. Surrogate markers of fibrosis (NFS, 
FIB-4, ELF or FibroTest) are then to be calculated, in order to rule out significant 
fibrosis (≥ F2), which, if found, would mandate specialist referral for evaluation with 
or without liver biopsy[15].

In 2020, the American Diabetes Association also recommended checking for NASH 
and fibrosis in patients with elevated liver enzymes[86]. It was proposed that patients 
with type 2 diabetes or prediabetes and elevated liver enzymes (alanine aminotrans-
ferase [ALT]) or fatty liver on ultrasound should be evaluated for presence of NASH 
and liver fibrosis[86].

One study evaluated the performance of international (EASL-EASD-EASO) and 
national (DGVS) guidelines for NAFLD risk stratification in diabetic patients and 
compared it to their simplified referral strategy using Fibroscan-AST (FAST) score[87]. 
LSM values by FibroScan® in diabetics were defined as low (< 7.9/7.2kPa M/XL 
probe), intermediate (7.9–9.6/7.2–9.3kPaM/XL-probe) and high (> 9.6/9.3kPaM/XL 
probe)[87]. EASL-EASD-EASO recommended specialist referral for 60%–77% of the 
subjects depending on the fibrosis score, whereas the DGVS algorithm required LSM 
for 76%; 25% were referred for specialized care. The sensitivities of the diagnostic 
pathways were 47%–96%. The FAST score, when compared to these, revealed a 
sensitivity/specificity of 46V/88% for fibrosis risk and a specialist referral rate of 35%
[87].

Thus, despite the societal guidance, debate continues as there is still no clarity as to 
which test is to be applied first and the suitable cut-offs that can be used so that the 
screening is simple, inexpensive with reasonable sensitivity and specificity.

With regards to the cut-off values used for plasma ALT concentration, studies have 
shown that although a threshold of 40 IU/L is frequently used in clinical practice and 
trials, lower cut-off points for normal (i.e. 30 IU/L for males and 19 IU/L for females) 
can improve the sensitivity of diagnosing prevalence of NAFLD[88]. Also, despite 
studies showing association of increased ALT values with increased risk of NASH, it 
has been found that, in some patients, especially those with diabetes and IR, NASH 
with/without advanced fibrosis may occur even when the ALT values are normal[89]. 
Thus, we cannot consider liver function test as a surrogate for disease severity in 
diabetics and relying solely on it may lead to missing of advanced liver disease cases.

As for abdominal ultrasonography, it is operator-dependent and is insensitive to 
mild steatosis[90]. When compared to this, Controlled Attenuation Parameter 
measurement by FibroScan can detect liver fat involving as little as 10% of the 
hepatocytes[91-93], thereby avoiding underreporting or missing cases. Various indices, 
such as FLI and hepatic steatosis index (HSI), have also been found useful in 
predicting hepatic steatosis. It has been shown that FLI < 30 can rule out hepatic 
steatosis with a sensitivity of 87% and a value of FLI ≥ 60 can help rule in hepatic 
steatosis with a specificity of 86%[77]. HSI, on the other hand, at values of < 30 or > 
36.0, can rule out NAFLD with a sensitivity of 93.1% or detect NAFLD with a 
specificity of 92.4%, respectively[94].

Studies have also evaluated performance of other non-invasive scores such as 
aspartate aminotransferase (AST) to platelet ratio, FIB-4 and NFS that are used for 
evaluation of fibrosis while considering referral to hepatologist. Table 1 depicts a few 
of these non-invasive models that have been used for the evaluation of steatosis and 
fibrosis in patients of diabetes with NAFLD. In one study, FIB-4 and NFS models had a 
high negative predictive value (NPV) of 93.48% and 93.61%, respectively in patients 
with severe liver fibrosis (stages 3 and 4), thereby indicating that these models should 
actually only be used for excluding severe liver disease[95]. These scores also show 
lower specificity among older adults and lower accuracy in young adults[96]. It was 
found that the use of age-adjusted FIB-4 cut-offs can lead to appropriate referrals[97]. 
It was proposed that for those over the age of 65 years, a FIB-4 score of > 2.0 should be 
used as the cut-off for referral[96,98].
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Table 1 Few available non-invasive models for evaluating steatosis and fibrosis in patients of diabetes with non-alcoholic fatty liver 
disease

Index Components Cut-offs Sensitivity, % Specificity, %

Steatosis

< 30 87.0 64.0FLI[77] WC, BMI, TG and GGT

≥ 60 61.0 86.0

< 30 93.1 39.6HSI[94] AST, ALT, BMI, diabetes, female sex

> 36 45.1 92.4

Fibrosis (stage 2, 3 or 4)

APRI[95] AST and platelet count 0.518 50.00 89.19

FIB-4[95] Age, AST, ALT and platelet count 1.743 63.33 94.59

NFS[95] Age, BMI, IFG and diabetes, AST-to-
ALT ratio, platelet count and 
albumin

-0.054 50.00 86.21

Formulae: FLI = (e0.953*loge (TG) + 0.139*BMI + 0.718*loge (GGT) + 0.053*WC- 15.745)/(1 + e0.953*loge (TG) + 0.139*BMI + 0.718*loge (GGT) + 0.053*WC - 15.745)*100[77]; HSI = 8 × (ALT/AST 
ratio) + BMI (+ 2, if female; + 2, if diabetes mellitus)[94]; APRI = {[AST(U/L)/upper limit of normal AST (U/L)] × 100/platelet count (109/L)}[95]; FIB-4 = 
Age (years) × AST (U/L)/[platelet count (109/L)  × ALT1/2 (U/L)][95]; NFS = − 1.675 + 0.037 × age (years) + 0.094 × BMI (kg/m2) + 1.13 × IFG/diabetes 
(yes = 1, no = 0) + 0.99 × AST/ALT ratio– 0.013 × platelet count (109/L) – 0.66 × albumin (g/dL)[95]. ALT: Alanine aminotransferase; AST: Aspartate 
aminotransferase; APRI: Aspartate aminotransferase-to-platelet ratio; BMI: Body mass index; FIB-4: Fibrosis-4 score; FLI: Fatty liver index; GGT: Gamma-
glutamyltransferase; HG: Haptoglobins; HSI: Hepatic steatosis index; IFG: Impaired fasting glucose; NFS: Non-alcoholic fatty liver disease fibrosis score; 
TG: Triglyceride; WC: Waist circumference.

The NASH Council, in their study, proposed that a patient who has a FIB-4 score of 
> 1.3 be referred to a specialist and for those that have a score ≤ 1.3 undergo lifestyle 
intervention with their primary provider[97,99]. Indian researchers have found that 
among patients of NAFLD, a FIB-4 cut-off of 1.0 instead of 1.3, showed 100% 
sensitivity and 94.3% specificity to rule out any fibrosis (F0 vs F1-F4) validated vs MRE 
in a cohort of 239 NAFLD patients, thus leading to inclusion of patients with F2 
fibrosis in the primary care referral pathway[100]. However, validation of this is 
needed in diabetics and a larger patient cohort is needed to be further evaluated[100].

Another study that derived data from NASH Clinical Research Network studies 
and included patients with biopsy-proven NAFLD with diabetes, proposed a different 
model for NASH evaluation[101]. The parameters included were White race, BMI, 
waist circumference, ALT, AST, albumin, HbA1c, HOMA-IR and ferritin[101]. The 
specificity, sensitivity, NPV and pars plana vitrectomy (PPV) were 90.0%, 56.8%, 
47.7%, and 93.2%, respectively, and the model correctly classified 67% of patients as 
having NASH[101]. The researchers also proposed a model for predicting advanced 
fibrosis using the parameters- age, Hispanic ethnicity, BMI, waist-to-hip ratio, 
hypertension, ALT/AST ratio, alkaline phosphatase, isolated abnormal alkaline 
phosphatase, bilirubin (total and direct), globulin, albumin, serum insulin, hematocrit, 
international normalized ratio, and platelet count. The specificity, sensitivity, NPV, 
and PPV were 90.0%, 57%, 75.1%, and 80.2%, respectively, and the model correctly 
classified 76.6% of patients as having advanced fibrosis[101]. It was concluded that 
proposed model performed better than the NAFLD fibrosis score in detecting 
advanced fibrosis[101].

Based on the extensive review of the literature and pertaining to this ongoing debate 
of how best to manage diabetic patients with NAFLD, we propose a screening protocol 
that takes into account not only the current societal guidance but also the results of 
ongoing research. We believe that instead of only those diabetics who are at 
intermediate or high risk of having NAFLD, all diabetics must be evaluated using a 
baseline ultrasound abdomen and liver function test along with non-invasive markers 
as per the algorithm shown in Figure 2. However, more studies with larger patient 
cohorts are needed to further explore this simplified algorithm and for further re-
strategizing the screening protocols.

Surveys in the Netherlands[102] and an urban western United States population
[103] have shown that 84% of general practitioners and 83% of largely primary care 
providers respectively have endorsed the need for increased awareness and 
knowledge on NAFLD.
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Figure 2 Algorithm for referral of diabetics with non-alcoholic fatty liver disease to hepatologist. ALT: Alanine aminotransferase; AST: Aspartate 
aminotransferase; CAP: Controlled attenuation parameter; FIB-4: Fibrosis-4 score; FLI: Fatty liver index; HSI: Hepatic steatosis index; LFT: Liver function test; LSM: 
Liver stiffness measurement; NAFLD: Non-alcoholic fatty liver disease; USG: Ultrasonography.

In diabetics with NAFLD, lifestyle interventions and weight loss have been found to 
be the most beneficial therapeutic strategies[104]. In a few randomized controlled 
trials, drugs such as pioglitazone, a potent and selective agonist for peroxisome prolif-
erator-activated receptor-gamma, have also been consistently found to induce 
resolution of NASH and have shown modest effects on liver fibrosis[50,105]. Also, 
contrary to the popular belief that statins cannot be used in diabetics with NASH with 
elevated liver enzymes due to potential risk of hepatotoxicity, it has been shown that 
statin therapy is safe in these patients[106]. Trials are underway for evaluating efficacy 
of other treatment options.

CONCLUSION
As the prevalence of NAFLD in diabetics is substantial, and due to the influence of 
each disease on the other with regards to disease progression, the role of primary care 
physicians and diabetologists becomes pivotal. A knowledge of preventive measures 
and available treatment is needed in order to manage the milder disease forms at 
primary care level only. Diabetics must be monitored for NAFLD/NASH with a 
vigilant eye, similar to the way the other complications of diabetes, like retinopathy 
and nephropathy, are screened. This proactive approach of screening will surely help 
in not only prevention but also in early detection of the more sinister and progressive 
disease form, despite its benign phenotype. Where indicated, a prompt referral to 
hepatologists can make the patient turn the corner and can thereby attenuate the 
development of more severe forms of NASH, including cirrhosis and even HCC.
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Abstract
Gestational diabetes mellitus (GDM) is a common complication of pregnancy and 
a serious public health problem. It carries significant risks of short-term and long-
term adverse health effects for both mothers and their children. Risk factors, 
especially modifiable risk factors, must be considered to prevent GDM and its 
consequences. Observational studies have identified several nutritional and 
lifestyle factors associated with the risk of GDM. The results of intervention 
studies examining the effects of diet and lifestyle on the prevention of GDM are 
contradictory. Differences in the study populations, types and intensity of 
intervention, time frame of the intervention, and diagnostic criteria for GDM may 
explain the heterogeneity in the results of intervention studies. This review 
provides an overview of new diets and other factors that may help prevent GDM. 
The main results of epidemiological studies assessing the risk factors for GDM, as 
well as the results and methodological problems of intervention studies on the 
prevention of GDM and their meta-analyses, are discussed. In addition, the 
evidence that gene and lifestyle interactions influence the development of GDM, 
as well as prospects for increasing the effectiveness of interventions designed to 
prevent GDM, including new data on the possible uses of personalized diet 
therapy, are highlighted.

Key Words: Gestational diabetes mellitus; Risk factors; Nutrition; Prevention; Personalized 
medicine; Postprandial glycemic response
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Core Tip: Gestational diabetes mellitus (GDM) is a common complication of pregnancy 
and a serious public health problem. This review provides an overview of new diets 
and other factors that may help prevent GDM. The main results of epidemiological 
studies assessing the risk factors for GDM, as well as the results and methodological 
problems of intervention studies on the prevention of GDM and their meta-analyses, 
are discussed. In addition, prospects for increasing the effectiveness of interventions 
designed to prevent GDM, including new data on the possible use of personalized diet 
therapy, are highlighted.
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INTRODUCTION
Gestational diabetes mellitus (GDM) is a common complication of pregnancy affecting 
approximately one in five pregnant women, according to the criteria of the Interna-
tional Association of the Diabetes and Pregnancy Study Groups (IADPSG)[1].

The problem of GDM prevention has attracted increasing attention from researchers 
in recent years, given the numerous short-term and long-term adverse effects 
associated with GDM on both mothers and their offspring. For women, GDM is 
associated with an increased risk of preeclampsia during pregnancy[2] and a 
significantly increased risk of type 2 DM (T2D) and comorbidities such as cardio-
vascular disease after pregnancy[3]. Intrauterine hyperglycemia in pregnancy 
potentially affects many aspects of offspring health throughout their lives. For 
example, babies born to mothers with GDM are more likely to be large for gestational 
age and thus are more likely to suffer from birth trauma[2]. Intrauterine 
hyperglycemia in mothers with GDM is an important factor in programming the 
predisposition to obesity, DM and cardiovascular disease in offspring[4-6]. The 
maintenance of a normal glycemic level in pregnancy is necessary to prevent adverse 
pregnancy outcomes and to interrupt the vicious cycle of the transmission of a predis-
position to metabolic diseases in subsequent generations[7].

RISK FACTORS FOR GDM
Changes in hormones and glucose metabolism associated with the development of 
GDM during pregnancy must be understood to prevent adverse outcomes such as T2D
[8]. GDM occurs when insulin receptors are unable to respond adequately to changes 
in blood glucose levels due to the influence of hormones produced by the placenta 
during pregnancy, such as human placental lactogen. This insufficient response, in 
turn, causes an increase in blood glucose levels. Because of the similarities in the 
underlying pathophysiological and risk factors for GDM and T2D, factors that are 
effective in preventing T2D may also be successful in preventing GDM.

Some risk factors for GDM, such as advanced maternal age[9], a family history of 
T2D[10], polycystic ovarian syndrome[11], hypothyroidism[12], previous diagnosis of 
GDM, history of fetal macrosomia, overweight and obesity, are well known[13].

Fasting glycemia in the first trimester of 5.1 mmol/L or higher is a diagnostic 
criterion for GDM, according to the IADPSG recommendations[14], which have 
subsequently been adopted by most international organizations, although they are not 
recognized by influential medical organizations in some countries[15]. In a prospective 
observational study of pregnant women, we found that in 33% of women presenting 
first trimester fasting glycemia in the range of 5.1 mmol/L to 5.6 mmol/L, the 
diagnosis of GDM was confirmed by a subsequent oral glucose tolerance test (OGTT) 
at 24-32 wk of pregnancy[16].

Genetic factors also contribute to the etiology of GDM. Several genes have been 
identified as associated with the development of GDM, including polymorphic 
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variants of the melatonin receptor 1B (MTNR1B) gene, glucokinase (GCK), 
transcription factor 7 (TCF7L2), potassium internal rectifying channel (KCNJ11), 
regulatory subunit 1 related protein (CDKAL1), insulin-like growth factor 2 binding 
protein 2 (IGF2BP2), fat mass and obesity-associated protein (FTO), and insulin 
receptor substrate 1 (IRS1)[17-21]. However, different genes may play a predominant 
role in the pathogenesis of GDM in different populations. Our previous study has 
confirmed the association of the rs10830963 variant in the MTNR1B gene and 
rs1799884 variant in the GCK gene with GDM in Russian women[22].

New data also suggest a possible contribution of environmental factors to the 
etiology of GDM. For example, exposure to perfluorooctanoic acid, an endocrine-
disrupting substance often present in some carpet-cleaning fluids, microwave corn 
packets, and some culinary products, has been shown to be positively associated with 
the risk of GDM[23].

In addition to these risk factors, data from numerous epidemiological studies 
indicate that dietary and lifestyle factors, both before and during pregnancy, are 
associated with the risk of developing GDM and play a key role in the treatment of 
GDM. This review will discuss the results of prospective cohort studies and 
randomized clinical trials (RCTs) on the effectiveness of dietary modifications in 
preventing GDM.

EVIDENCE FROM OBSERVATIONAL STUDIES ON THE ASSOCIATION OF 
PRENATAL NUTRITION WITH THE RISK OF GDM
A major contribution to the accumulation of data on the association of preconceptional 
nutrition with the risk of GDM was the Nurses' Health Study II, which included 14437 
nurses who have been followed in the United States since 1989 and became pregnant 
during the follow-up period[24-32]. A number of prepregnancy nutritional parameters 
were significantly associated with the risk of developing GDM: Sugary drinks[24], 
heme iron intake[25], fried foods[26], animal fat[27], animal protein[28], a diet low in 
carbohydrates but high in animal fat and protein[29], and a general Western diet high 
in red meat and processed meat, refined grain products, sweets, fries, and pizza[30]. 
For example, the risk of developing GDM increased 1.6-fold [relative risk (RR) 1.61; 
95% confidence interval (CI): 1.25-2.07] with the consumption of one serving of red 
meat per day. Potential factors for reducing the risk of GDM included a “prudent diet” 
characterized by a high intake of fruit, green leafy vegetables, poultry, and fish[30], a 
Mediterranean diet[31], nut consumption[28] and fiber intake[32].

Similar data were obtained in the Australian population, where the "meat, snacks 
and sweets" type of diet was associated with an increased risk of developing GDM, 
and the Mediterranean type of diet was associated with a decreased risk of developing 
GDM[33].

Our data obtained in a survey of Russian women are consistent with the results of 
the aforementioned studies: high consumption of processed meat in the form of 
sausages was associated with an increased risk of GDM, and higher consumption of 
legumes and fruit was associated with a decreased risk of GDM[22].

Women who develop GDM have impaired β-cell function and insulin resistance, 
which limits their ability to cope with the metabolic problems of pregnancy[34]. 
Additionally, iron is an active transition metal and a strong pro-oxidant that promotes 
the formation of hydroxyl radicals, increasing oxidative stress. Pancreatic b-cells are 
particularly sensitive to oxidative stress because of their weak antioxidant defenses
[35]. Nevertheless, following a healthy diet, such as a Mediterranean diet, may reduce 
the risk of GDM. Common components of healthy dietary options include fruits and 
vegetables, relatively small amounts of red and processed meats, and high-quality, 
slow-absorbing carbohydrates. Fruits and vegetables, in particular, have many 
antioxidant properties, in addition to providing fiber and micronutrients such as 
magnesium and vitamin C. The combination of all these factors has been shown to 
protect against metabolic disorders by counteracting free radicals and reducing 
systemic oxidative stress[36]. The main results of the reviewed observational studies 
on the association between prenatal nutrition and the risk of GDM are summarized in 
Table 1.
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Table 1 Summary of observational studies on the association of prenatal nutrition with the risk of gestational diabetes mellitus

Ref. Population, 
sample size Nutritional factors/diet pattern Comparison RR/OR of GDM 

(95%CI)

Zhang et al[32], 
2006

13110 United States 
women

Fiber intake Highest vs lowest quintile RR 0.67 (0.51-
0.90)

Western diet high in red meat and processed meat, 
refined grain products, sweets, fries, and pizza

Highest vs lowest quintile RR 1.63 (1.20-
2.21)

Zhang et al[30], 
2006

13110 United States 
women

“Prudent diet” characterized by high intake of fruit, green 
leafy vegetables, poultry, and fish

Lowest vs highest quintile RR 1.39 (1.08-
1.80)

Chen et al[24], 
2009

13475 United States 
women

Sugar-sweetened cola 5 servings per week vs < 1 
serving per month

RR 1.22 (1.01-
1.47)

Bowers et al[25], 
2011

13475 United States 
women

Heme iron intake Highest vs lowest quintile RR 1.58 (1.21-
2.08)

Bowers et al[27], 
2012

13475 United States 
women

Animal fat Highest vs lowest quintile RR 1.88 (1.36-
2.60)

Tobias et al[31], 
2012

15254 United States 
women

Mediterranean diet Highest vs lowest quartile RR 0.76 (0.60-
0.95)

Bao et al[28], 2013 15294 United States 
women

Animal protein Highest vs lowest quintile RR 1.49 (1.03-
2.17)

Bao et al[26], 2014 15027 United States 
women

Fried foods > 7 times per week vs < 1 time 
per week

RR 1.88 (1.34-
2.64)

Bao et al[29], 2014 15265 United States 
women

Diet low in carbohydrates but high in animal fat and 
protein

Highest vs lowest quartile RR 1.36 (1.13-
1.64)

'Meats, snacks and sweets' pattern Bottom and top tertiles of 
dietary pattern scores

RR 1.35 (0.98-
1.81).

Schoenaker et al
[33], 2015

3853 Australian 
women

'Mediterranean-style' pattern Bottom and top tertiles of 
dietary pattern scores

RR 0.85 (0.76-
0.98)

Sausage > 3 times per week vs less than 
once per week

OR 2.2 (1.2-4.1)Popova et al[22], 
2017

457 Russian women

Legumes 1-2 times per week vs less 
frequent consumption

OR 0.58 (0.36-
0.94)

RR: Relative risk; OR: Odds ratio; CI: Confidence interval; GDM: Gestational diabetes mellitus.

EVIDENCE FROM OBSERVATIONAL STUDIES ON THE RELATIONSHIP 
BETWEEN NUTRITION DURING PREGNANCY AND THE RISK OF GDM
The evidence from observational studies on the relationship between diet during 
pregnancy and the risk of GDM is mixed, and a wide variety of methods for assessing 
dietary habits have been developed (isolating certain types of diet and consumption of 
specific nutrients or foods). However, several studies suggest that adherence to a 
Mediterranean diet during pregnancy may reduce the risk of developing GDM by 15-
38%. In a multicenter study of 10 Mediterranean countries, the incidence of GDM was 
lower in women with better adherence to the Mediterranean diet during pregnancy 
(with a higher Mediterranean diet index score) by approximately 35%-38%: 8.0% vs 
12.3%, odds ratio (OR) = 0.618, P = 0.030 when using the American Diabetes 
Association (ADA 2010) criteria and 24.3% vs 32.8%, OR = 0.655, P = 0.004 using the 
IADPSG 2012 criteria[37].

The St. Carlos GDM Prevention Study[38] also showed that among 874 Spanish 
women, high adherence to the Mediterranean diet was associated with a reduced risk 
of GDM (OR 0.35; 95%CI: 0.18-0.67) compared with women with low adherence.

However, differences in the definition of what exactly constitutes a "traditional" 
Mediterranean diet exist because of the differences between different Mediterranean 
regions. Typically, a "traditional" Mediterranean diet is characterized by large amounts 
of fruits, vegetables, legumes, nuts, unprocessed grains and cereals, extra virgin olive 
oil, moderate amounts of fish and wine, and small amounts of meat with few foods 
containing "empty calories"[39]. Higher consumption of red or processed meat prior to 
pregnancy is associated with an increased risk of developing GDM. Two meta-
analyses in a healthy adult population showed that the consumption of processed 
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meat was associated with a higher risk of coronary heart disease (42%) and T2D (19%-
32%)[40,41]. The proposed mechanism of coronary heart disease and T2D includes 
excess sodium and oxidative stress due to high levels of iron and glycation end 
products[41], but it requires further study. Because the traditional Mediterranean diet 
is characterized by low meat intake, the diet has been shown to be beneficial for 
preventing GDM.

A large cohort study from China including 3,063 pregnant women analyzed the 
association of four diets (vegetable, protein-rich, "prudent", and "sweets and seafood") 
with the risk of GDM. The vegetable type of diet was associated with a decreased risk 
of GDM, whereas the "sweets and seafood" type of diet was associated with an 
increased risk of GDM[42].

Similarly, in another Chinese prospective cohort study of 1014 women [mean 
prepregnancy body mass index (BMI) < 23 kg/m2], a "traditional dietary pattern" (high 
consumption of vegetables, fruits, and rice) was associated with a lower risk of GDM 
[0.40 (95%CI: 0.23-0.70)][41]. Meanwhile, a diet rich in whole-grain foods and seafood 
was associated with an increased risk of developing GDM [OR 1.73 (95%CI: 1.10-274)]
[43]. This finding contradicts the results of previous studies[44] and may be due to the 
older age of the women who followed this type of diet, which is generally considered 
healthier.

Another study from China including 6,299 pregnant women showed that higher 
intake of total protein and animal protein in mid-pregnancy was associated with an 
increased risk of GDM (RR 1.92, 95%CI: 1.10-3.14, P = 0.04)[45].

In our study, which included 266 women with GDM and 414 pregnant women 
without GDM, only higher fruit consumption (more than 12 servings per week) was 
associated with a reduced risk of GDM among the nutritional factors analyzed during 
pregnancy[22]. The association between high fruit consumption and a lower risk of 
developing GDM may be explained by several potential mechanisms. First, fruit is rich 
in fiber, which may reduce obesity and improve insulin sensitivity[46]. In addition, 
fiber consumption may delay gastric emptying and delay digestion and assimilation, 
resulting in lower plasma glucose levels after a meal[46,47]. In addition, fruits are rich 
in polyphenols and other antioxidant components, such as vitamin C, vitamin E and 
carotenoids[48,49]. These compounds may reduce the risk of GDM by reducing 
oxidative stress, which interferes with glucose uptake by cells.

Meanwhile, a Norwegian prospective study did not observe differences in diet 
among 702 women (of whom 40 had GDM) who developed GDM and those who did 
not[50]. Similarly, Looman et al[51] found no consistent correlation between diet 
quality and glycemia (as assessed using the 2015 Dutch Healthy Diet Index). Only a 
weak correlation was observed between fasting glucose levels, diet quality, and total 
iron intake (both P values < 0.05).

The Project Viva study in the United States, which included 1733 pregnant women 
who were evaluated for the association of diet type and frequency of red and 
processed meat consumption in the first trimester with the risk of developing GDM, 
obtained similar results[52]. Nutritional habits and the consumption of red and 
processed meat during pregnancy were not predictors of GDM diagnosis. The authors 
concluded that prepregnancy dietary patterns, as reflected by BMI before pregnancy, 
were probably more important contributors to the development of GDM than the diet 
during pregnancy.

The summary of observational studies on the relationship between nutrition during 
pregnancy and the risk of GDM is depicted in Table 2.

An important limitation of all observational studies remains the use of food 
frequency questionnaires to assess food intake. Nevertheless, collectively, the results of 
most observational studies indicate the important role of lifestyle factors during 
pregnancy in the development of GDM.

What is the next step in this area of research? The obvious next step appears to be a 
shift from the results of large observational studies to effective interventions designed 
to prevent GDM. Interventional studies on GDM prevention have emerged in the last 
10 years.

RANDOMIZED TRIALS OF THE EFFECT OF DIET DURING PREGNANCY 
ON THE RISK OF GDM
A large number of RCTs have evaluated different lifestyle interventions during 
pregnancy to prevent GDM. Individual studies have limited power and ability to 
prove the effect of diet on the risk of developing GDM. Therefore, this review will 
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Table 2 Summary of observational studies on the relationship between nutrition during pregnancy and the risk of gestational diabetes 
mellitus

Ref. Population, sample size Nutritional factors/diet pattern Comparison RR/OR of 
GDM (95%CI)

Radesky et al
[52], 2008

1733 pregnant United States 
women

Diet type and frequency of red and 
processed meat consumption

Macronutrient energy partition and 
nutrient density substitution models

No association

Karamanos et 
al[37], 2014

Multicenter study of 10 
Mediterranean countries, 1076 
pregnant women

Mediterranean diet index (MDI), 
reflecting the degree of adherence to the 
MedDiet pattern of eating

Lower tertile of MDI (poor adherence) vs 
the upper tertile (good adherence)

OR 0.655(0.495-
0.867)

Vegetable pattern RR 0.79 (0.64-
0.97)

Protein-rich pattern No association

“Prudent” pattern No association

He et al[42], 
2015

3063 pregnant Chinese women

Sweets and seafood pattern

Highest tertile vs lowest tertile

RR 1.23 (1.02-
1.49)

Popova et al
[22], 2017

680 pregnant Russian women Fruit consumption > 12 servings per week vs less 
consumption

OR 0.5 (0.3-0.8)

Elvebakk et al
[50], 2018

702 pregnant Norwegian 
women

Intake of food groups Women who developed GDM and 
women who did not develop GDM

No association

Total protein RR 1.92 (1.10-
3.14)

Animal protein RR 1.67 (1.19-
2.93)

Liang et al[45], 
2018

6299 Chinese pregnant women

Vegetable protein intake

Highest tertile vs lowest tertile

No association

Assaf-Balut et 
al[38], 2018

874 Spanish women Degree of adherence to a MedDiet 
pattern based on six food targets

High adherence (complying with 5-6 
targets); moderate adherence (2-4 targets); 
low adherence (0-1 targets)

OR 0.35 (0.18-
0.67)

"Traditional pattern" (high vegetable, 
fruit, and rice intake)

OR 0.44 (0.27-
0.70)

Hu et al[43], 
2019

1014 pregnant Chinese women

Whole grain-seafood pattern

Quartile 4 versus quartile 1

OR 1.73, (1.10-
2.74)

RR: Relative risk; OR: Odds ratio; CI: Confidence interval; GDM: Gestational diabetes mellitus.

mainly discuss the results of meta-analyses, which combine the results of individual 
studies and clarify the presence of an effect with greater certainty.

A meta-analysis by Tieu et al[53] that included 11 RCTs (2786 women) evaluated the 
effectiveness of dietary recommendations for the prevention of GDM. Five of the 
included studies compared dietary recommendations with standard treatment, four 
studies compared a low-glycemic index (GI) diet with medium or high-GI dietary 
recommendations, and one study compared a high-fiber diet with standard dietary 
recommendations. A trend toward a reduced risk of GDM (RR 0.60, 95%CI: 0.35-1.04; 
P = 0.07) was observed in women who received dietary recommendations compared 
with the standard treatment. A subgroup analysis showed a more significant effect of 
dietary recommendations on reducing the risk of GDM in overweight and obese 
women (RR 0.39, 95%CI: 0.19-0.79)[53].

Song et al[54] included studies of the effects of diet, physical activity (PA) or a 
combination of the two during pregnancy on the risk of GDM (a total of 27 RCTs and 
11487 women) in a systematic review and meta-analysis. In the pooled analysis, diet or 
PA resulted in an 18% (95%CI: 5-30, P = 0.009) reduction in the risk of GDM. However, 
in separate analyses, the effect of PA combined with diet, diet alone, or PA alone on 
the risk of GDM did not reach statistical significance. In subgroup analyses, the 
intervention was only effective if initiated before 15 wk of gestation (RR 0.8, 95%CI: 
0.66-0.97)[54].

In a systematic review involving 23 RCTs and approximately 9000 women from the 
Cochrane Database, Shepherd et al[55] compared the effect of a combination of diet 
and exercise with no intervention (standard management) on preventing GDM in 
pregnant women. This analysis showed a possible reduction in the risk of GDM (RR 
0.85, 95%CI: 0.71-1.01, P = 0.07) in the intervention group with a moderate level of 
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evidence.
In a recently published meta-analysis, Guo et al[56] examined the effectiveness of 

lifestyle interventions, including diet, exercise, or a combination of the two, in 
preventing GDM and were able to include 47 RCTs (15745 participants). As a result, 
the authors were able to show a significant reduction in the risk of GDM in the lifestyle 
intervention groups (RR 0.77, 95%CI: 0.69-0.87) and separately in studies of the effect 
of diet alone on GDM risk (n = 11, RR 0.75, 95%CI: 0.59-0.95). In addition, the authors 
were able to assess the contributions of different factors to the effectiveness of 
preventive interventions and identified four key aspects: high-risk intervention, early 
intervention, appropriate intensity and frequency of exercise, and control of weight 
gain during pregnancy. Interestingly, in overweight or obese women, BMI was not a 
predictor of intervention effectiveness. However, interventions were most effective in 
populations with a high prevalence of GDM rather than only overweight or obese 
women[56].

The summary of randomized trials on the effect of diet during pregnancy on the risk 
of GDM is depicted in Table 3.

RANDOMIZED TRIALS OF THE EFFECT OF DIET BEFORE PREGNANCY 
ON THE RISK OF GDM
Given the data from meta-analyses concerning the benefits of early intervention, a 
logical assumption is that the optimal approach is to start the intervention before 
pregnancy. To date, few studies have been published on the effectiveness of diet 
and/or lifestyle changes before pregnancy on the risk of GDM. To the best of our 
knowledge, only two such studies have been published[57,58].

In the study by Mutsaerts et al[57] evaluating the effect of a 6-month lifestyle change 
before pregnancy on the rate of live birth in obese and infertile women, greater weight 
loss was achieved in the intervention group. However, no difference was observed in 
the incidence of GDM between groups.

In a study from Finland, high-risk women (n = 228) planning a pregnancy were 
randomized into 2 groups: Lifestyle intervention or standard management[58]. The 
prepregnancy lifestyle intervention did not reduce the incidence of GDM. However, 
the lifestyle intervention was very mild. It included individual lifestyle counseling 
only once every 3 mo and only one group session with a nutritionist. No prepregnancy 
weight change was indicated, and pregnancy weight gain did not differ between the 
intervention group and the control group[58]. The intensity of the intervention did not 
appear sufficient to cause prepregnancy weight loss, and a real change in lifestyle may 
not have occurred. Consequently, the lack of a reduction in the risk of GDM was not 
surprising.

Additional studies evaluating preconception lifestyle interventions are needed. 
Longer, more intensive, and more frequent preconception lifestyle interventions in 
larger study groups might affect the incidence of GDM and perinatal and neonatal 
outcomes.

PROSPECTS FOR IMPROVING THE EFFECTIVENESS OF GDM PREVEN-
TION INTERVENTIONS
Dietary interventions aimed at reducing the risk of GDM in most studies follow a "one 
size fits all" approach, which provides uniform dietary recommendations for all 
participants in the same group. However, data on the effectiveness of these 
interventions for GDM prevention are inconsistent, as described above.

Among factors that potentially improve the effectiveness of GDM prevention 
interventions, approaches that personalize dietary recommendations are promising.

A reduction in the consumption of foods with a high GI and high glycemic load 
(GL) has consistently been shown to increase weight loss by reducing the postprandial 
glycemic response (PPGR) and insulin secretion[59-62]. In addition, minimizing the 
PPGR attenuates the decrease in resting energy expenditure associated with weight 
loss[63].

Standard dietary interventions based on GI/GL may not be sufficiently effective for 
weight loss and GDM prevention because people vary in their glycemic response to 
the same food[64], and, as shown in our studies, the addition of GI and GL to models 
predicting PPGR in pregnant women only marginally improved the prediction 
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Table 3 Summary of randomized trials on the effect of diet during pregnancy on the risk of gestational diabetes mellitus

Ref. Design Comparison No. of participants 
(studies) RR of GDM (95%CI)

Lifestyle intervention of diet, PA or both vs 
standard management

11487 (27) 0.82 (0.70-0.95)

PA plus diet vs standard management 6047 (14) 0.85 (0.70-1.03)

Song et al[54], 
2016

Meta-analysis, 27 
RCTs (11487 women)

Diet only vs standard management 1279 (5) 0.80 (0.58-1.10)

Dietary recommendations vs standard treatment 1279 (5 RCTs) 0.60 (0.35-1.04); in overweight and 
obese women RR 0.39 (0.19-0.79)

Low-glycemic index (GI) diet vs medium- or 
high-GI dietary recommendations

912 (4 RCTs) 0.91 (0.63-1.31)

Tieu et al[53], 
2017

Meta-analysis, 11 
RCTs (2786 women)

High-fiber diet vs standard dietary 
recommendations

25 (1) No association

Shepherd et al
[55], 2017

Meta-analysis, 23 
RCTs (8918  women)

Combination of diet and exercise vs standard 
management

6633 (19) 0.85 (0.71-1.01)

Lifestyle intervention (diet, exercise, and mixed 
interventions) vs standard management

15745 (47) 0.77 (0.69-0.87)Guo et al[56], 
2019

Meta-analysis, 47 
RCTs (15745 women)

Diet alone vs standard management 2838 (11) 0.75 (0.60-0.95),

RR: Relative risk; PA: Physical activity; RCTs: Randomized clinical trials; CI: Confidence interval; GDM: Gestational diabetes mellitus.

accuracy[65]. Consequently, a proportion of individuals may experience postprandial 
hyperglycemia despite eating low GI/GL foods. The mismatch between lifestyle 
change efforts (e.g., low GI/GL diet) and outcome (e.g., weight loss or blood glucose 
control) may reduce motivation and adherence to the diet.

The reasons for differences in metabolic response are complex and widely studied. 
Genetic parameters and the microbiome may play a role and have great potential to 
explain at least part of the individual metabolic differences in food intake.

T2D is known to develop through an interaction between genetic predisposition and 
lifestyle, as has been confirmed in several studies [66,67]. The pathogenesis of GDM 
and T2D shares many factors. Therefore, researchers have assumed that GDM results 
from a combination of genetic risk factors and an unfavorable lifestyle. A number of 
new studies support the hypothesis that gene and lifestyle interactions influence the 
development of GDM[68]. Our study found that the association of sausage consum-
ption with the risk of developing GDM is determined by the number of risk alleles for 
rs10830963 in the MTNR1B gene and rs1799884 in the GCK gene. Both genes are 
involved in the regulation of pancreatic islet beta-cell function and glucose 
homeostasis. Restriction of fatty food consumption (including sausage and sausage 
products) is one of the components of lifestyle changes in GDM prevention programs. 
Our results confirm the data reported by Grotenfelt et al[68] on the interaction between 
the rs10830963 allele and lifestyle interventions in modifying the risk of GDM. 
According to their study, the relative risk of GDM among women homozygous for the 
rs10830963 C allele was significantly lower in the intervention group than in the 
control group (OR = 0.16, 95%CI: 0.03-0.85, P = 0.014). This difference was not 
observed in women with the G risk allele. Further studies are needed to clarify the 
effects of genetic factors on the effectiveness of lifestyle changes designed to prevent 
GDM.

Researchers are also very interested in the microbiome as a determinant of 
individual metabolic differences in food intake.

In 2015, Zeevi et al[69] described a new machine learning algorithm that predicts 
individual PPGR per meal in healthy volunteers based on food intake composition, 
history, anthropometry, and a gut microbiome analysis. The authors showed high 
variability in the PPGR for the same foods among participants and suggested that 
universal dietary recommendations have limited utility for postprandial glucose 
control. Zeevi et al[69] also reported that individually tailored dietary recommend-
ations based on the predicted response significantly improved the PPGR. We used a 
similar approach to develop models for predicting PPGR in pregnant women and 
obtained comparable results for accuracy, although we have not yet included 
microbiome data as input parameters in the models[65,70].
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A promising direction to improve dietary effects is the use of mobile technology, 
which allows remote consultation and self-monitoring in a manner that is convenient 
for patients and has great potential for dissemination. We have developed a system for 
the remote monitoring of patients with GDM, which is a combination of software that 
includes a mobile app for the patient and programs to perform calculations and data 
analysis for the physician[71]. This system can also be used for GDM prevention 
programs, especially in high-risk groups.

The combination of mobile technology and providing participants with specific food 
recommendations tailored to their unique physiological response to food intake may 
increase their adherence to lifestyle changes and improve the success of weight loss 
and GDM prevention.

CONCLUSION
Most observational studies have shown an association between dietary patterns before 
and during pregnancy and the risk of developing GDM. However, the results of 
randomized trials of the effect of dietary and/or lifestyle interventions on pregnant 
women and women planning pregnancy have been inconsistent.

The lack of effect of dietary recommendations before and during pregnancy on the 
risk of GDM in a number of studies can be explained by reasons such as insufficient 
intensity of the intervention, changes during pregnancy that prevent adherence to the 
recommendations (nausea, change in taste, and fatigue), and a late start and short time 
for lifestyle changes. In addition, individual studies have insufficient sample sizes and 
statistical power. Perhaps the problem of small sample size also explained the lack of 
reliable associations in meta-analyses published before 2019. Only the recently 
published and largest meta-analysis by Guo et al[56] showed a significant reduction in 
the risk of GDM in the lifestyle intervention groups and separately in studies of the 
effect of diet alone on GDM risk.

Most RCTs that included dietary recommendations for the prevention of GDM 
compared the effectiveness of the studied diet with standard dietary recommend-
ations. Therefore, data comparing the effectiveness of different dietary options for 
preventing GDM are currently unavailable. Based on the data from observational 
studies, the benefits of the Mediterranean diet have been confirmed. Further studies 
are needed to clarify the optimal variant of the diet or a personalized approach to the 
formation of dietary recommendations to prevent the development of GDM.
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Abstract
The escalating global burden of type 2 diabetes mellitus necessitates the 
implementation of strategies that are both more reliable and faster in order to 
improve the early identification of insulin resistance (IR) in high-risk groups, 
including overweight and obese individuals. The use of salivary biomarkers offers 
a promising alternative to serum collection because it is safer, more comfortable, 
and less painful to obtain saliva samples. As obesity is the foremost contributory 
factor in IR development, the adipocytokines such as leptin, adiponectin, resistin, 
and visfatin secreted from the adipose tissue have been studied as potential 
reliable biomarkers for IR. Measurement of salivary adipokines as predictors for 
IR has attracted widespread attention because of the strong correlation between 
their blood and salivary concentrations. One of the adipokines that is closely 
related to IR is resistin. However, there are conflicting findings on resistin’s 
potential role as an etiological link between obesity and IR and the reliability of 
measuring salivary resistin as a biomarker for IR. Hence this study reviewed the 
available evidence on the potential use of salivary resistin as a biomarker for IR in 
order to attempt to gain a better understanding of the role of resistin in the 
development of IR in obese individuals.
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Obesity; Salivary resistin; Diabetes; Adipocytokines
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(IR) highlights the limitations of the long-term, invasive methods currently being used 
in detecting and monitoring IR. Measurement of salivary concentrations of adipokines 
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such as resistin offers a good alternative to serum collection for early detection and 
monitoring of glycaemic control among obese individuals. However, there are 
conflicting findings on the association between resistin and IR. Hence this review of 
the available evidence aims to provide a better understanding of the role of resistin in 
the development of IR and the potential use of salivary resistin as a biomarker for IR.
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INTRODUCTION
The World Health Organization reported a marked increase in the number of diabetic 
patients from 108 million in 1980 to 422 million in 2014[1]. There was also a 5% 
increase in premature mortality from diabetes between 2000 and 2016, and the World 
Health Organization estimated that diabetes was the seventh leading cause of death in 
2016[1]. More recently, in 2020, an epidemiological study estimated that 462 million 
individuals or 6.28% of the global population are affected by type 2 diabetes mellitus 
(T2DM), a condition that seems to be more prevalent in developed countries despite 
the promotion and implementation of a range of public health measures[2].

T2DM is a non-insulin-dependent type of diabetes that was previously largely 
considered to be a disease of middle and old age. However, during recent decades, 
there has been a global rise in the prevalence of T2DM among children and young 
adults[3,4]. This rise has coincided with an increased prevalence of obesity, the 
foremost contributory factor to insulin resistance (IR) and T2DM[5,6]. The earlier the 
onset of the disease, the longer its duration and the higher the incidence of complic-
ations, which subsequently leads to higher mortality among the younger generation
[7].

T2DM is characterized by increased insulin secretion, IR, and impaired glucose 
tolerance[8]. Early detection of impaired glycaemic control among prediabetics as well 
as maintenance of good control of the blood glucose level is, therefore, crucial in 
reducing mortality and delaying the onset of complications[9]. The glucose tolerance 
test and measurement of glycated haemoglobin are the methods most commonly used 
for early detection of IR in high-risk individuals[10]. However, the global burdens of 
T2DM and obesity highlight the limitations of the long-term, invasive screening 
methods currently employed in the early identification of individuals at high-risk of 
these two conditions.

PATHOGENESIS OF IR IN OBESITY
The chronic inflammatory state in obesity is known to be a significant pathogenic 
mechanism for obesity-associated complications[11]. Several polypeptides known as 
adipokines or pro-inflammatory cytokines that are secreted from adipocytes and 
adipose tissue macrophages have been found to play a role in inflammatory response 
as well as in the regulation of energy balance, food intake, and insulin sensitization
[12]. Among the known adipokines, adiponectin, leptin, resistin, interleukin-6, tumour 
necrosis factor-alpha, plasminogen activator inhibitor-1, and monocyte chemo 
attractant protein-1 have been found to be directly related to the pathogenesis of IR in 
obesity[13].

Moreover, the chronic inflammatory state in obesity is found to induce a state of 
oxidative stress that is caused by enhanced production of reactive oxygen species, 
which is induced by pro-inflammatory cytokines such as tumour necrosis factor-alpha 
and resistin. It has therefore been suggested that a combination of inflammation and 
oxidative stress is involved in the process of the pathogenesis of IR[14], as illustrated 
in Figure 1.

The chronic inflammation, macrophage infiltration, increased leptin level, decreased 
adiponectin, mitochondrial dysfunction, endoplasmic reticulum stress, and adipocyte 
apoptosis could be attributed to the adipose tissue hypoxia response and adipocyte 
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Figure 1 Simplified mechanism of obesity-induced insulin resistance. 

dysfunction[15], which are found to be associated with the downregulation of insulin 
receptors resulting in systemic IR[16]. In addition, the inflammation and oxidative 
stress associated with obesity may be attributed to the aging of the adipose tissue. This 
process includes molecular changes in the cells, such as deactivation of P53 tumour 
suppressor and inflammation[17,18]. Oxidative stress is also associated with 
endoplasmic reticulum stress, which occurs due to excess nutrient intake in obesity
[19].

Even with little macrophage infiltrates, lipotoxicity caused due to excess and ectopic 
fat accumulation in adipocytes, liver, and muscle is found to damage the pancreatic 
beta cells, leading to T2DM[20]. In addition, lipid overload leads to cellular 
dysfunction, endoplasmic reticulum stress, activation of pro-inflammatory stress 
pathways, and occurrence of IR, which may be attributed to the increased production 
of biologically active lipid intermediates such as ceramides and diacylglycerol[21-23].

IR
Insulin, a pleiotropic peptide secreted by beta cells in the pancreatic islets, regulates 
the blood glucose level by increasing glucose uptake and utilization in muscles and 
adipose tissues through stimulating the translocation of glucose transporter 4 to the 
plasma membrane, inhibiting glucose production in the liver through inhibiting the 
expression of key gluconeogenic enzymes and promoting lipolysis[24]. The effects of 
insulin are mediated by the binding of insulin-to-insulin receptors and insulin-like 
growth factor-1 receptors, which results in phosphorylation of the receptor substrate, 
followed by activation of the intracellular signalling pathways phosphoinositide 3-
kinase/protein kinase B pathway and the mitogen-activated protein kinase pathways
[25].

IR is a disease condition in which insulin-dependent cells, such as those found in 
skeletal muscle, the liver, and adipocytes, are unable to respond properly to the 
normal circulatory levels of insulin[14]. This inability to respond results in 
hyperglycaemia, which is caused by decreased removal of glucose from the blood and 
by increased production of glucose in the liver, the latter of which is associated with 
decreased fatty acid release from adipose tissues[26].

Studies have proved the usefulness of assessing the serum levels of many of the 
adipokines, including resistin and adiponectin, as biomarkers for IR[9,27]. The positive 
correlation between serum and salivary proteome levels[28,29] has attracted attention 
because of the implication that salivary biomarkers could be used in preference to 
serum due to the potential benefits of the former in reducing the suffering, pain, and 
stress associated with serum sampling[30]. The use of salivary biomarkers in diabetes 
is further supported by the fact that the increased permeability of the basement 
membrane in diabetes is associated with increased leakage of proteins from serum into 
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saliva[30,31].

RESISTIN STRUCTURE AND DISTRIBUTION
Resistin is a cysteine-rich polypeptide that was discovered by Steppan et al[32]. It has 
been proposed that resistin is a potential link between obesity and T2DM because it is 
upregulated in rodent models of obesity and IR and downregulated by insulin 
sensitizers. Resistin is also known as an adipose-tissue-specific secretory factor, which 
in humans is encoded by the RETN gene located on chromosome 19[33].

The normal serum level of human resistin ranges from 7 to 22 ng/mL[34]. There are 
two circulating forms of resistin: high molecular weight resistin, which is the 
predominant form, and low molecular weight resistin, which is the bioactive form in 
which bioactivity is initiated by disulphide cleavage in its hexametric structure[35].

Human resistin is quite different from rodent resistin in terms of both its structure 
and distribution. Murine resistin is a 114 amino acid polypeptide that is produced 
primarily in white adipose tissue[36], whereas human resistin is a 108 amino acid 
polypeptide expressed by adipose tissue, particularly visceral fat, pre-adipocytes, 
adipocytes[37,38], peripheral blood mononuclear cells[39], skeletal muscle[40], the 
pancreas[41], hypothalamus, adrenal gland, spleen, bone marrow, gastrointestinal 
tract, lungs[42], pituitary gland[43], and placenta[44]. Here it is worth mentioning that 
several studies have proved the role of peripheral blood mononuclear cells – the 
primary producers of human resistin[39,45] – in the inflammatory process involved in 
the pathogenesis of obesity-induced IR[46,47]. The dissimilar genetic organization of 
murine and human resistin[48] may be the reason for the conflicting findings on the 
potential role of resistin as an aetiological link between obesity and diabetes reported 
in studies on murine vs human resistin.

RESISTIN AS A LINK BETWEEN OBESITY AND IR
Since the discovery of resistin two decades ago, many research studies have been 
conducted on humans and rodents in order to investigate its potential role as a link 
between obesity and IR. Higher circulating levels of resistin have been reported in 
murine and rodent models of obesity compared to lean[32,49], and higher circulating 
levels of resistin have also been reported in obese individuals compared with lean[50,
51] and positively correlated with body mass index (BMI) and visceral fat[51,52]. The 
increase in resistin in obese rodents may represent a negative feedback mechanism 
that acts to control adipocyte differentiation[49]. It has been suggested that an increase 
in the accumulation of adipose tissue, which reflects an increase in adipocyte differen-
tiation and the pool of adipocytes, results in an increase in the secretion of resistin 
from the adipocytes, where the secreted resistin acts as a paracrine polypeptide that 
autoregulates its secretion by inhibiting adipocyte differentiation[53]. It has also been 
reported that resistin increases in parallel with increases in insulin and glucose and 
decreases in parallel with their decrease, hence the serum level of resistin seems to be 
regulated by the levels of insulin and glucose[53]. Other regulators of resistin include 
age, gender, thyroid hormones, and gonadal hormones[54].

Human studies have revealed contradictory findings on the correlation between 
circulating resistin and IR in T2DM and obesity. Some studies have reported a positive 
correlation[55-60], whereas others have found a negative[61] or lack of correlation[62,
63].

A recent systematic review and meta-analysis conducted in 2019 on the correlation 
between serum resistin and IR in T2DM and obesity concluded that, overall, the 
results were in favour of there being a positive correlation between circulating resistin 
and IR in T2DM and obese individuals with hyperresistinaemia but not in those with 
normal circulating levels of resistin[64], which implies that resistin needs to reach a 
certain critical level to cause IR[60]. The meta-analysis was performed on 15 studies 
that were undertaken during the period 2005–2017 and involved a total of 1227 
patients of diverse age, gender, and ethnicity. In the meta-analysis, these patients were 
classified into 20 clinical groups: 10 with simple T2DM, 7 with simple obesity, 2 with 
T2DM and obesity, and 1 group of T2DM patients with or without obesity[64]. The 
difference in resistin concentration among these different groups, which led to 
conflicting results on the association between resistin and IR, may be explained by the 
several single nucleotide polymorphisms of the resistin RETN gene in the different 
ethnic groups studied[65], differences in the levels of insulin and leptin, which have 
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been found to stimulate resistin expression[66], and differences in the methods used to 
assess resistin levels, specifically, commercially available enzyme-linked immuno-
sorbent assays have the potential to cross-react with circulating resistin-like molecules, 
and not all studies assessed for this cross-reactivity before measuring the resistin levels
[67,68].

EFFECTS OF INCREASED RESISTIN ON GLUCOSE HOMEOSTASIS
Overexpression of resistin in transgenic mice has been found to result in the im-
pairment of insulin-dependent glucose transport and uptake by muscles and adipose 
tissue, which seems to be caused by a reduction in the intrinsic activity of cell-
membrane glucose transporters that does not affect insulin receptor signalling[69]. The 
insulin-independent effect of resistin on glucose homeostasis is supported by a 
previous study that has shown that resistin induces the expression of a suppressor of 
cytokine-signalling-3, which functions to inhibit insulin signalling[70]. Resistin 
stimulates gluconeogenesis in the liver, an action that is evidenced by low hepatic 
glucose production in resistin gene knockout mice, an effect that is reversed by resistin 
infusion that causes an increase in the glucose level of approximately 25%[71]. In 
addition, hyperresistinaemia increased level of fasting glucose, hepatic glucose 
production, and induced activity of gluconeogenic enzymes[72].

High levels of resistin stimulate the expression of tumour necrosis factor-alpha and 
interleukin-6 in both human and murine macrophages via the NF-kB-dependent 
pathway, which results in IR[73]. In addition, an increased resistin level leads to leptin 
resistance[74], which contributes to the development of IR[75], as illustrated in 
Figure 2.

SALIVARY RESISTIN AND IR IN OBESE INDIVIDUALS
Due to the increased global and economic burden of T2DM, IR, and obesity across age 
groups, including children and young adults, the need for effective, easy, and non-
invasive methods for early detection and monitoring of IR has increased. The use of 
saliva as a diagnostic tool is evolving not only due to the rapid advances that are being 
made in the fields of nanotechnology and molecular diagnostics, but also because 
saliva contains biomarkers that are ideal for early detection and monitoring of oral as 
well as systemic diseases[30,76].

To review the available evidence on the association between salivary resistin and IR 
in obese individuals, the scientific literature published up to 31 December 2020 was 
searched in the following databases: PubMed, ProQuest, Scopus, Ovid, Science Direct, 
Springer Link, and Trip. The search was limited to papers published in the English 
language. A search of the references in the identified papers was also done to identify 
any additional relevant papers. At the end of the search process, a total of six papers 
were identified for review. These papers, which were published between 2011 and 
2020, are discussed in ascending chronological order.

The first selected study, conducted by Mamali et al[77] in Patras, Greece and 
published in 2011, involved the measurement of resistin in saliva and an assessment of 
the association between its salivary and serum levels. Salivary and serum resistin was 
measured using a commercial enzyme immunoassay method. Samples were measured 
in duplicate. Serum samples were diluted five-fold while saliva samples were diluted 
three-fold. The study reported a strong positive correlation between the serum and 
salivary levels of resistin (r = 0.441, P = 0.003) with no significant correlation between 
their levels with age, body fat percentage, or BMI. The ratio of the serum level of 
resistin to its salivary level was 0.2[77]. The positive correlation between the salivary 
and serum levels of resistin that was reported indicated that resistin was transported 
from the blood to saliva, which supports the potential use of the salivary levels of 
resistin rather than its serum levels for early detection of IR[78]. The absence of a 
correlation between the salivary as well as the serum levels of resistin with age, BMI, 
and body fat percentage could be attributed to the characteristics of the participants, 
who were healthy with almost normal BMI and body fat. It could also be attributed to 
the measurement method that was used.

A positive correlation between saliva and serum levels of resistin was further 
evidenced in a 2012 study conducted in China by Yin et al[29] who investigated for the 
first time the differences in the serum and salivary levels of resistin in a sample of 38 
patients who were newly diagnosed with T2DM (18 males/20 females) compared with 
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Figure 2 Mechanisms of resistin-induced insulin resistance and glucose intolerance. TNF-α: Tumour necrosis factor-alpha; IL-6: Interleukin-6

a control group of 35 non-diabetic individuals (18 males/17 females). The study 
revealed a significantly higher level of serum resistin as compared with salivary 
resistin in both diabetic and control groups. It also found significantly higher levels of 
both serum and salivary resistin in T2DM patients as compared with the control 
group. Furthermore, the study revealed significant correlations between salivary 
resistin and BMI (r = 0.39), glycated haemoglobin (r = 0.31) and the homeostatic model 
assessment of IR (r = 0.20)[29]. Collectively, these findings along with the presence of a 
consistent fluctuating trend of salivary and serum resistin levels during the oral 
glucose tolerance test provide evidence that indicates that the source of resistin in the 
saliva of newly diagnosed T2DM is mainly derived from the blood[29] rather than 
from local production by the salivary glands[79].

The above findings are further supported by a study conducted by Sarhat et al[80] in 
Iraq in which a significantly higher concentration of resistin was found in the saliva of 
patients with T2DM as compared with a healthy control group.

In 2017, Al-Rawi and Al-Marzooq[81] undertook a study in the United Arab 
Emirates to assess concentrations of resistin in the saliva of 26 obese diabetics, 26 obese 
non-diabetics, and 26 non-obese non-diabetics. The study found no difference in 
resistin concentration between obese diabetics (14.7 ± 2.8 ng/mL) and obese non-
diabetics (14.4 ± 3.6 ng/mL), but the concentration level in these two groups was 
significantly higher than in non-obese non-diabetics (10.8 ± 6.1 ng/mL, P = 0.01). The 
study also reported a significant correlation between salivary resistin and BMI. 
However, there was no correlation between salivary resistin and glucose level[81].

A study by Srinivasan et al[82] in 2018 in the United States assessed not only the 
level of resistin, but also the levels of adiponectin, visfatin, and ghrelin in unstimulated 
whole saliva as biomarkers for T2DM. The study involved two groups: 20 period-
ontally healthy patients with self-reported T2DM and a control group of 20 individuals 
with no known oral or systemic diseases. Salivary resistin was measured using an 
enzyme-linked immunosorbent assay kit. The study found that the glycated haemo-
globin values of the diabetic group were consistent with the diagnosis of T2DM. It also 
revealed a significantly higher level of salivary resistin in the T2DM group (9.2 ± 2.3 
ng/mL) as compared with the control group (5.7 ± 1.3 ng/mL). However, the study 
did not assess the correlation between salivary resistin and IR. Based on their findings, 
Srinivasan et al[82] supported the potential use of salivary resistin as a biomarker for 
T2DM. However, they emphasized that some caution needs to be exercised during the 
collection of saliva for this purpose because certain factors may affect the 
interpretation of the results. Specifically, they noted that it was important to consider 
whether the saliva is stimulated or unstimulated and to account for the existence of 
circadian variations. They also recommended that pre-processing of saliva should be 
performed in order to reduce the possibility of the presence of confounding factors 
such as oral or systemic diseases[82].
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Table 1 Salivary resistin concentration in association with body mass index and the homeostatic model assessment of insulin 
resistance

Study group BMI  
(kg/m2)

Salivary 
resistin 
(ng/mL)

Correlation 
with BMI

Correlation with 
blood glucose

Correlation with 
HOMA-IR

Correlation 
test used Ref.

Healthy 22.39 ± 3.65 1.69 NS - - Partial 
correlation

Mamali et al[77]

T2DM 25.5 ± 4.9 3.4± 0.41 -0.391 -0.14 -0.201

Control 23.9 ± 3.3 1.5 ± 0.3 -0.17 -0.281 -0.19

Pearson’s test Yin et al[29] 

T2DM - 4 ± 0.451 - - - -

Control - 1.73 ± 0.34 - - - -

Sarhat et al[80]

Obese diabetic 34.3 ± 3.9 14.7 ± 2.8 Significant NS

Obese non-
diabetic 

34.2 ± 2.9 14.4 ± 3.6 Significant 

Control “Non-
obese-non -
diabetic

7.1 ± 2.1 10.8 ± 6.1 Significant -

Al-Rawi and Al-
Marzooq[81]

T2DM - 9.2 ± 2.31 - - -

Control - 5.7 ± 1.3 - - -

Srinivasan et al
[82]

GDM 32 
(20.4–43.7)

13.11 - - -

Control 27.2 
(19.4–42)

5.9 - - -

Gürlek and Çolak
[83]

1Significant difference between the study groups, significant correlation. BMI: Body mass index; HOMA-IR: Homeostatic model assessment of insulin 
resistance; NS: Not significant; T2DM: Type 2 diabetes mellitus; GDM: Gestational diabetes mellitus.

More recently, in 2020, Gürlek and Çolak[83] investigated the effectiveness of 
evaluating salivary resistin concentrations as a screening marker for gestational 
diabetes mellitus (GDM). Gestational diabetes mellitus is a type of diabetes that occurs 
during pregnancy with an incidence that varies from 1% to 25%[84,85]. Studies have 
revealed that GDM is associated with decreased insulin sensitivity and release of pro-
inflammatory cytokines such as resistin[86]. Also, a recent meta-analysis supported the 
use of serum resistin concentrations to screen for GDM[87]. Studies have also shown 
that the risk of GDM is far higher among overweight and obese pregnant women, 
especially those with central obesity[88-90]. Gürlek and Çolak[83] included 81 
pregnant women in their study: 41 with newly diagnosed GDM and 40 with normal 
pregnancy without GDM. Fasting blood and unstimulated saliva samples were 
collected, and resistin was estimated using an enzyme-linked immunosorbent assay. 
The study revealed that pregnant women with GDM had significantly higher pre-
gestational BMI, BMI at the time of sampling, and salivary resistin concentrations as 
compared with the pregnant women without GDM. Hence their study provided 
evidence for the first time that resistin concentrations in saliva might be a useful 
screening marker for GDM[83].

A summary of the findings related to the concentration of resistin in saliva and its 
correlation with BMI, homeostatic model assessment of IR, and blood glucose level are 
presented in Table 1.

CONCLUSION
The available evidence indicates that resistin plays a role in the development of IR. 
Prior studies also support the use of serum resistin as a reliable marker for IR. The 
evidence also supports the potential use of salivary resistin as a reliable biomarker for 
IR. However, the number of studies that assessed the correlation of salivary resistin 
with IR among obese, newly diagnosed T2DM patients is still limited.
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Abstract
Type 1 diabetes (T1D) is one of the most common chronic diseases in children and 
adolescents worldwide. Its etiopathogenesis results from the interplay of genetic 
and environmental variables. Among the latter, psychological stress has been 
implicated in disease onset as well as disease management. Various studies, 
including large population-based studies, have highlighted the role of stressful 
life events in the etiopathogenesis of T1D. In this article, we also emphasize the 
importance of attachment in the early child-caregiver relationship, which can be 
seen as a measure of the quality of the relationship and is crucial for stress and 
emotional regulation. It serves as a model for all subsequent relationships in one’s 
life. We summarize some of the few studies performed in the field of attachment 
and T1D etiopathogenesis or management. T1D management demands a lifelong 
therapeutic regimen to prevent acute and chronic complications. In addition to 
psychological stress, psychological factors such as family functioning, develop-
mental adjustment, autonomy, mental health problems and other factors have 
been found to relate to metabolic control. Psychological factors need to be 
understood not as a single directional causality-based principle but as a dynamic 
bi- or multidirectional system that is affected by the normal developmental 
transitions of childhood and adolescence.
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Core Tip: The incidence of type 1 diabetes is increasing worldwide. Its diagnosis and 
management present a major burden for the child as well as the family. Different 
psychological factors affecting the development and course of type 1 diabetes need to 
be understood not as a single directional causality-based principle but as a dynamic bi- 
or multidirectional system that is affected by the normal developmental transitions of 
childhood and adolescence. The current article summarizes some of these factors, 
especially those related to stress and its regulation, both in an attachment context and in 
relation to family dynamics and psychopathology.
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INTRODUCTION
Type 1 diabetes (T1D) is the result of autoimmune-mediated destruction of insulin 
producing beta cells and is considered one of the most common pediatric illnesses 
with an increasing incidence of 2%-5% annually. It peaks in presentation between the 
ages of five to seven and puberty[1,2]. Its management demands a lifelong therapeutic 
regimen to prevent acute and chronic complications[3]. Psychosocial factors have been 
shown to play a role in both its etiopathogenesis and in disease management. 
However, recent studies have highlighted the importance of bidirectionality in the 
relationship between T1D and psychosocial well-being[4]. Stressful life events have 
been shown to be related to the onset and the course of T1D in various studies[5-9]. It 
is important to understand the effect of stress not only as an external factor influencing 
an individual, but to consider its effect in the light of a person’s distinct and unique 
way of stress regulation[10]. Younger children depend highly on their parents for 
disease management and stress regulation[11,12]. On the other hand, older children 
and adolescents transition from solely depending on their parents to achieving more 
independence and autonomy in stress regulation and disease management[13].

We conducted an electronic literature search through PubMed. The search was 
performed in four sessions using the keywords: “type 1 diabetes” and “attachment” 
(first session), “type 1 diabetes” and “glycemic control” or “management” and “stress” 
or “serious life events” and “children” or “adolescent” and “mother” or “parent” 
(second session), “type 1 diabetes” and “family functioning” (third session) and “type 
1 diabetes” and “mental health” or “psychiatric” or “psychopathology” (fourth 
session). From the first session only 7 articles from 251 were relevant for the 
researched topic, in the second session from 175 articles, 14 were relevant, in third 
session from 4771, 24 were relevant and in the fourth session 25 were relevant from 
1909 articles. Only articles related to child or adolescent T1D etiopathogenesis or 
management were included. Those that did not contain an abstract or were not in 
English were excluded. Subsequently, articles from the authors’ personal archives 
considered important were added.

INFLUENCES ON THE ETIOLOGY
Stressful life events
Several studies, including large population-based prospective studies, have 
highlighted the role of stressful life events in the manifestation of T1D. The All Babies 
in Southeast Sweden study included 10495 non-diabetic children, and data was 
collected at the ages of 2–3, 5–6, 8 and 10–13 years. Fifty-eight children were 
subsequently diagnosed with T1D. Family psychological stress was measured via 
questionnaires given to the parents assessing serious life events, parenting stress, 
parental worries and the parental social support. The results showed that serious life 
events experienced in childhood, such as death or illness in the family, family conflicts, 
violence and unemployment were associated with a higher risk of future diagnosis of 
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T1D independent of heredity[5]. In another study, based on the same registry, 4400 
consecutive 1-year-old children were included. Parents completed questionnaires at 
birth and at 1 year, including various measures of psychosocial stress (e.g., parenting 
stress) and sociodemographic background. Blood samples drawn from the children at 
1 year were analyzed for T1D-associated autoantibodies toward tyrosine phosphatase 
and glutamic acid decarboxylase. The results showed that psychological stress, 
measured as psychosocial strain in the family, was involved in the induction or 
progression of diabetes-related autoimmunity[6]. Lundgren et al[14] reported a 
significantly increased risk of T1D in children with stress and severe life events (such 
as severe disease in the family, death of a close relative, serious accident, violence, 
divorce, unemployment, etc.) occurring during the child's first 2 years of life as 
reported by the parents (n = 3784).

Virk et al[15] conducted a population-based follow-up study on subjects from 
Danish national registers. They categorized 1740245 children as exposed to 
bereavement if they lost a mother, a father or a sibling from the age of 5 years 
onwards. The children were then followed until a first diagnosis of diabetes, death or 
emigration. According to their results, bereavement was associated with an increased 
rate of T1D when the exposure began after the age of 11 years. However, a Swedish 
nationwide study did not support the hypothesis that psychosocial stressful life events 
were involved in the development of autoimmune T1D in young adults. The study 
included 349 newly diagnosed patients aged 15-34 years and 979 control subjects. They 
used questionnaires asking about diabetes heredity, social environment, educational 
level and life events experienced during the 12 mo before diagnosis. No major stress 
factors were detected in the patients with T1D. Nevertheless, in contrast with the 
control subjects, the T1D group had experienced fewer conflicts with their parents and 
had less often broken contacts with friends[16].

Stress regulation and the role of attachment
To understand the role of stress we must consider how it is regulated and managed 
inside the family dynamics. Individual stressful life events and the effect of these 
events on an individual in terms of stress regulation and resilience are important. The 
impact of stressful life events on the individual is influenced by genetic vulnerability, 
coping mechanisms, personality type and social support[10]. A dysregulated 
individual response to psychological stress was proposed as one of the factors 
contributing in a complex way to increased insulin demands and pancreatic beta-cell 
overload[17-21], which in turn is believed to mediate their destruction and 
consequently the emergence of T1D[22].

A rather interesting approach to understanding the role of stress is via the theory of 
attachment, an early theory of psychological development, which has received a lot of 
attention in recent years. Attachment is described as a behavioral and physiological 
system, which enables an individual’s dynamic adaptation to his or her environment. 
It develops in close interaction between an infant and his/her caretaker and influences 
the quality of interpersonal relationships throughout life. It is inextricably linked to the 
way one regulates stress, at the beginning with the help of the primary caretaker and 
later by oneself in accordance with the internal attachment representations. These are 
categorized as secure or insecure, the latter being related to a more intensive stress 
response compared to the former[23]. Few studies have been carried out to determine 
the role of attachment in the risk of T1D. Sepa et al[22] explored the connection 
between the mothers’ attachment insecurity and diabetes-related autoimmunity in 
early childhood using Adult Attachment Interviews with a group of mothers with 
antibody-positive infants and a group of mothers with antibody-negative infants. 
Their results showed a larger proportion of insecure mothers in the antibody-positive 
group, although the association was not statistically significant. They concluded that if 
an association between mothers’ attachment and diabetes-related autoimmunity in 
children exists, it is not very strong, acknowledging their small sample size as well as a 
generally imperfect correlation between mother and child attachment. Based on their 
findings, our group conducted a study that included 101 dyads of children with T1D 
and their caretakers and 106 healthy control pairs. Attachment between the children 
and their parents was evaluated via a questionnaire (the parents) and the Child 
Attachment Interview (the children). The results showed no correlation between the 
attachment of the children to their parents and T1D. However, a correlation between 
higher caretaker attachment anxiety and child’s T1D diagnosis was revealed[24].
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INFLUENCES ON THE DISEASE MANAGEMENT 
Stressful life events
Various studies have highlighted the role of stress in T1D management and thus 
metabolic control. In a cross-sectional study, Commissariat et al[7] studied the 
association between stressful life events, T1D management and psychological 
measures in adolescents with T1D. One hundred and seventy-eight teens and their 
parents were included in the research. Results showed that teens with more stressful 
life events such as the hospitalization of a family member, getting a bad report card, 
witnessing serious arguments between parents or a serious illness or injury of a family 
member, reported lower self-efficacy, poorer adherence, poorer quality of life and 
higher glycated hemoglobin (HbA1c).

In a prospective study of 128 families, Stanek et al[8] investigated the occurrence of 
stressful life events within the first year of T1D diagnosis in children, assessing correl-
ations with family functioning and parental psychosocial measures and diabetes 
management. More than half of the families reported one or more stressful life events, 
such as the child attending a different school, caregiver job change, a change in 
household income, a change in caregiver marital status and/or a significant change in 
the health of a family member. Baseline active avoidance coping, parental depression 
and diabetes-related family conflict correlated with a higher number of stressful life 
events. There were also cross-sectional associations between HbA1c, a decrease in 
household income, a school change and/or a job change at various time points in the 
study. Rechenberg et al[9] included 320 adolescents in their cross-sectional research 
examining the associations between general stress (the degree to which an individual 
considers his or her life to be stressful over the previous month), diabetes-specific 
stress (such as telling others about the diabetes diagnosis or others noticing the insulin 
pump, stress about “bad numbers”, stress about parental involvement in diabetes care 
and stress about interference of diabetes in daily activities), glycemic control (HbA1c), 
self-management and diabetes-specific quality of life. Higher general and diabetes-
specific stress were significantly associated with higher HbA1c, poorer self-
management activities and lower diabetes-specific quality of life. Diabetes-specific 
stress accounted for a significant proportion of the variance in HbA1c, while general 
stress did not. On the other hand, in a study with 132 children with T1D, Helgeson et al
[25] found that only general parental stress was associated with poorer child 
outcomes, whereas diabetes-specific parental stress was associated with better child 
outcomes. Both types of stress, however, were associated with poorer parental mental 
health.

Attachment and metabolic control
Rosenberg and Shields[26] conducted a pilot study on 31 families that explored the 
associations between parent and adolescent reports of adolescent attachment and 
glycemic control in adolescents with T1D. Adolescents and parents reported on their 
perceptions of the adolescents’ attachment to their mothers and fathers. The mothers’ 
perceptions of adolescents’ attachment were significantly correlated with adolescents’ 
HbA1c, indicating that maternal perceptions of more secure attachment were 
associated with better glycemic control. Neither fathers’ perceptions nor adolescents’ 
reports of attachment significantly correlated with glycemic control.

Ciechanowski et al[27] conducted their attachment-based research on an adult 
sample and presented evidence that dismissing attachment (a type of insecure 
attachment) was related to poor glycemic control. Costa-Cordella et al[28] assessed the 
role of attachment in T1D management in children. The results on 77 mother-child 
dyads showed a negative correlation of secure child attachment and HbA1c, which 
was seen only in boys but not in girls. The same author conducted a study in which 
mentalization (assessed by the Reflective Functioning Scale) was determined in two 
groups of mother-son dyads (with good vs poor diabetes control). Reflective 
functioning refers to an essential human capacity to understand other’s behavior 
considering their underlying mental states and intentions. Better reflective functioning 
correlates with more secure attachment. Their results showed that both maternal and 
child reflective functioning were higher in the good diabetes control group compared 
to the poor diabetes control group and were negatively correlated with HbA1c in the 
total sample. Meaning the higher the reflective functioning, the lower the HbA1c[4].

Family functioning
The diagnosis of T1D is a source of stress for the family and can have a negative 
impact on family functioning[29-31]. Additionally, numerous studies have linked 
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various aspects of family functioning to metabolic control[32-42]. Factors such as 
positive parental emotional support, family communication and sufficient parental 
guidance with diabetes-related care have been linked to improved metabolic control, 
while a high level of family conflict as well as negative and unsupportive parental 
behavior are linked to poorer metabolic control and adherence[32,34,43-47].

In a study by Lewin et al[32] of 109 children, two dimensions of family functioning, 
warm/caring and guidance/control, were assessed. The results demonstrated that 
family functioning and adherence were strongly associated with metabolic control and 
accounted for as much as 34% of its variance. The research highlighted the role of 
adherence as a mediating factor between the family functioning and metabolic control.

A Danish population-based study included all families with a child diagnosed with 
T1D. They assessed seven dimensions of family functioning and their relationship to 
metabolic control: problem solving; communication; roles; affective responsiveness; 
affective involvement; behavior control; and overall family functioning. Their results 
showed that discrepancies in family functioning were associated with higher HbA1c 
levels[34].

However, other studies have found no association between aspects of family life 
and metabolic control[48,49]. For example, Kovacs et al[48] conducted a study of 85 
children with T1D and assessed the relationship between two aspects of family 
functioning: parental perception of overall quality of family life and quality of the 
parent’s marriage. Their results showed no relationship between family functioning 
and the child’s glycemic control. Similarly, Gowers et al[49] found no association 
between various aspects of family functioning and metabolic control, among a sample 
of 60 children and adolescents with T1D. They found, however, a significant positive 
association of the parental involvement in administering injections.

Role of development
Patients with T1D need the support of their family and the diabetes team to keep up 
with their diabetes management. The roles of the young patients and their families 
change throughout the developmental span from childhood to adolescence. Over time, 
the responsibility for diabetes management transitions from the parents (caregivers) to 
a shared responsibility between youth and caregivers, with older teens ultimately 
taking on the majority of self-care responsibilities[13].

Berg et al[12] suggested a developmental model for understanding the interplay of 
the child’s self-regulation skills, the parents’ involvement and diabetes management as 
a dynamic bidirectional system changing throughout development. Each develop-
mental period has its unique developmental challenges that affect diabetes 
management. Very young children, for example, are completely dependent on 
parental caretaking. Their capacity to self-regulate behavior, emotions, sleeping, eating 
and physical activity is labile, which may complicate TD1 care[11,12]. Parental charac-
teristics, such as marital status, socioeconomic status and coping style also influence 
diabetes management, as does the individual child’s character, such as temperament. 
For example, higher activity levels and shorter attention span were associated with 
poor child cooperation with daily T1D care in a study performed on 34 children with 
T1D[11,50].

Many studies have shown deterioration of metabolic control when children 
transition into adolescence, with a subsequent improvement during adulthood[25,51-
54]. Therefore, adolescence itself is a stage that poses a specific risk to the management 
of diabetes. It is a period of complex physiological and psychological changes that can 
all influence diabetes management. Teens move from complete dependence on their 
caregivers to a more independent lifestyle. This occurs against a background of major 
changes in the hormonal mediators of puberty, the latter representing a biological 
factor contributing to deteriorated metabolic control due to insulin resistance[25]. As 
such, adolescents not only have to master the skills of diabetes self-management but 
also negotiate a new balance between autonomy and connectedness with their 
caregivers[12]. However, family support in terms of the caregiver’s involvement in 
diabetes management continues to be important[55]. Different studies have shown that 
supportive, cohesive families with low levels of conflict were more likely to have 
adolescents with strong adherence and good metabolic control than families without 
such cohesion[36]. Despite being less involved in the management of T1D in 
adolescence, greater parental monitoring was related to better adherence and lower 
levels of HbA1c[43,56,57].

Mental health problems
A higher incidence of mental health problems such as depression, anxiety and eating 
disorders were reported in children or adolescents with T1D compared to their healthy 
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peers[58-65].
Butwicka et al[59] conducted a population-based case-cohort study on individuals 

born in Sweden between 1973 and 2009. Children with T1D (n = 17122) and their 
healthy siblings (n = 18847) were identified and followed until their 18th birthday. 
Their results showed that the risk of psychiatric morbidity in children with T1D 
compared with the general population was tripled within 6 mo of diabetes onset and 
doubled within the total observation period. They also reported an increased risk of 
attempted suicide[59].

Another population-based national register study, conducted on 5084 Danish 
children and adolescents with T1D and 35588 healthy controls, reported an increased 
risk of eating disorders, anxiety and mood disorders, substance misuse and 
personality disorders in the years following T1D onset. The highest risk was seen in 
subjects with diabetes onset between the ages of 10 and 14 years. The risk increased 
with the duration of T1D, with the highest risk occurring 5 or more years after the 
diagnosis[60].

Contrary to the research mentioned above, there are also studies that have shown a 
lower or equal prevalence of mental health problems in youth with T1D compared to 
healthy populations[66-69].

Silverstein et al[67] found no evidence of increased psychopathology across a wide 
range of mental health measures in youth with T1D in a large Norwegian population 
study that included 9883 adolescents aged 16-19 years, 40 of whom were diagnosed 
with T1D.

Another large population-based study on Brazilian adolescents aged 12-17 years 
compared 116 youth with T1D and 73508 healthy youth. The results showed that 
mental health symptoms but not disorders were more common in youth with T1D[68].

A case-control study on a Slovene cohort of 126 adolescents with T1D and 499 
healthy controls reported a lower prevalence of suicidal thoughts, suicide attempts 
and self-injurious and other risk-taking behaviors in adolescents with T1D (especially 
males) as compared to the general population of adolescents and a higher prevalence 
of disturbed eating behavior in females with T1D[70,71]. Suicidal behavior in 
adolescents with T1D, however, was related to poorer metabolic control in the same 
cohort[71].

According to the research, mental health problems are related to poor glycemic 
control[61,64,71-75]. However, the results of studies in this area are mixed, as some 
studies have found only a weak association, or no association at all, between mental 
health problems and glycemic control[76-79].

In a Danish population-based study of 4725 children and adolescents with T1D, 
1035 had at least one psychiatric disorder. A high average HbA1c level during the first 
2 years predicted a higher risk of psychiatric diagnosis. Patients with psychiatric 
comorbidities had higher HbA1c levels and an increased risk of hospitalization with 
diabetic ketoacidosis[72].

On the other hand, T1D is also related to an increased risk of neurodevelopmental 
disorders such as attention-deficit/hyperactivity disorder and autism spectrum 
disorders. The risk, according to a recent Swedish population-based cohort study, 
increases with HbA1c levels[80]. Previous studies have shown a relationship between 
attention-deficit/hyperactivity disorder and poor metabolic control suggesting that 
patients with T1D should be assessed for attention-deficit/hyperactivity disorder 
symptoms[81,82].

Having T1D necessarily means having to conform to a strict behavioral and dietary 
regime, which is a source of stress for the children and their parents, especially the 
mothers, who are usually responsible for most of the diabetes management[83]. Post-
traumatic stress symptoms have been commonly described in children and mothers as 
well as clinically significant levels of symptoms of anxiety and depression[30,84-86]. 
While post-traumatic stress symptoms were most severe at disease onset, they often 
persisted until 1 to 5 years after the diagnosis of T1D[83,84]. Together with diabetes-
specific stress, the post-traumatic stress symptoms following the diagnosis of T1D 
adversely affect children’s health[83]. Landolt et al[87] evaluated the rates of post-
traumatic stress disorder and symptoms in mothers and fathers of children with newly 
diagnosed T1D. Parents of 38 children with newly diagnosed T1D were included in 
the assessment. Twenty-four percent of the mothers and 22% of the fathers met full 
diagnostic criteria for current post-traumatic stress disorder. In addition, 51% of the 
mothers and 41% of the fathers met criteria for partial or subclinical post-traumatic 
stress disorder.

A study by Rumburg et al[86] included 81 mothers of youth aged 10-16 with T1D 
duration of at least 1 year. They measured diabetes distress and maternal depressive 
symptoms. The results showed that mothers’ overall diabetes distress was strongly 
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related to maternal depressive symptoms, and relationship-related diabetes distress 
was significantly associated with adolescents’ HbA1c. Fear of hypoglycemia, one of 
the most disturbing acute complications, is an important source of parental stress, 
which is in turn related to worse metabolic control. Nevertheless, some studies 
propose that the fear of hypoglycemia is to a certain extent adaptive because it leads to 
more frequent diabetes monitoring[88,89].

DYNAMIC BIDIRECTIONAL SYSTEM BETWEEN T1D AND PSYCHOSO-
CIAL VARIABLES
So far, we have presented the role of psychosocial factors such as stress, security of 
attachment to parents, family dynamics and mental disorder in the etiology of T1D 
and metabolic control. The recent literature, however, emphasizes the bidirectionality 
between psychosocial variables and T1D: T1D affects psychosocial functioning in a 
negative way, which in turn negatively impacts the course of T1D[4]. An attempt of a 
diagrammatic presentation of these influences is shown in Figure 1.

According to the transactional stress and coping model, a chronic childhood illness 
is seen as a stressor to which children and families attempt to adapt. The ways in 
which mothers cope with the stress has an important impact on both maternal and 
adolescent adjustment to the disease[90]. Many studies have shown that T1D poses 
diabetes-specific risk to the mental health of mothers who usually bear higher respons-
ibility for their child’s diabetes care. The stress often results in clinical symptoms of 
depression and anxiety, which are related to poor glycemic control of the child’s T1D
[86,91].

Jaser et al[90] measured diabetes-related stress and coping in 118 mothers of 
adolescents aged 10-16 years with T1D. The mothers were asked how often they 
experienced diabetes-related stress (e.g., taking care of diabetes, frequently reminding 
an adolescent to take care of him/herself), and they then completed a questionnaire 
asking how they responded to these stressors. Three ways of coping were sub-
sequently identified: Primary control engagement coping (problem solving, emotional 
modulation, emotional expression); secondary control engagement coping (positive 
thinking, cognitive restructuring, acceptance, distraction); and disengagement coping 
(avoidance, denial, wishful thinking). Further, they evaluated depressive and anxiety 
symptoms in the mothers, diabetes-related family conflict, depressive symptoms and 
the quality of life of the adolescents. Their results showed that diabetes-related stress 
in the mothers was significantly associated with their symptoms of depression, 
anxiety, family conflict and secondary control coping. Furthermore, the mothers’ use 
of primary or secondary control coping strategies was related to fewer symptoms of 
depression, anxiety and less family conflict. On the other hand, disengagement coping 
was related to higher symptoms of depression and anxiety. Maternal coping was not 
related to any adolescent outcomes. However, maternal depressive symptoms were 
associated with poorer adolescent quality of life. In addition, family conflict was 
related to higher depressive symptoms in adolescents and, notably, to their glycemic 
control. Their results support the idea that ways of coping or attempts to adapt to the 
stressor may mediate the relationship between diabetes-related stress and maternal 
symptoms of depression and anxiety, which in turn may influence the family 
functioning, adolescent quality of life and finally the T1D outcomes.

This bidirectional system must also be understood as a dynamic system that moves 
through different developmental stages. Young children depend mostly on their 
parents in diabetes care[11,12], while adolescents gradually take over the management 
control[13]. According to this, diabetes-specific family stress was shown to be 
negatively associated to the age of the affected children[92].

CONCLUSION
The present narrative review summarizes some of the psychosocial factors that 
influence the etiology and management of T1D in children and adolescents, with an 
emphasis on stressful life events and stress regulation inside the family dynamic and 
highlighting the role of the attachment. Stressful life events have been associated with 
T1D etiology and T1D management in many studies, as have family dynamics and the 
child and parent psychiatric morbidity. Many clinical guidelines thus emphasize the 
importance of family support as well as performing an assessment of psychosocial 
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Figure 1 Dynamic multidirectional system of psychosocial factors in type 1 diabetes. SES: Socioeconomic status; T1D: Type 1 diabetes.

functioning and screening for psychiatric disorders. There is also a vast literature 
considering the impact of development and normal transitions throughout a child’s 
life on the management of T1D. Less research has been performed in the field of 
attachment and understanding the significance of the primary relationships between 
the children and their caregivers for the regulation of stress and successful 
management of T1D. To better understand the complex multidirectional interplay of 
psychosocial factors between the individual and the family in the induction, 
progression and management of T1D, more longitudinal and interdisciplinary studies 
combining the fields of (neuro)endocrinology, stress regulation and developmental 
psychology are needed.
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Abstract
Type 2 diabetes mellitus (T2DM) is one of the fastest growing public health 
concerns around the world. Sugar-sweetened beverage (SSB) consumption has 
been proven to be associated with adverse health consequences in the diabetic 
population. Reducing SSB consumption, body weight control, healthy diets, and 
increased physical activity have been suggested as strategies to improve diabetes 
prevention and management. This literature review provides an overview of: (1) 
The association between SSB consumption and the risk of T2DM; (2) Types of SSB 
consumption and T2DM; (3) The effect of obesity and inflammation on the 
association between SSB consum-ption and risk of T2DM; and (4) SSB 
consumption in T2DM patients. There is still work to be done to determine how 
SSB consumption is related to T2DM, but the current research on identifying the 
association between SSB consumption and T2DM is promising, with the most 
promising studies confirming the connection between SSBs, T2DM risk, and 
diabetes management. Future studies should explore more effective SSB related 
diabetes prevention and management interventions.
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Core Tip: Sugar-sweetened beverage (SSB) consumption has been proven to be 
associated with adverse health consequences in the diabetic population. This literature 
review provides an overview of: (1) The association between SSB consumption and the 
risk of type 2 diabetes mellitus (T2DM); (2) Types of SSB consumption and T2DM; 
(3) The effect of obesity and inflammation on the association between SSB consum-
ption and risk of T2DM; and (4) SSB consumption in T2DM patients. The current 
research on identifying the association between SSB consumption and T2DM is 
promising, with the most promising studies confirming the connection between SSBs, 
T2DM risk, and diabetes management.

Citation: Tseng TS, Lin WT, Gonzalez GV, Kao YH, Chen LS, Lin HY. Sugar intake from 
sweetened beverages and diabetes: A narrative review. World J Diabetes 2021; 12(9): 1530-
1538
URL: https://www.wjgnet.com/1948-9358/full/v12/i9/1530.htm
DOI: https://dx.doi.org/10.4239/wjd.v12.i9.1530

INTRODUCTION
Type 2 diabetes mellitus (T2DM) is one of the fastest growing public health concerns 
around the world, and has a high prevalence in the United States as one in every ten 
Americans has diabetes[1]. Many diabetes-related research studies, including those in 
the basic, clinical, translational, and public health sciences have identified the 
mechanisms of the disease, its risk factors, and intervention strategies to prevent or 
manage T2DM. Weight or diet management, physical activity, glycated hemoglobin 
level control, and diabetic retinopathy screening are useful approaches for the 
prevention and management of diabetes. Among these strategies, reducing sugar-
sweetened beverages (SSB; beverages with high sugar content) consumption has been 
identified as one of the most cost-effective diabetes prevention and management 
approaches in the last decade[2]. Because SSB consumption plays an important role in 
both diabetes prevention and control, researchers are urging the public to avoid 
consuming large amounts of SSB’s.

Although SSB consumption can lead to diabetes, there is limited information on 
both how SSB consumption is associated with diabetes, and on how the underlying 
mechanisms of obesity and inflammation affect the association between SSB 
consumption and T2DM. This manuscript reviews recent studies investigating the 
mechanisms and impact of SSB consumption on T2DM. In addition, the impact of SSB 
consumption on diabetic patients is a critical factor in successfully managing this 
chronic disease. Many studies have focused on SSB consumption and the risk of 
T2DM. However, the effect of SSB consumption upon adults with diabetes or 
prediabetes is unclear. The objective of this literature review is to provide an update 
on: (1) The association between SSB consumption and T2DM risk; (2) The effect of 
different types of SSB consumption and T2DM; (3) The effect of obesity and inflam-
mation on the association between SSB consumption and risk of T2DM; and (4) SSB 
consumption in T2DM patients.

SSB AND RISK OF T2DM 
Previous longitudinal and large cohort studies found a strong association between SSB 
consumption and subsequent T2DM risk. Previous large cohorts that were monitored 
for long periods (from 4-20 years) found that SSB consumption increased the risk of 
developing T2DM[3]. It is known that SSB’s are the main source of added sugars in 
American diets. Previous literature and epidemiological evidence supports the fact 
that SSBs contribute to T2DM[4]. This study combined three cohorts of United States 
women and men and suggested that increased consumption of sugary beverages and 
artificially sweetened SSBs was associated with a higher risk of diabetes[4]. Similarly, 
the other three cohort studies consistently demonstrated that both SSB, and artificially 

http://creativecommons.org/Licenses/by-nc/4.0/
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sweetened SSB consumption were observed to contribute to an increased risk of 
diabetes development[5-7].

The association of SSB and T2DM can also be observed in SSB related policy. 
Increased taxation of SSBs was recently implemented to evaluate associated changes in 
SSB consumption[8-12]. Some studies have suggested that increased taxation of SSBs is 
likely to reduce SSB consumption, lower the incidence of diabetes, and decrease 
diabetes related morbidity and mortality. Findings from a South African nationwide 
survey found an estimated decrease of approximately 108000 cumulative TD2M cases 
in South African adults after a 20% SSB tax increase was imposed for 20 years. Over 
the same period, the increased tax on SSB could also have been responsible for an 860 
million dollars reduction in T2DM-related healthcare costs in South Africa[11]. A 1.6% 
and a 0.37% lowering of the incidence rate of diabetes in the populations of India and 
Ireland respectively was predicted after the imposition of a 20% SSB tax increase for 
ten years[9]. Although support of taxation on SSBs varies significantly across 
populations with differing demographic characteristics and health conditions, an SSB 
tax may have the potential to reduce both obesity-related disease incidence and health 
care costs.

TYPES OF SSB AND T2DM 
SSBs include soda, energy drinks, sweetened tea, sweetened juices, and vitamin water 
drinks[13]. Although studies have indicated that SSBs are associated with diabetes, it 
is important to understand the associations that different types of SSBs have upon 
T2DM. Different types of sweetened beverages may be associated with different risks 
of diabetes or diabetic-related markers, such as beta-cell function and insulin 
sensitivity[14]. However, controversial findings were proposed from cohort results 
including one 14 year longitudinal cohort targeting women that showed both SSB 
consumption, and non-soda artificially sweetened drink consumption were associated 
with a higher risk of diabetes, with the exception of 100% fruit juice consumption[5].

The effect of low-calorie-sweetened beverages (LCSB) consumption has been 
studied to assess its efficacy in assisting in weight control. The American Diabetes 
Association, the American Heart Association, and the Academy of Nutrition and 
Dietetics have released statements that LCSBs can be used in a structured diet to 
replace SSBs and reduce energy intake[15]. Another large cohort study of men 
collected beverage intake information every 4 years over 20 years of follow-up using 
food frequency questionnaires. An increased risk of diabetes was found in men who 
consumed either carbonated or noncarbonated SSB, but not in those who consumed 
low-calorie sweetened beverages. Artificial sweeteners such as in diet soda, are an 
alternative to SSBs but they have no nutritional value and their health consequences 
are still being evaluated. Particularly, consumption of SSBs or artificially sweetened 
SSBs was associated with a higher risk of diabetes not only in middle-aged or older 
adults but also in young adults. One multi-city study observed that the long-term 
consumption of soda or fruit drinks sweetened with non-caloric sweeteners was 
associated with diabetes development. After adjusting for body mass index (BMI), 
these two associations were attenuated. However, total SSB (sugar-sweetened soft 
drinks and fruit drinks) consumption was still significantly associated with a higher 
risk of diabetes development in United States young adults[16].

Some studies focused on exploring whether the association between diabetes and 
regular and diet soda consumption was due to the presence of high fructose levels in 
these beverages. The association between consumption of regular soda and diabetes 
development, and decreased beta-cell function has been reported[14,17,18]. However, 
it is still unclear whether the consumption of regular and diet sodas is associated with 
different diabetes related outcomes. One study conducted by Gardener et al[19] 
showed that the substitution of diet soda or artificially sweetened diet beverages in 
place of regular soda was not associated with a reduced incidence of diabetes. 
Consistent results were reported from studies that compared regular and diet sodas. 
Consumption of SSB or diet sodas were both observed to result in an increased risk of 
diabetes in middle-aged Japanese men[6].

Reducing SSB consumption to lower diabetes incidence is suggested in the findings 
of all of the above-mentioned studies. Of these, findings from one cohort study 
conducted using 3.99 million person-years of data collected in multiple European 
countries (e.g. France, Italy, Spain, the United Kingdom, the Netherlands, Germany, 
Sweden, and Denmark) suggested that replacing SSBs with coffee or tea may result in 
a decrease of approximately 20% in diabetes development. This effect was not 
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observed by substituting SSB or diet soda consumption with fruit juice or milk. 
However, the consumption of sweetened or unsweetened coffee and tea were not 
distinguished in this study[20]. Another 10-year follow-up study reported that the 
replacement of all types of SSB and sweetened milk consumption with unsweetened 
tea, coffee, or water had a positive effect on diabetes prevention[21].

SSB, OBESITY, INFLAMMATION, AND T2DM 
SSBs are a well known contributor to an unhealthy diet that can contribute to obesity 
due to high sugar consumption and low satiety. Added sugar intake in a liquid form 
was also found to be associated with higher levels of inflammatory markers[22,23]. In 
addition to adiposity, inflammation is another factor associated with diabetes. 
Accumulation of adiposity is one of the risk factors linked with higher inflammation 
levels. Controlling body weight, maintaining a healthy diet, reducing SSB 
consumption, and increased physical activity have been reported to be have a positive 
effect on diabetes prevention. In the past decade, some review studies have reported 
that SSB consumption is likely to contribute to the accumulation of adiposity and a 
higher risk of future diabetes[3,24,25]. Most of these studies considered adiposity as a 
confounder to evaluate the association between SSB consumption and diabetes. 
However, how adiposity influences the association between SSB consumption and 
diabetes is unclear. It has been hypothesized that a high intake level of added sugars 
and SSBs can increase chronic inflammation[23]. SSBs have been found to be a 
contributor to high dietary glycemic load (GL) that can lead to inflammation 
independent of obesity[3]. The consumption of large amounts of SSBs can increase 
blood glucose and insulin concentrations, while leading to a high GL. Diets with a 
high GL can stimulate hunger and lead to weight gain as well as induce glucose 
intolerance and insulin resistance. High GL can increase inflammatory biomarkers like 
the C-reactive protein (CRP), which is associated with T2DM.

Aeberli et al[26] reported how low to moderate consumption of fructose, glucose, 
and sucrose-containing beverages can cause an inflammatory response in young men. 
Fructose, which can trigger inflammation, is a major component of SSBs and has been 
observed to activate inflammatory pathways. This evidence supports the hypothesis of 
a positive association between high SSB consumption and inflammation[26,27]. A 
short 3-wk period of SSB consumption can cause changes in glucose metabolism that 
can lead to long-term insulin resistance. This study supports other research that found 
that consumption of SSBs had an adverse effect on lipid and glucose metabolism and 
raised inflammation levels[26]. Other studies reported fructose as the main component 
in chronic inflammation, and that there were no observable differences in the 
triggering of low-grade chronic inflammation due to either short-term or long-term 
consumption of SSBs[27]. Some review studies have proposed that higher levels of 
inflammatory markers are associated with an increased risk of diabetes[28,29]. One 
recent study identified the role of inflammatory markers in the association between 
SSB consumption and diabetes. Findings showed no significant linear association 
between SSB and T2DM risk, or CRP levels because of the U-shaped association 
between SSB consumption or added sugar intake, and diabetes risk and CRP level. 
However, six plasma proteins, including HGF, tPA, CHI3L1, IL1ra, PRSS8 and FUR, 
were identified as being associated with SSB consumption[23]. CRP are most 
commonly studied in relation to added sugars and SSBs, but there is currently a dearth 
of research on other plasma proteins[23]. SSB's with the familiar caramel coloring 
found in cola soft drinks are known to have high levels of advanced glycation end 
products, which can also increase inflammation[3].

Obesity plays an important role in diabetes prevention and management. One 
survey study reported that the association between SSB consumption and diabetes was 
marginally significant after adjusting for adiposity indexes, such as body fatness, BMI, 
and waist circumference[30]. Another cross-sectional study that analyzed data from 75 
countries found that sweetened soft drink consumption was related to diabetes 
prevalence. Findings from one nationwide eight-year cohort study found that BMI 
mediated the relationship between SSB consumption and diabetes incidence[31], while 
one case-control study demonstrated that excess weight might partially mediate the 
association between SSB intake and diabetes development[32].
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SSB CONSUMPTION IN T2DM PATIENTS
Identifying which variables are associated with SSB intake among people with T2DM 
may provide vital evidence for the effective management of diabetes. Two studies 
assessed large United States nationwide survey datasets (i.e., Behavioral Risk Factor 
Surveillance System and National Health and Nutrition Examination Survey) to 
explore associations between sociodemographic and behavioral characteristics and 
SSB consumption among T2DM patients. Around 16% of adults with diabetes, and 
about 30% of adults without diabetes reported consuming SSBs at least once per day. 
Diabetic adults who were younger, male, non–Hispanic Black, lower education, lower 
income, not married, and current smokers were significantly more likely to consume 
more SSBs[2,33]. In addition, diabetes management behaviors were also observed to 
have a significant association with SSB intake. Adults with T2DM who had a shorter 
duration of diabetes, checked their blood sugar less frequently, and did not attend a 
diabetes self-management course reported higher SSB consumption[2].

SSB consumption has been proven to be associated with adverse health 
consequences in both the overall and the diabetic populations. Previous literature has 
reported that adults with T2DM who consumed more SSBs had an elevated risk of 
developing numerous adverse health outcomes such as abdominal obesity[34], 
cardiovascular diseases[35], gout[36], poor cognitive function[37], and tooth loss[34-
38]. Although these studies applied a cross-sectional design using a survey 
questionnaire, a positive association between SSB intake and risk of adverse health 
outcomes was identified, which should motivate T2DM patients to reduce SSB intake 
or stop consuming SSBs altogether to decrease the risk of adverse outcomes.

IMPACT OF SSB CONSUMPTION ON T2DM 
Our review of the literature found trends in research results connecting SSB 
consumption to the risk of developing T2DM. Findings from a computer simulation 
study demonstrated that a 10% reduction in SSB consumption could decrease diabetes 
incidence over a 10-year period in adults aged 35 and older[39]. The majority of 
beverages containing high levels of sugar included soft drinks, juices, energy drinks, 
and vitamin water drinks. Studies showed that current SSB consumption levels 
resulted in possible increased incidence of T2DM. The added sugar content in these 
beverages is a major factor contributing to T2DM related adverse health outcomes, 
though fruit juices can also contribute to increased T2DM risk due to high levels of 
added sugar in these beverages that were once thought to be healthier alternatives.

Different types of sweetened beverages may be associated with different risks of 
diabetes or the appearance of diabetic-related markers; however, inconsistent findings 
were reported. Some studies showed that fruit juice and low-calorie sweetened 
beverage consumption were not associated with a higher risk of diabetes. The effect of 
the replacement of SSB’s with diet or no-caloric sweetened beverages on diabetes 
incidence is still uncertain. None of the studies we reviewed suggested diet or zero 
calorie sweetened beverage consumption as an strategy to prevent diabetes 
development. The more effective strategy to lower diabetes risk is to substitute water, 
unsweetened tea, or coffee for SSBs. These are simple and low-cost options to improve 
glycemic and weight control.

In concluding this review, most studies found that SSB consumption increased the 
risk of developing T2DM (Figure 1). SSB consumption is thought to add to the risk of 
individuals developing T2DM as it can lead to obesity. SSBs are likely to contribute to 
the accumulation of adiposity and a higher risk of developing diabetes in the future. 
There was a consensus that the obesity rate in the United States could be partly due to 
the number of individuals consuming more than the recommended daily intake of 
sugar. Excess adiposity in the body is known to promote inflammation flare-ups, but 
SSB's can increase the effects of inflammation due to the higher levels of added sugars 
being absorbed in the body. There was a call for more research into exactly what types 
of inflammation related proteins are increasing due to excess sugar consumption. CRP 
are the main area of study related to how inflammation is caused in the body, but 
broader ranging research has the potential to contribute insight into all sources of 
inflammation, and how inflammation can be combated it in the future. Scientists agree 
that high levels of sugar consumed on a daily basis increases inflammation, so the 
reduction of added sugar in the diet has to potential to significantly improve the 
health outcomes of individuals living with T2DM and chronic inflammation.
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Figure 1  The association between sugar-sweetened beverages and diabetes.

SSBs have been found to be a contributor to high dietary GL that can lead to inflam-
mation independent of obesity. Fructose, which is a major component of SSBs and can 
trigger inflammation, was observed to activate inflammatory pathways, evidence that 
supports the hypothesis of a positive association between high SSB consumption and 
inflammation. SSBs can also cause changes in glucose metabolism that can have the 
potential to lead to long-term insulin resistance. Large amounts of rapidly absorbable 
carbohydrates that are found in sugars, a significant component of SSBs, can lead to 
diabetes independent of obesity. SSB consumption has been found to be an factor in 
the incidence of T2DM, meaning that sugar content in the diet is more detrimental to 
health than was previously understood. Different sugars had different effects, but all 
had an adverse effect on inflammation levels. Thus, the consumption of SSBs has been 
associated with an increased risk of chronic disease, which may be mediated by low-
grade chronic inflammation[27]. SSB consumption can lead to T2DM, weight gain, 
increased inflammation, impaired beta-cell function, and insulin sensitivity[36]. When 
SSBs are consumed in large amounts, the possibility of developing glucose intolerance 
increases along with inflammation levels[40]. This means that SSBs can lead to 
diabetes independently of obesity.

The literature agreed that persons living with diabetes need to take action to reduce 
their intake of SSBs. A consensus was seen that a reduction in SSB consumption would 
improve overall health, including reduction of body fat, inflammation, and insulin 
sensitivity. Alternatives to SSBs are an option for those living with T2DM, but their 
lack of nutritional benefits is leading researchers to instead support the consumption 
of water, tea, and coffee rather than low-calorie or zero-calorie beverages. Patients 
were found to understand the health benefits of drinking affordable and no-sugar-
added beverages, but there is still a large portion of the population that continues to 
drink SSBs. Education is needed to reduce the consumption of SSBs and reduce the 
risk of developing T2DM. It is recommended that T2DM patients limit SSB 
consumption, and increase exercise levels to become physically fit and lose weight
[36]. T2DM patients should avoid SSBs due to the adverse health outcomes associated 
with their consumption, and the effects that dietary sugar consumption has on obesity, 
glycemic control, and inflammation. Reduced SSB consumption in the daily diet can 
benefit individuals with T2DM by improving lipid profiles and insulin sensitivity, and 
by reducing blood pressure, inflammation, and excess visceral adiposity[3]. Recent 
studies have reported that replacing SSBs with artificially sweetened beverages (ASBs) 
can positively affect body weight and possibly reduce the risk of diabetes long-term
[4]. However, researchers suggest caution in replacing SSBs with ASBs due to findings 
of weight gain, insulin resistance, and appetite stimulation. In terms of diabetes 
diagnosis, approximately 7.3 million Americans are undiagnosed[41], which means 
those adults had a fasting plasma glucose level of ≥ 126 mg/dL but did not be told by 
the physician. A One study revealed that undiagnosed adults were significantly more 
likely to consume more SSBs than those who were diagnosed with T2DM[33]. 
Therefore, undiagnosed adults should be targeted and diagnosed as early as possible, 
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which may improve their ability to manage their diabetes successfully.

LIMITATIONS
Several limitations of this literature review should be noted. Although this review 
employed bibliographic search strategies to minimize bias, not all relevant published 
papers have been included. Second, cross-sectional studies cannot provide evidence of 
causal linkage. Future studies are needed to clarify the causal relationship between 
SSB consumption, adiposity, and diabetes. However, the scope of this review provided 
an update on what is currently know regarding the association between SSBs and 
T2DM. The literature surveyed mostly relied on large cohorts to generate valid data, 
the analysis of which resulted in the conclusion that those who consume large 
amounts of SSB’s have a higher chance of developing T2DM, but more research needs 
to be done to see if that association is a significant factor in disease incidence. An 
individual's lifestyle and eating habits may also contribute to a T2DM diagnosis just as 
much or more than consuming SSBs.

CONCLUSION
Overall, consumption of beverages with added sweeteners, including soda, sweetened 
tea, coffee, juices, and milk is related to a higher risk of diabetes development. 
However, the interactions between the incidence of diabetes, the type of SSBs 
consumed, and adiposity is, as yet, unclear. SSB consumption can lead to weight gain, 
inflammation, and T2DM. The consumption of SSBs was associated with a higher risk 
of adverse health outcomes in adults with T2DM.

Future perspectives
It is important to continue to educate diabetic patients and those at risk of developing 
diabetes that high levels of SSB consumption has the potential to lead to T2DM and 
obesity. There is still more work to be done to definitively determine the effect of SSB 
consumption on the health of those who have T2DM, and those who are at risk for 
T2DM. The majority of the studies we reviewed confirmed that large-scale cohorts 
with long study periods show the most promise in demonstrating the connection 
between SSB consumption and T2DM. Future work is needed to conduct innovative 
and effective SSB-related behavioral and community-based research focused on 
discovering data-driven intervention strategies aimed at both reducing the risk of 
contracting diabetes, and the successful management of diabetes in those who have 
been diagnosed.
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Abstract
Management of diabetic foot ulcers is the biggest challenge to the clinician, as 
conventional antibiotic therapies and local wound care have their own limitations. 
They are not effective for control of infections and promotion of healing because 
of cytotoxic effects. In view of cytotoxicity of routinely used topical antiseptic 
agents, this article focuses on the search of an ideal topical antiseptic agent that is 
safe and effective in controlling infectious agents and also in promoting the 
healing process. This review focuses on the use of various acids such as citric, 
acetic, hyaluronic, and hypochlorous acids as topical agents in diabetic foot 
infections. This article also focuses on the different roles of acids in the treatment 
of diabetic foot infections.
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Core Tip: Diabetic foot ulcer is the most serious complication of diabetes mellitus. The 
biggest challenge is to find an ideal topical antiseptic agent that is safe and effective in 
controlling infectious agents and promoting the healing process. This article focuses on 
the use of acids as topical agents to control diabetic foot infections, with special 
emphasis on the different roles of citric, acetic, hyaluronic, and hypochlorous acids in 
the effective management of diabetic foot ulcers.

Citation: Nagoba B, Gavkare A, Rayate A, Mumbre S, Rao A, Warad B, Nanaware N, Jamadar 
N. Role of an acidic environment in the treatment of diabetic foot infections: A review. World J 
Diabetes 2021; 12(9): 1539-1549
URL: https://www.wjgnet.com/1948-9358/full/v12/i9/1539.htm
DOI: https://dx.doi.org/10.4239/wjd.v12.i9.1539

INTRODUCTION
Diabetes mellitus is a global public health problem. The global diabetes prevalence in 
2019 was estimated to be 9.3%and is expected to rise to 10.2% by 2030 and 10.9% by 
2045[1].Development of foot ulcers is one of the most serious complications of diabetes 
mellitus. The annual risk of foot ulceration in diabetic patients is 2% whereas the 
lifetime risk is 12%-25%, which increases further in the presence of peripheral 
neuropathy[2-6]. Intrinsic factors such as loss of sensation because of peripheral 
neuropathy, vascular insufficiency because of microvascular disease, and impaired 
immune response along with mechanical factors such as increased plantar pressure 
associated with foot deformity and calluses, local trauma, and infection are the 
important risk factors[3,7,8].

Infection is the most common sequela of diabetic foot ulceration, and once 
established, it becomes progressively severe and more difficult to treat. An infected 
foot ulcer is the most common cause of diabetes-related hospital admission, and if not 
treated well in time, it is the most common cause leading to lower extremity amputa-
tion[8]. It has been reported that nearly 28% of patients with diabetes require lower 
limb amputations and majority of amputations (50%) are needed because of 
uncontrolled infections. Thus, diabetic foot infection is the leading cause of 
nontraumatic lower extremity amputation[10,11]. Eradication of the infectious agent to 
control infection and sepsis, especially in a chronic diabetic foot ulcer, is paramount to 
the success of healing. Hence, finding a safe and effective antiseptic agent to 
control/eradicate infection as well as hasten the healing process should be the prime 
objective in the management of diabetic foot infections.

MICROBIOLOGY OF DIABETIC FOOT INFECTIONS
Foot infections in diabetics are most commonly caused by bacteria. Both aerobes and 
anaerobes have been shown to cause infection[12-17]. Fungi are also known to be 
associated with foot infections in diabetics[18,19]. Polymicrobial etiology has been 
reported to be more common than monomicrobial infection. Bacteriological analysis 
shows a predominance of both Gram-positive and Gram-negative bacteria. Among the 
Gram-positive aerobic bacteria, Staphylococcus aureus (S. aureus) is the most common 
bacterium. Coagulase-negative Staphylococci and Streptococci are the other bacterial 
pathogens isolated from foot infections. Among the Gram-negative aerobes, 
Pseudomonas aeruginosa (P. aeruginosa), Escherichia coli (E. coli), Klebsiella spp., Proteus 
spp., Citrobacter spp., Acinetobacter spp., etc. are common isolates. Among anaerobic 
bacteria, Peptostreptococci, Clostridia and Peptococci are the common Gram-positive 
isolates and Bacteroides spp., Prevotella spp., Fusobacterium spp., etc. are common Gram-
negative anaerobic isolates. Among fungi, Candida spp., C. albicans in particular, has 
been reported to be the most common[12-19].

http://creativecommons.org/Licenses/by-nc/4.0/
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MANAGEMENT OF DIABETIC FOOT INFECTIONS
A critical part of the management of diabetic foot ulcers is to treat the infection to 
reduce microbial load quantitatively to a level that can be resolved by the host 
immune system. As most of the etiological agents associated with diabetic foot 
infections are known to form biofilms and are resistant to multiple antimicrobial 
agents, they are difficult to eliminate from the infection site. It has been observed that 
biofilm formation is associated with increased virulence and delayed wound healing
[20]. Biofilms release a variety of toxic components during the taxis of neutrophils and 
discourage the process of phagocytosis. In chronic wounds, formation of biofilms 
discourages wound healing by increasing the inflammatory response[21].

The ideal management of diabetic foot infections should positively and potentially 
reduce the incidence of infection-related morbidities, duration of hospital stay, the cost 
of treatment, and most importantly, reduce limb amputations[22]. Compared with 
other wounds, diabetic foot ulcers are more prone to infection, and infection is one of 
the most important factors that delay wound healing. Hence, good wound care for 
control of infection is critical for successful wound healing[23], but successful 
treatment of diabetic foot infections is the biggest challenge for the following reasons: 
(1) Parenterally or orally administered antimicrobial agents have been shown not to 
reach adequate levels in chronic granulation tissue and have no effect on growing 
bacterial populations in granulating wounds[24]. Biofilm formation by infecting agents 
in diabetic foot ulcers makes wound healing and infections difficult to resolve by 
hampering local access of antimicrobial agents and because diabetes hampers the 
immune system[25]. Biofilm formation not only helps to prevent phagocytosis but also 
helps to increase the resistance of infecting agents to antimicrobial agents[26,27]. In a 
previous study, we found that in spite of in vitro susceptibility of infecting agent 
isolated from patients to antimicrobial agents, administration of the antimicrobial 
agent to patients did not result in successful outcomes. The result indicates that 
systemic antimicrobial therapy may not have practical and potential value in such 
cases, making local wound care the backbone of treatment[28]. And (2) Many topical 
antiseptic agents are used for wound care in diabetics. Some are good in controlling 
infections but their cytotoxic effect on the cells involved in the wound healing process 
and other cells like dermal and epidermal cells limit their use. Available experimental 
data show that majority of the agents retard healing by interfering with the normal 
process and can be harmful rather than useful. Studies show that these agents should 
be avoided, especially in the treatment of diabetic foot ulcers[29-32].

Hydrogen peroxide is the most commonly used antiseptic for washing diabetic foot 
ulcers, but is toxic to newly formed epithelium[33], because it kills fibroblasts, which 
have an important role in healing and epithelialization. In addition, it may also destroy 
normal cells surrounding the wound[34]. Povidone-iodine (betadine) is another 
commonly used antiseptic agent, but because it is also cytotoxic to fibroblasts and 
other cells involved in wound healing, it fails to promote good wound healing. Most 
studies show that it impairs wound healing and reduces wound strength[30,35-37]. 
Sodium hypochlorite (Dakin’s solution) has also been reported to be toxic to 
fibroblasts and keratinocytes and has been found to delay the process of epithelial-
ization and neovascularization. It has also been reported to retard collagen synthesis 
and inhibit migration of neutrophils in a wound bed[38-42]. Silver nitrate has also 
been reported to slow down the process of epithelialization and may delay wound 
healing[30,38]. Many other antiseptic agents such as iodine, alcohol, chlorhexidine, 
mafenide acetate, silver compounds, and benzalkonium chloride, etc. have been 
reported to retard wound healing[31,38,43-45]. In view of these observations, the 
treatment of diabetic foot ulcers has always been a big challenge to the clinician as 
conventional therapies (antibiotic therapy and local wound care) have limitations. 
Infection is the most common and most important reason for nonhealing/poor healing 
of diabetic foot ulcers. Infecting organisms are most difficult to eliminate from the 
infection site. Infections of diabetic foot ulcers need special attention, and if not 
controlled well in time, may become limb threatening and sometimes life threatening 
by progressing to osteomyelitis or gangrene, which can lead to septicemia, amputation 
and death. The biggest challenge is the search of an ideal topical antiseptic agent that 
is safe and effective in controlling/eradicating infectious agents from the infection site 
and as well as promoting/hastening the healing process.

Use of acids as topical agents in diabetic foot infections
Various acids, such as citric, acetic, hyaluronic, and hypochlorous (HOCl) acids are 
topical agents used in the treatment of diabetic foot infections. Citric acid (2%-3%) has 
been used to treat a variety of infected wounds and ulcers such as necrotizing fasciitis, 
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lepromatous ulcers, burns infections, surgical site infections, post-operative wounds in 
HIV/AIDS patients, traumatic wounds, diabetic foot ulcers, and many others[46-55]. 
In our initial study, citric acid was successfully used to treat diabetic foot ulcers 
infected with multiple antibiotic-resistant strains of P. aeruginosa[52]. Later on, citric 
acid was found to be effective against S. aureus also. Considering its activity against S. 
aureus, a case report published in 2000 described the successful treatment of a diabetic 
foot infected with multiple antibiotic-resistant P. aeruginosa and S. aureus and not 
responding to conventional antibiotic therapy and local wound care by application of 
a 2% citric acid solution[53]. A subsequent study reported the activity of citric acid 
against multiple antibiotic-resistant E. coli (MAREC). The in vitro sensitivity of E. coli 
to citric acid was reported in 2008, with successful use of 3% citric acid gel to treat 
diabetic foot ulcers infected with MAREC, with complete elimination of MAREC from 
infected sites and successful healing following 29-42 applications of citric acid[54]. A 
study published in 2010, found that citric acid was effective against almost all aerobic 
bacterial pathogens commonly associated with diabetic foot ulcers, i.e. S. aureus, P. 
aeruginosa, E. coli, Klebsiella spp., S. albus,  Citrobacter spp., Streptococci and Proteus 
vulgaris. That study reported that citric acid was found effective in control of diabetic 
foot infections and successful management of Wagner grades I and II ulcers, and even 
Wagner grade III ulcers without deep osteomyelitis. The success rate was more than 
94% in Wagner grade I and II ulcers, and 86.21% in Wagner grade III ulcers[13]. A 
recent case study described the treatment of a 70-year-old man with a diabetic leg 
ulcer that developed at the operative site 2 years after coronary artery bypass graft 
surgery. The ulcer was infected with methicillin-resistant S. aureus (MRSA) and had 
not responded to conventional treatment for months. It was successfully treated by 
application of 3% citric acid once daily for 30 d[55]. These studies of infected diabetic 
foot ulcers did not report any adverse effects, which shows that citric acid was found 
to be a safe and most effective topical antimicrobial agent for the treatment of diabetic 
foot ulcers. Citric acid has been found effective in chronic plantar ulcers in diabetic 
individuals with uncontrolled blood sugar levels and infected with multiple antibiotic-
resistant bacteria not responding to conventional therapies for months (See Figure 1).

Acetic acid has been used for the treatment of skin and soft tissue infections and 
burn wound infections caused by P. aeruginosa[56-58]. It is rarely used in the treatment 
of diabetic foot infections and infections caused by other microbial agents. Agrawal et 
al[59] reported that acetic acid controlled the overgrowth of many common isolates in 
addition to P. aeruginosa, including Streptococcus, S. aureus, Proteus mirabilis, Citrobacter 
spp., C. albicans, Aspergillus niger, A. fumigatus and Cryptococcus neoformans. In a 
previous study, 52-year-old man with diabetic foot ulcer infected with P. aeruginosa 
was successfully treated with 3% acetic acid. Application of acetic acid once daily for 
12 d successfully eliminated P. aeruginosa and resulted in successful healing of the 
ulcer[60]. Agrawal et al[59] reported remarkable improvement in raw areas in 7-14 d. 
They noted similar results even in cases with exposed tendons and crush injuries in 
diabetic patients, and even in infections caused by antibiotic-resistant strains. Fejfarová 
et al[61]also reported favorable outcomes of reduced ulcer dimensions using 1% acetic 
acid in diabetic foot ulcers, but the difference was not statistically significant.

Hyaluronic acid has been used in the management of diabetic foot ulcers in 
previous studies[62-65]. Lee et al[62] reported higher mean percentages of wound area 
reduction, wound depth reduction, and increase of healthy granulation tissue in the 
experimental group than in the control group indicating the potential of hyaluronic 
acid dressings to accelerate diabetic wound healing. A meta-analysis by Chen et al[63] 
found that hyaluronic acid was beneficial in treating diabetic foot ulcers by increasing 
the rate of wound healing, evidence that further supports the use of hyaluronic acid in 
the treatment of diabetic foot ulcers. In a study conducted by Lee et al[64], hyaluronic 
acid treatment achieved a significantly higher complete healing rate(84.6%) than was 
observed in the control group(41.6%). Healing was faster in the hyaluronic acid group 
and had a shorter mean duration of achieving a 50% ulcer size reduction without any 
adverse events, indicating that hyaluronic acid was safe and effective in treating 
diabetic foot ulcers. A study by Hwang et al[65] also concluded that hyaluronic acid 
dressing without additional substances was a safe and effective treatment for diabetic 
foot ulcers.

HOCl is another option for acid treatment of infected diabetic foot ulcers. HOCl has 
been reported to be effective against Candida spp., Proteus spp., Klebsiella spp., 
Pseudomonas spp. and MRSA. It was found comparatively more effective than 
hydrogen peroxide and povidone-iodine as a potent antimicrobial agent as well as 
being a better wound healing agent in diabetic foot ulcers, as evidenced by the 
formation of healthy granulation tissue and a significant reduction in number of 
organisms on quantitative culture. HOCl has also been reported to soften the wound 
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Figure 1 Diabetic foot ulcer. A: Before application of citric acid ointment; B: After 6 applications of citric acid ointment; C: After 16 applications of citric acid 
ointment; D: After 43 applications of citric acid ointment; E: Before application of citric acid ointment; F: After 25 applications of citric acid ointment.

surface eschar, clean and remove necrotic tissue and biofilms from diabetic foot 
infections. When compared with hydrogen peroxide and povidone-iodine, HOCl was 
found to cause a significant reduction in the quantity of exudate, had broad spectrum 
antimicrobial activity against a variety of microbes, and caused significant reductions 
in bacterial count and bacterial burden. HOCl appears to be a potent topical antiseptic 
to treat diabetic foot ulcers. It effectively controls the bioburden without impeding the 
process of wound healing[66-70].

THE ROLE OF ACIDS IN THE TREATMENT OF DIABETIC FOOT INFEC-
TIONS
The various acids used to treat diabetic foot infections are known to have different 
roles in controlling infections caused by a variety of microbes and in promoting 
healing by participating in different stages in the healing of diabetic foot ulcers. Apart 
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from the specific roles of different acids, the acidic environment created by all acids 
helps in the following ways. (1) Antimicrobial property: Application of acids to the 
wound surface creates an acidic environment. A pH of < 6.0 at the wound surface 
makes it an environment unsuitable for the growth and multiplication of most 
pathogenic bacteria, which require an optimum pH of 7. Acids thus have antimicrobial 
property that helps in rapid cleaning of infected surfaces[71]. (2) Inhibition of enzyme 
activity: The acidic environment inhibits the activity of proteolytic enzymes such as 
elastase and plasmin produced by various bacteria and by wound itself. The proteases 
are highly active in alkaline conditions. The acidic environment slows/inhibits their 
activity and formation of their end products, which are toxic to the  healing process[71,
72]. (3) Increase in oxygenation: The acidic environ-ment improves tissue oxygenation, 
which increases resistance to infection, promotes wound healing, and boosts the 
immune response as well. Improvement of oxygenation increases the production of 
oxygen radicals that kill bacteria[71,73,74]. (4) Decrease in the toxicity of bacterial end 
products: The acidic environment helps to reduce the toxicity of bacterial end 
products, e.g., ammonia, which are toxic to the process of wound healing[71,75]. And 
(5) Promotion of angiogenesis: The acidic environ-ment promotes angiogenesis, which 
increases the microcirculation of nutrients and oxygen and boosts fibroblast growth, 
thereby enhancing epithelialization that leads to faster wound healing[71,76].

SPECIFIC ROLES OF ACIDS
Citric acid
Citric acid is known to have key roles in the process of wound healing. As shown in 
Table 1, it helps in the management of a variety of infected wounds, including diabetic 
foot ulcers, in a number of ways.

Antibacterial activity: Citric acid is inhibitory to all bacterial pathogens commonly 
associated with diabetic foot ulcers. However, it has not been found effective against 
fungal pathogens. MICs (minimum inhibitory concentrations) in the range of 500-2500 
µg/mL against different bacterial isolates from diabetic foot ulcers and nondiabetic 
traumatic wounds have been reported. P. aeruginosa (MIC 500-1000 µg/mL) has been 
found to be the most susceptible and Klebsiella spp. (MIC 2000-2500 µg/mL) least 
susceptible to citric acid[13,51].

Decrease in the wound surface pH: Decrease in pH has an important role in wound 
healing. It is a biochemical indicator of wound healing processes and can be used to 
monitor the progression of wound healing. Wounds treated with citric acid show a pH 
ranging from 4 to 6, which is not suitable for the growth and multiplication of most 
bacterial pathogens that cause infection, and thus helps in effective elimination of 
bacteria from the infection site, leading to rapid cleaning up of infected surfaces. In 
addition, lowering the pH of wound surfaces also helps to reduce bacterial toxicity (
e.g., endotoxins and metalloproteinases), altering protease activity, etc. Microbiological 
evaluation after application of citric acid shows significant reductions in bacterial 
counts, or no growth, suggesting that citric acid effectively controls the infection[13,76-
79].

Fibroblastic growth, neovascularization, and epithelialization: Histopathological 
studies show that application of citric acid boosts fibroblastic growth and promotes 
neovascularization, which increases the microcirculation of nutrients and improves 
oxygenation. This enhances epithelialization and increases the migration of epithelial 
cells from the surrounding skin. Epithelialization in turn acts as stimulus for the 
deposition of ground substance and formation of healthy granulation tissue, thereby 
leading to faster wound healing[13,51,76]. A significant increase in granulation tissue 
compared with control treatment has been reported after application of citric acid[77].

Notable clinical changes: Application of citric acid results in significant reduction in 
wound size, early reduction in the amount of discharge and sloughing, and reduces 
hospital stay[76,77,79]. Significant reductions in common signs of inflammation such 
as edema, wound discharge, and erythema were noted in a study by Tandon et al[77].

Role of acetic acid
In most of the studies, acetic acid has been reported to be inhibitory to P. aeruginosa 
only[56-58]. However, Agrawal et al[59] found that it has antibacterial activity against 
bacterial pathogens commonly associated with wound infections, and antifungal 
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Table 1 Important roles of various acids in treating diabetic foot ulcers

Order of 
efficacy Name of acid Roles

1 Citric acid Antibacterial activity[13,51]; Decrease in pH-preventing growth and multiplication[13,76,79]; Fibroblastic growth, 
neovascularization and epithelialization[13,51,76,77]; Notable clinical changes[76,77,79]

2 Acetic acid Mainly antipseudomonal activity[55-57]; Anti biofilm activity[81-83]

3 Hyaluronic acid Reduces inflammatory response[22,84,85]; Increases angiogenesis and promotes granulation[22,84,85]; Proliferation of 
keratin cells[22,84,85]; Contributes to scarring[22,84,85]; Scavenger of free radicals and tissue degrading enzymes[85,86]; 
Controls tissue hydration[87]

4 Hypochlorous 
acid

Antimicrobial activity[70]; Wound debridement[70]; Anti-biofilm activity[70]; Promotes granulation[66]

activity as well. An in vitro study by Lineaweaver et al[80] showed that 0.25% acetic 
acid was toxic to fibroblasts, slowed wound epithelialization, and limited neutrophil 
function. It is well tolerated in vivo and gives superior results in the treatment of 
wounds infected with P. aeruginosa[57]. Bjarnsholt et al[81] reported that acetic acid 
lowered the pH and was effective in removing biofilms. It kills planktonic bacteria as 
well as helps eradicate bacteria growing in biofilms. Halstead et al[82] found that acetic 
acid was active against drug-resistant and biofilm-producing bacteria. In a study by 
Bjarnsholt et al[81], acetic acid was found effective against planktonic cells as well as 
biofilms of P. aeruginosa and S. aureus, and was found to have potential clinical use as a 
topical agent to eradicate biofilms in chronic infections caused by P. aeruginosa.

Role of hyaluronic acid
Hyaluronic acid is known to have a key role in every phase of wound healing. During 
the inflammatory phase, it binds to fibrinogen to initiate the clotting pathway, allows 
inflammatory cell migration, creates edema to allow cell infiltration and inhibits 
migration of neutrophils to reduce inflammatory response. During the granulation 
phase, it promotes cell mitosis and increases cell migration and angiogenesis. During 
re-epithelialization, it is associated with the proliferation of keratin cells and facilitates 
their migration. During the remodeling phase, it contributes to normal and 
pathological scarring[22,83,84]. Hyaluronic acid also serves as a scavenger of free 
radicals and tissue degrading enzymes that cause prolonged inflammation in chronic 
wounds[84,85]. It has been also reported to have important role in controlling tissue 
hydration[86].

Role of HOCl
HOCl has antibacterial as well as antifungal activity. It kills pathogens without 
causing cytotoxicity to keratinocytes or fibroblasts. The killing of pathogens promotes 
the natural healing process. It has been reported to be an effective wound cleaning and 
debriding agent by softening the wound surface eschar and removing necrotic tissue 
and biofilms from infected diabetic foot ulcers[70]. It significantly reduces the number 
of microbes in wounds and promotes rapid formation of healthy granulation tissue
[66].

CONCLUSION
The results of various studies show that conventional antibiotic treatment and local 
wound care with routinely used topical antiseptic agents have limitations. In view of 
cytotoxic effects on the cells involved in the process of wound healing, various acids 
are better options to treat diabetic foot infections. Citric acid, hyaluronic acid, and 
HOCl in a decreasing order of efficacy, and to a lesser extent acetic acid can be used as 
better alternatives to control infection and promote the healing of diabetic foot ulcers.
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Abstract
Patients with diabetes are more susceptible to coronavirus disease 2019 (COVID-
19), and as a consequence, develop more severe form of disease. This is partly due 
to a systemic inflammatory state and pro thrombotic milieu seen in metabolic 
syndrome. In this review, we attempt to explore the pathogenetic links between 
insulin resistance and COVID-19 disease severity. Insulin resistance is an 
underlying condition for metabolic syndromes, including type 2 diabetes, which 
impairs insulin signaling pathways affecting metabolic and cardiovascular 
homeostasis. A high concentration of circulating insulin shifts the balance to 
mitogen activated protein kinase (MAPK)-dependent signaling and causes 
endothelial cell damage. The phosphatidylinositol 3 kinase and MAPK dependent 
signaling pathways maintain a balance between nitric oxide-dependent 
vasodilator and endothelin-1 dependent vasoconstriction actions of insulin. 
Vascular smooth muscle cell dysfunction is responsible for inflammation and 
blood coagulation leading to microvascular and macrovascular complications in 
diabetes. Hyperactivity in renin-angiotensin system is implicated in development 
of islet oxidative stress and subsequent β-cell dysfunction, as it alters the islet 
blood flow. These deleterious effects of insulin resistance involving altered blood 
pressure, vascular dysfunction, and inflammation could be associated with 
increased severity in COVID-19 patients. We conclude that clinical and/or 
biochemical markers of insulin resistance should be included as prognostic 
markers in assessment of acute COVID-19 disease.
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Core Tip: Diabetes has been associated with an increased risk of developing 
coronavirus disease 2019 (COVID-19) as well as more severe outcomes as a con-
sequence. The pathogenetic link between insulin resistance and COIVD-19 disease 
severity is not fully understood. Establishing an association between insulin resistance 
and COVID-19 severity can help to develop targeted therapeutic interventions and 
potentially improve outcomes amongst the at-risk group.

Citation: Gangadharan C, Ahluwalia R, Sigamani A. Diabetes and COVID-19: Role of insulin 
resistance as a risk factor for COVID-19 severity. World J Diabetes 2021; 12(9): 1550-1562
URL: https://www.wjgnet.com/1948-9358/full/v12/i9/1550.htm
DOI: https://dx.doi.org/10.4239/wjd.v12.i9.1550

INTRODUCTION
Coronavirus disease 2019 (COVID-19) is a viral infection caused by a single stranded 
RNA virus called severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and 
first identified in Wuhan, China. World Health Organization declared COVID-19 a 
global pandemic on March 11, 2020, with confirmed positive cases reported from more 
than 200 countries[1]. The most common signs and symptoms of SARS-CoV-2 
infections range from asymptomatic to mild (20%-80% restricted to upper respiratory 
tract), while some may rapidly develop acute respiratory distress syndrome (ARDS), 
regional inflammation leading to pneumonia, respiratory failure, arrhythmias, acute 
cardiac injury, shock, multiple organ failure, and death. The severity of infection is 
manifested particularly in patients with concomitant conditions, including diabetes, 
cardiovascular disease, hypertension, obesity, and chronic obstructive pulmonary 
disease[2]. Epidemiological data has revealed that the mortality rate is higher amongst 
the older population with pre-existing comorbidities, including diabetes[3]. The 
clinical features of hospitalized COVID-19 patients reported by Liu et al[3] showed that 
elderly patients had underlying comorbidities including hypertension (27.78%), 
diabetes (16.67%), coronary heart disease (11.11%), and liver disease (5.56%). Elderly 
patients (median age 68) have had more complications following hospital admission, 
including ARDS (22.22%) and need for invasive ventilator support (22.22%)[3].

COVID-19 AND DIABETES MELLITUS 
During the first wave, compared to Asia, a greater percentage of people in Europe had 
worse outcomes from COVID-19[4]. An analysis on comorbidities amongst Italian 
subjects infected with COVID-19 revealed diabetes mellitus as the highest-ranking 
condition, followed by systemic hypertension and ischemic heart disease[1]. A study 
from Wuhan, China on the characteristics of COVID-19 patients showed that those 
with pre-existing diabetes (prevalence of 9.7%)[5] were more likely to require 
admission to an intensive care unit (20%) or to die as a result of severe COVID-19[6]. A 
study on glycemic characteristics and clinical outcomes of COVID-19 inpatients in 
United States showed that poor glycemic control correlated with longer stays in the 
hospital and a higher mortality rate (28.8% vs 6.2%; P < 0.001) in the diabetic group 
compared to nondiabetic group[7]. It is now well recognized that advanced age, 
presence of diabetes mellitus, hypertension, and severe obesity (body mass index > 40 
kg/m2) are associated with increased hospital admissions, morbidity, and mortality in 
patients with COIVD-19[8].

POTENTIAL MECHANISMS
Individuals with type 2 diabetes as part of a metabolic syndrome are characterized by 
increased activation of the renin angiotensin system, resulting in the development of 
diabetic complications, including micro and macro vascular diseases[9]. Renin 
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angiotensin system activation also triggers pro-inflammatory and procoagulant 
pathways, which further contribute to endothelial dysfunction and impaired vascular 
tone. Circulating levels of renin-angiotensin system (RAS) components, especially 
angiotensin II (ATII), have a potential role in endothelial cell dysfunction, insulin 
resistance, inflammation, and proliferation. Evidence has shown that insulin resistance 
is also positively associated with high prevalence of subclinical coronary artery disease 
and an altered adaptive immune response[10]. In addition, immune dysregulation and 
hyper inflammatory response induced by SARS-CoV-2 causes a delayed and impaired 
interferon response, lymphocyte exhaustion and cytokine storm in patients with 
diabetes and underlying insulin resistance[11,12]. However, the extent to which 
insulin resistance contributes to COVID-19 disease severity, along the underlying 
mechanisms involved, remain largely unexplored. In this review we explore the 
potential mechanisms linking insulin resistance and disease severity of COVID-19.

COVID-19–INFLAMMATORY PATHWAYS
SARS-CoV-2 is transmitted primarily via respiratory droplets, direct and indirect 
contact, with possible, but unproven, fecal-oral route. Following infection of SARS-
CoV-2 in patients, the onset of symptoms occurs within 4 to 5 d, and 97.5% of 
symptomatic patients develop the disease within 2 wk. A common feature in a 
subgroup of severely ill patients admitted to hospital exhibit severe respiratory failure 
with dyspnea and bilateral lung infiltration as observed on chest computerized 
tomography scans, lymphopenia, diarrhea, and hemoptysis[12]. Thus, the spectrum of 
disease is broad, including a few reported cases from China involving neurological 
symptoms, including strokes[13]. It is believed that the disease severity and mortality 
could be due to the cytokine storm or an imbalance in the function of angiotensin 
converting enzyme 2 (ACE2) caused by the virus, which disrupts the RAS[14].

The entry of SARS-CoV-2 into the human body is facilitated by the RAS and it’s 
regulator ACE2[15]. The RAS and ACE2 play a key role in maintaining physiological 
functions of kidneys, heart, and lungs. The kidneys, lungs, heart, and endothelium 
abundantly express ACE2 protein. Further, ACE2 regulates and maintains 
homeostasis of local concentration of ATII, a potent vasoconstrictor and pro-inflam-
matory agent, which enhances fibrosis and is a vital component of the RAS system in 
maintaining cardiovascular functions[16]. Two independent research groups proved 
that the viral spike (S) protein binds to ACE2 protein on tissue cells leading to direct 
membrane fusion between the host cell and the virus, facilitating the viral entry and 
release of viral RNA genome into the host cell[15,17]. Binding of SARS-CoV-2 to ACE2 
protein results in the loss of ACE2 expression due to internalization and shedding 
with decreased degradation of ATII, which leads to several pro-inflammatory and pro-
fibrotic actions with lung injury[18]. The viral entry is also dependent on the 
expression of transmembrane serine protease 2 (TMPRSS2), and the endosomal 
cysteine protease cathepsin B and L (CatB/L). In vitro studies have shown that the 
TMPRSS2 inhibitor camostat mesylate, along with the CatB/L inhibitor E-64d, 
inhibited viral entry into Caco-2 cells[19]. During the late phase of infection, SARS-
CoV-2 can infect cells with Fc receptors which are involved in antibody mediated 
internalization in macrophages ,monocytes, or B cells, even without ACE2 protein and 
TMPRSS2 expression[20], contributing further to a dampened immune response.

During an acute infection, an effective immune response is elicited for optimal 
pathogen clearance. In most individuals with SARS-CoV-2 infection, both innate and 
adaptive immune responses are activated leading to successful recovery. However, in 
severe cases of COVID-19, an excessive inflammatory innate response and deregulated 
adaptive host immune defense may cause tissue damage at both the viral entry site 
and systemic level. Autopsy findings in COVID-19 related deaths shows interstitial 
mononuclear inflammatory infiltrates lymphocytes in the lung and severe 
lymphopenia, with hyper activated T cells in the peripheral blood[21]. In addition, a 
decreased level of regulatory T cells was observed in severe COVID-19 cases. In severe 
cases of COVID-19 requiring intensive care in hospitals showed higher levels of 
inflammatory cytokines, including interleukin (IL)-2, IL-7, IL-10, granulocyte colony-
stimulating factor (G-CSF), tumour necrosis factor-α (TNF-α), and monocyte chemoat-
tractant protein-1 (MCP-1) in serum, suggest a dysfunctional immune response 
triggering a cytokine storm that mediates wide-spread lung inflammation[22]. The 
release of free radicals along with cytokine storm causes damage to the host with 
multiple organ failure and severe ARDs. The circulating levels of G-CSF, interferon 
gamma-induced protein 10, MCP-1, macrophage inflammatory protein1α, and TNF-α 
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are elevated in intensive care unit patients compared to those not requiring intensive 
care, further confirming the relation between cytokine storm, severity of COVID-19, 
mortality, and multiple organ failure[23].

Thromboembolism is another complication and cause of death in COVID-19. The 
main function of thrombin is to promote clot formation by activating platelets and 
converting fibrinogen to fibrin. Thrombin can augment inflammation via proteinase 
activated receptor-1, and its production is tightly controlled by the level of 
physiological anticoagulants like anti thrombin III, tissue factor pathway inhibitor and 
protein C system. During hyper inflammation, an imbalance in pro-coagulant-antico-
agulant systems, which predisposes the patient to the development of micro-
thrombosis, disseminated intravascular coagulation, and multi organ failure, were 
reported in severe COIVD-19 pneumonia[24]. Disseminated intravascular coagulation, 
lower platelet count, and an increased d-Dimer evidenced in non survivors of COVID-
19 is associated with poor prognosis[24]. Notably, endothelial cell death caused by 
COVID-19 leads to vascular leakage and induces cytopathic effect on airway epithelial 
cells[25]. Thus, the inflammatory mediators lead to vascular hyper permeability and 
stimulate endothelial cells that express ACE2 protein on blood vessels, which together 
with viral particles cause systemic inflammation, higher concentration of ATII, and 
induces tissue factor and plasminogen activator inhibitor 1 expression by endothelial 
cells via ATI receptors, leading to a hypercoagulable state. Thus, it is likely that dysreg-
ulation in RAS pathways contribute to cross talk between inflammation and 
thrombosis contributing to increased mortality. Patients with diabetes are now known 
to be at higher risk of severe clinical outcomes of COVID-19. Furthermore, insulin 
therapy itself has proven fatal in patients with COVID-19 and concurrent diabetes[26]. 
It is becoming increasingly apparent that an impaired adaptive immune response, 
characterized by chronic inflammation as seen amongst type 2 diabetes as well as 
obesity, can lead to abrupt systemic metabolic alterations contributing to increased 
production of inflammatory cytokines, fueling a cytokine storm resulting in poor 
outcomes[27]. Recent evidence also suggests that COVID-19 infection could precipitate 
acute metabolic complications of diabetes such as diabetic ketoacidosis and 
hyperglycemia[28]. The proposed mechanism is likely to involve ACE2 protein, which 
is expressed in pancreas including β-cells, and serve as a binding site or receptor for 
the SARS-CoV-2[29]. It is assumed that elevated circulating insulin levels with insulin 
resistance in type 2 diabetes underpins increased ACE2 expression in lung epithelial 
cells, and hence, contributes to severe disease associated with COVID-19 infection. 
Insulin resistance, a hallmark feature of type 2 diabetes, is known to elevate inflam-
matory cytokines[30], endothelial dysfunction[31] and procoagulant state[30] in this 
high-risk subgroup even before SARS-CoV-2 infection. Hence, as a result, insulin 
resistance potentially contributes to severity of COVID-19 associated with poorer 
outcomes amongst patients with pre-existing diabetes.

INSULIN AND VASCULAR INFLAMMATION
Insulin is a potent anabolic hormone, involved in stimulating glucose uptake in 
skeletal muscles and adipocytes, promoting glycogen synthesis in skeletal muscles, 
suppressing hepatic glucose production, and inhibiting lipolysis in adipocytes. The 
biological actions of insulin are initiated by binding to its insulin receptor, a hetero-
tetrameric tyrosine receptor kinase which phosphorylates intracellular substrates like 
insulin receptor substrate (IRS-1). Interaction of tyrosine phosphorylated IRS-1 creates 
Src Homology, recruit's phosphatidylinositol 3 kinase (PI3K) and growth factor 
receptor-bound protein 2 (Grb-2). Upon phosphorylation and activation of PI3K, it 
subsequently phosphorylates and activates other downstream serine/threonine 
kinase, including Akt and atypical protein kinase C, culminating in many metabolic 
actions of insulin including glucose uptake through insulin responsive glucose 
transporter (GLUT) 4[32]. In addition to PI3K dependent insulin signaling, activation 
of Src homology Grb-2 results in the activation of GTP binding protein Ras, Raf, 
mitogen activated protein kinase (MAPK). MAPK dependent insulin signaling 
regulates the biological actions related to growth, mitogenesis, and differentiation. 
Thus, there are two major insulin signaling pathways: PI3K dependent signaling 
mediates metabolic actions and MAPK dependent signaling regulates non-metabolic 
mitogenic cardiovascular physiology. In the presence of insulin resistance and hyper-
glycaemia, shared insulin signaling pathways are impaired in metabolic and 
cardiovascular tissues, contributing to reciprocal relationship between insulin 
resistance and endothelial dysfunction[33].
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The vascular functions of insulin are complex, with either protective or deleterious 
effects on vasculature[34]. A normal endothelial cell function is important in 
maintaining vascular tone and homeostasis by regulating vasodilation and 
constriction, thrombosis and fibrinolysis, platelet activation and leukocyte recruitment, 
and smooth muscle function. In addition to metabolic actions of insulin, PI3K 
signaling regulates the production of vasodilator nitric oxide (NO)[35]. Vasodilation 
increases blood flow and augments metabolic actions of insulin in skeletal muscle, 
regulates sodium homeostasis by enhancing sodium reabsorption in kidneys and 
thereby regulating blood pressure. A counterbalance is established by MAPK signaling 
in the endothelium, secreting vasoconstrictor endothelin-1, vascular smooth muscle 
cell (VSMC) proliferation, and pro-inflammatory activity. Expression of cellular 
adhesion molecules, including intercellular adhesion molecule-1 vascular cell adhesion 
molecule, are regulated by MAPK for modulating cell-cell interactions between 
vascular endothelium and circulatory inflammatory cells[36].

Under physiological conditions, insulin maintains a quiescent phenotype in VSMC
[37]. VSMCs express both insulin receptor and insulin like growth factor receptor-1 
(IGF-IR). At physiological concentrations of insulin stimulate translocation of insulin 
receptor and IGF-IR on VSMCs and increases cyclic guanosine monophosphate levels 
by releasing endothelial NO synthase 3 that evoke vasorelaxation. Insulin further 
attenuates VSMC contractility by regulating Rho induced increases in cytosolic 
calcium through calcium channels and inactivates myosin light chain phosphatase 
through PI3K/Akt insulin signaling. Insulin maintains a dedifferentiating state on 
VSMC through PI3K pathway and mediates VSMC migration through MAPK 
dependent pathway. In insulin resistant states, PI3K/Akt pathway is impaired and 
MAPK/RAS/Raf is increased, which preferentially signals to the mitogenic pathway 
as demonstrated in endothelial VSMCs[31]. A study in murine models has shown that 
both hyperglycemia and insulin resistance downregulate IRS-1 in VSMC and blood 
vessels with enhanced VSMC migration and proliferation in diabetic mice aorta 
promoting the formation of atherosclerotic lesions[38]. Hyperinsulinemia, in insulin 
resistant conditions can activate inflammatory pathways through enhanced advanced 
glycated end products (AGE) formation, reactive oxygen species (ROS) production, 
and elevated levels of circulating free fatty acids. Increased ROS and free fatty acids 
activate nuclear factor Kappa B (NF-kB) signaling pathway, which stimulates the 
production of pro-inflammatory cytokines, including TNF-α and IL-6. TNF-α through 
activation of Jun N terminal kinase pathway reduces insulin stimulated activation of 
PI3K/Akt/NO in endothelial cells and promotes atherosclerotic lesions. Furthermore, 
TNF-α stimulates expression of inflammatory proteins like C-reactive protein (CRP), 
an important marker of vascular inflammation and IL-6[38]. Thus, glucotoxicity and 
lipotoxicity associated with insulin resistance induce a pro-inflammatory milieu 
impairing vascular and endothelial function, promoting coronary heart diseases and 
atherosclerosis.

Insulin resistant states with impaired sensitivity to insulin mediated glucose 
disposal display impaired insulin mediated vasodilation, as well as endothelial 
dysfunction. In type 2 diabetes mellitus with underlying insulin resistance, insulin 
stimulated PI3K/NO pathway is selectively impaired and the compensatory 
hyperinsulinemia activate MAPK pathway, leading to enhanced vasoconstriction, pro-
inflammation, increased sodium and water retention, and elevated blood pressure. 
Insulin resistance is also characterized by the presence of free fatty acids and AGE 
products, both are pro-inflammatory in nature. Hyperglycemia and insulin resistance 
supports viral proliferation in human monocytes, involves glycolysis with subsequent 
ROS production, and cytokine release including IL-1β[38]. No studies have evaluated 
surrogate markers of insulin resistance for prognostic scoring in COVID-19 patients or 
the underlying mechanisms that contribute to disease severity in this group.

PORTAL CIRCULATION, RAS SYSTEM AND INFLAMMATION
The pancreas is a highly vascularized salivary gland which produces an array of 
digestive enzymes (acinar or exocrine cells), such as amylase, pancreatic lipase and 
trypsinogen, (released into duodenum) and pancreatic hormones (released into blood 
stream via splenic artery). The endocrine cells are distributed in cellular aggregates 
forming the islet of Langerhans, which are small, island-like structures within exocrine 
pancreatic tissue. The exocrine compartment constitutes 98% to 99% of the gland and 
the remaining 1% to 2% constitute endocrine cells with five different cell types, α-cells 
producing glucagon (15%-20%), β-cells producing amylin-, C-peptide and insulin- 
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(65%-80%), γ-cells producing pancreatic polypeptide (3%-5%), δ-cells producing 
somatostatin (3%-10%), and ε-cells producing ghrelin (< 1%)[39]. The dissimilar 
functions between the two compartments manifests different vascular organization, 
including vascular morphology and blood flow. The pancreatic islet blood flow (IBF), 
both basal and stimulated, is 5-10 times higher than that of exocrine pancreas, which is 
regulated autonomously from one another. The blood flow through islet capillaries 
significantly impacts nutrient sensing, paracrine communication, and final hormonal 
output, and hence any alterations in blood perfusion, either induced physiologically (
e.g., nervous input) or because of pathological changes (e.g., fibrosis), could affect islets 
function[40].

The pancreas receives 1% of the cardiac output supplied by celiac artery (70%) and 
the superior mesenteric artery (30%). The venous pancreatic blood is drained into the 
portal vein. The islets are supplied with arterioles, branching into fenestrated 
capillaries constituting 7% to 8% of islet volume. The acini are drained through 
venules into intra lobular veins and islet into ductal venous system. A part of the 
venous blood enters the insula-acinar portal system where venules bridge islet 
capillaries to acinar capillaries to provide an interface[41]. There is compelling 
evidence that metabolic regulation of islet blood perfusion is done by metabolites like 
adenosine and adenosine triphosphate/adenosine diphosphate[42]. The perfusion of 
blood in islets and exocrine compartments are modified by local endothelial 
mediators, the nervous system (the parasympathetic and sympathetic nerves), and 
gastrointestinal hormones. The islets are more sensitive to endothelial mediators 
especially NO and the incretin hormones, and adipokines preferentially act on islet 
vasculature. The evidence from literature so far suggests that insulin present in high 
local concentrations stimulates IBF and is independently regulated from the whole 
pancreatic blood flow (PBF)[42].

The changes in the PBF are clinically relevant as changes in the blood perfusion may 
affect the pathogenesis of diabetes mellitus and other pancreatic diseases. The effects 
of other hormone system, like the RAS, in the pathogenesis of glucose intolerance, 
insulin resistance, and hypertension, are well reported. The presence of local RAS is 
reported in many tissues including heart, vasculature, brain, retina, liver, and pancreas
[9]. Evidence from human and animal studies suggests that the local hyperactive 
RAS/ATII signaling pathways contribute to pathogenesis of diabetes and related 
complications. The relative risk of developing diabetes mellitus is reduced 25% by 
inhibiting RAS[43]. RAS components are found in acini, ducts, islets, endothelial cells, 
and its expression is modulated in different conditions, including hypoxia, pancre-
atitis, hyperglycemia, and diabetes mellitus. The conversion of angiotensinogen to 
vasoactive peptide angiotensin I (ATI) by renin, and further to ATII by ACE, occurs in 
most vascular systems in the body. The physiological activity of ATII is mediated by 
ATI and ATII receptors. The ATI receptors cause sympathetic activation facilitating 
norepinephrine release, vasoconstriction, sodium water retention, oxidative stress, and 
cell growth stimulation, while the ATII receptors cause anti-proliferative effects 
through kinins and vasodilation[9].

Under physiological concentrations, ATII constricts both exocrine and endocrine 
blood vessels and regulate the release of enzymes and hormones. Elevated levels of 
ATII in islet micro vessels, decreases IBF in healthy nondiabetic Sprague Dawley rats, 
and RAS blockade by ACE/ATI inhibitors increases blood flow to islet micro vessels, 
suggesting a role played by pancreatic RAS in maintaining islet perfusion and 
regulation of glucose stimulated insulin secretion[41]. Infusion of ATII in in vivo 
models, such as rats, caused vasoconstriction and delayed the first phase of insulin 
release after stimulus, the earliest detectable defect (insulin resistance) in development 
of diabetes mellitus. ATII has shown to induce vasoconstriction in a dose-dependent 
manner in islet arterioles and islet blood vessels regulating IBF. Furthermore, ATII 
stimulates the release of pancreatic juice via cholinergic afferent pathway thus 
regulating perfusion in exocrine pancreas as well[44].

Chronic hyper-glycemia or insulin resistance is characterized by vascular 
dysfunction especially with regard to the endothelium. The decreased bioavailability 
of NO diminishes endothelium dependent vasodilation, further favoring vasocon-
striction in vascular beds. The mechanisms that diminish NO production are partially 
regulated by increasing the NO synthesis inhibitor, and increased formation of ROS 
leads to degradation of NO and dysfunction of VSMC, which lead to macro and micro 
vascular complications of diabetes[31]. In addition, chronic hyperglycemia causes 
endothelial cell death by affecting the serine threonine kinase Akt pathway. Diabetes 
mellitus is often associated with islet inflammation, and reduction in β-cell mass/cell 
number and cytoarchitecture, which of course may affect IBF. Studies on islet 
vasculature in insulin resistance mice models (ob/ob positive mice and GLUT4 
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negative mice) revealed a vascular plasticity with increased islet vessel area and 
decreased intra islet vessel density affecting β-cells and increased IBF is proposed to 
contribute to this [45]. Experimental studies in mice models have found that initial 
stages of disturbed metabolism increase IBF, as disease progresses β-cell mass 
decreases followed by decreased islet volume and IBF. Insulin resistance would 
stimulate an increase in IBF and increase delivery of insulin to the systemic circulation 
and insulin biosynthesis, a compensatory mechanism adopted by β-cells to restore 
euglycemic state seen as a prodrome to overt diabetes mellitus[45]. The secondary 
changes in the pancreatic and IBF associated with glucose intolerance could modulate 
the pathophysiology of diabetes mellitus.

Blood flow measurements have shown that the local inflammation mediated by the 
release of adipokines, and macrophage derive cytokines may augment IBF. 
EvidenceIfrom vagotomised rats after portal vein infusion of Intralipid® increases PBF 
2-3-fold and IBF > 10-fold[46]. Administration of inhibitors of inflammation like 
palmitate decreases both PBF and IBF. Thus, pathological activation of innate immune 
system and inflammation may alter IBF as a secondary phenomenon[46]. Thus, 
therapies aiming to decrease augmented islet blood perfusion would improve clinical 
outcomes in these patients.

INSULIN RESISTANCE INCREASES THE SEVERITY OF COIVD-19 IN 
DIABETES PATIENTS
Hyperinsulinemia in patients with insulin resistance and diabetes can lead to 
increased SARS-CoV-2 viral load, as insulin increases membrane expression of ACE2, 
which functions as a viral dock for entry into cells[47]. ACE2 is upregulated in initial 
stages of diabetes as an adaptive mechanism to counter ACE over activity. ACE2 
controls blood pressure in a stable microenvironment by transforming ATII to AT1-7, 
lowering insulin resistance, oxidative stress, and increasing GLUT4 activity. In the 
later phases of diabetes ACE2 is downregulated due to glycosylation. However it is 
markedly increased in patients with diabetes and hypertension being treated with 
ACE inhibitors. Thus, ACE2 expression is increased in insulin resistant states, 
including type 2 diabetes. This in turn facilitates SARS-CoV-2 viral entry, which 
contributes to increased propensity to infection[18]. However, the SARS-CoV-2 
infection decreases ACE2 expression as it is internalized along with virus, further 
leading to exaggerated ATII. The SARS-CoV-2 viral infection enhances ACE2 
deficiency, dysregulation between the ‘adverse’ ACE→ATII→ATI axis, and the 
“protective” ACE2→AT1-7→MAS1 receptor axis would contribute to strengthening 
the progression of inflammatory and thrombotic processes. The underlying insulin 
resistance in patients with type 2 diabetes predispose them to COVID-19 by creating 
more affinity to spike proteins and an increased inflammatory response, leading to 
more severe forms of infection with increased mortality[47].

Insulin resistance by itself can cause inflammation. Several COVID-19 studies show 
a strong association between the severity of the disease and the degree of dysregulated 
systemic inflammation biomarkers. A total of 56 individuals were included in an 
observational study and 18 (32.14%) of them were elderly patients, median age ≥ 68 
years. The CRP level was considerably greater in the older group (P < 0.001) than in 
the younger and middle-aged groups. This study suggests that severe COVID-19 was 
observed amongst older patients with diabetes where interrelation between aging and 
inflammation is well established[3]. IL-6 a pro-inflammatory cytokine circulation 
elevation of 2 to 3-fold is observed in conditions of insulin resistance[31]. In 
comparison to non-diabetic and diabetic patients without COVID-19 infection, patients 
with COVID-19 infection with diabetes mellitus have higher IL-6 levels[48]. The 
accumulation of activated immune cells in metabolic tissues and inflammatory 
mediators, in particular IL-1β and TNF-α, contribute to the onset and progression of 
insulin resistance. Hyperglycemia produces ROS via advanced glycation end products 
and activates immune response in diabetes patients. CRP, an acute-phase reactant 
usually associated with serious infection and inflammation is strongly correlated in 
insulin resistance and a powerful predictor of future cardiovascular event. Patients 
with COVID-19 and coexistent diabetes characterized by low grade chronic inflam-
mation are more likely to develop a cytokine storm, leading to high risk of vascular 
hyper permeability state, multi-organ failure, and death[49]. Whether COVID-19 
accelerates the existing metabolic perturbations associated with diabetes and insulin 
resistance or virally induced inflammation leads to insulin resistance resulting in poor 
prognosis needs to be explored further.



Gangadharan C et al. Insulin resistance and severity of COVID-19

WJD https://www.wjgnet.com 1557 September 15, 2021 Volume 12 Issue 9

The findings of rapidly worsening glycemic control in patients with diabetes and 
COVID-19, requiring high doses of insulin to control elevated blood glucose, increased 
ketosis in older individuals indicate the possibility of pancreatic invasion by the SARS-
CoV-2[50]. Investigation of ACE2 expression confirmed a higher expression in 
pancreas than lungs, and single cell RNA sequencing confirmed the expression in both 
exocrine and endocrine glands of pancreas[50]. Thus, SARS-CoV-2 may cause direct 
damage to insulin secreting pancreatic beta cells, and this may partly explain the 
worsening of glucose control in people with diabetes who do have some functional β-
cells in reserve. According to Wang et al[51], 9 (17%) of 52 admitted COVID-19 
pneumonia patients in Wuhan experienced pancreatic injury as evidenced by irregular 
serum amylase or lipase levels. Six of the 9 pancreatic injury patients had developed 
glucose intolerance[51]. Following viral entry into beta cells, ACE2 is downregulated, 
resulting in an increase in angiotensin levels and impaired insulin secretion. The direct 
cytopathic effect of SARS-CoV-2 replication, the systemic reaction to respiratory 
failure, and the harmful immune response caused by SARS-CoV-2 infection are all 
possible mechanisms of pancreatic injury[51].

Diabetes is linked with coagulopathy and thrombosis contributing to long term 
micro and macro vascular pathological complications. Higher d-Dimer levels are 
found in COVID-19 patients with diabetes[23]. Additionally, individuals with both 
obesity and diabetes are reported to have worse prognosis associated with COVID-19 
infection, including potential thrombotic events such as stroke[49]. Considering 80% of 
patients with diabetes have coexistent hypertension, infection by SARS-CoV-2 may 
lead to deregulated blood pressure, with further increased risk of cardiovascular 
complications. Several publications have reported an increased risk of venous 
thromboembolism and pulmonary embolism amongst diabetes patients compared to 
the control group[52].

Patients with diabetes mellitus are more susceptible to the severe form of COVID-
19, which is associated with poorer outcomes. Based on the evidence so far, we 
hypothesize that insulin resistance could be a key facilitator driving severe disease in 
COVID-19 in patients with diabetes. A better understanding of clinical and 
biochemical markers of insulin resistance for evaluating diabetes status in patients 
with COVID-19 might help in developing patient tailored treatment strategies 
(Figure 1). In addition real world evidence is required to test the utility of markers of 
insulin resistance as prognostic indicators in predicting disease severity in COVID-19.

RATIONALE AND CLINICAL IMPLICATIONS OF INSULIN RESISTANCE IN 
COVID-19 SEVERITY
A hypothesis that may partially explain the propensity of individuals with insulin 
resistance and with type 2 diabetes to develop more severe forms of COVID-19 is 
inflammation associated with a high concentration of insulin and activation of the 
RAS. The SARS-CoV-2 uses ACE2 protein for the host entry. Hyperactivity of RAS 
pathway due to increased ROS is implicated in the pathogenesis of diabetes. In the 
islets, ACE2 may modulate blood flow and morphology in order to maintain insulin 
secretion. A higher concentration of circulating insulin shifts the balance towards 
vasoconstriction, disturbing cardiovascular homeostasis and resulting in increased risk 
of thromboembolism and multiple organ failure as explained in Figure 2. Diabetes 
mellitus alters cytokine profile and aggravates a dysregulated immune response. 
“Cytokine storm” implicated in mortality of COVID-19 patients reflecting, at least in 
part, a state of insulin resistance and elevated insulin levels driving ACE2 expression, 
altered blood pressure, inflammation, endothelial dysfunction, and coagulation. The 
triglyceride glucose index (a surrogate marker for insulin resistance) was found to be 
associated with poor clinical outcomes in patients with COVID-19, according to a 
recent study[53]. Thus, COVID-19 which is otherwise a mild infection in majority of 
the population but much more severe and fatal in the context of people with diabetes, 
could be explained by above hypothesis.

Using surrogate markers of insulin resistance in clinical setting as a prognostic tool 
in conjunction with other disease severity markers for β-cell damage, RAS pathway, 
inflammation, and thrombosis would help in developing tailored management 
strategies for patients with COVID-19 and diabetes (Table 1). This could potentially 
improve outcomes in severely ill patients. The hyperinsulinemic-euglycemic clamp 
technique is the gold standard to measure hepatic and skeletal muscle insulin 
sensitivity. However, it is technically demanding, time consuming, and inappropriate 
to perform in acutely ill patients. Alternative methods based on fasting insulin and 
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Table 1 Clinical studies that reported insulin resistance markers in patients with Diabetes and coronavirus disease 2019

Ref. Study design Sample 
size T2DM Markers of IR Age Outcomes Country

Wang et al
[57], 2021

Retrospective 172 72 Hypertriglyceridemia 
(Fibrinogen, triglycerides, 
Serum ferritin

66 
(Median)

China

Ren et al
[53], 2020

Retrospective 151 39 Triglyceride-glucose index 59.5 
(Mean)

Severity and mortality China

Alcántara-
Alonso
[58], 2021

Observational 
cohort

43 25 Triglyceride to high density 
lipoprotein cholesterol 

57.19 
(Mean)

Incidence of acute kidney injury, requirement 
of invasive mechanical ventilation, 
vasopressor support, days of hospitalization 
and mortality 

Mexico

IR: Insulin receptor; T2DM: Type 2 diabetes mellitus.

Figure 1 Insulin resistance may act as a bridging link between coronavirus disease 2019 and diabetes. The potential mechanism by which insulin 
resistance mediates coronavirus disease 2019 (COVID-19) severity is through angiotensin converting enzyme 2 protein, systemic inflammation, pancreatic β cell 
damage, and thrombosis. The potential markers of insulin resistance for evaluating diabetes status in patients with COVID-19 are also mentioned. CRP: C-reactive 
protein; CT: Computed tomography; IL-6: Interleukin-6; IR: Insulin receptor; MRI: Magnetic resonance imaging; T2DM: Type 2 diabetes mellitus.

glucose levels (HOMA), such as dynamic response to oral glucose loading, would also 
be impractical to perform in acutely unwell patients[54]. Alternatively, careful 
evaluation of biomarkers of inflammation (IL-6, CRP, fibrinogen, lymphocyte to 
monocyte ratio), thrombosis (d-Dimer, platelet number), and cardiovascular complic-
ations (Hs troponin), along with other parameters (fasting insulin and glucose) may 
serve as helpful prognostic tools in case of COVID-19 in the presence of diabetes. 
Furthermore, non-invasive strategies to assess the long-term consequences of insulin 
and PBF dynamics (contrast-enhanced ultrasound measurement) may also be helpful 
predict clinical progression[55,56].

CONCLUSION
Preliminary studies from various countries including United Kingdom and China 
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Figure 2 Inflammation linked to elevated insulin concentrations via portal circulation is one hypothesis that may help explain why 
patients with diabetes likely than others to develop extreme types of coronavirus disease 2019 diabetic patients[31,56]. The angiotensin 
converting enzyme (ACE) Protein is used by the severe acute respiratory syndrome coronavirus 2 to enter the host. The pathogenesis of diabetes is linked to 
hyperactivity of the renin-angiotensin system (RAS) pathway caused by increased reactive oxygen species (ROS). In order to maintain insulin secretion, ACE2 can 
modulate blood flow and morphology in the islets. A higher level of circulating insulin changes the balance from vasodilator to vasoconstrictor effects, disrupting 
cardiovascular homeostasis and increasing the risk of thromboembolism and multiple organ failure. COVID-19: Coronavirus disease 2019; MAPK: Mitogen activated 
protein kinase. Citation: Shah P, Lueschen N, Ardestani A, Oberholzer J, Olerud J, Carlsson PO, Maedler K. Angiopoetin-2 Signals Do Not Mediate the 
Hypervascularization of Islets in Type 2 Diabetes. PLoS One 2016; 11: e0161834. Copyright© The Authors 2016. Published by Open Access Article. Muniyappa R, 
Montagnani M, Koh KK, Quon MJ. Cardiovascular actions of insulin. Endocr Rev 2007; 28: 463-491. Copyright© The Authors 2007. Published by Oxford University 
Press.

suggest that COVID-19 is associated with increased severity and mortality in patients 
with diabetes. Insulin resistance-mediated metabolic and inflammatory processes are 
likely to be contributory factors. Patients with diabetes mellitus are also prone to 
significant dysglycaemia secondary to acute COVID-19, which in itself is detrimental 
and associated with poorer outcomes. Severe inflammation, either due to underlying 
metabolic syndromes or COVID-19 disease, can further worsen insulin resistance, 
which in turn would worsen dysglycaemia in diabetes mellitus, exacerbating the 
severity of COVID-19. We propose that surrogate markers of insulin resistance be 
evaluated for their prognostic value in predicting disease severity associated with 
COVID-19 amongst patients with diabetes. Since clinical and biochemical markers of 
insulin resistance are not routinely measured in COVID-19 patients, no real-world 
study has explicitly looked at the association between insulin resistance and disease 
severity. In addition, the expression of ACE2 in the pancreas is debated, and the role of 
ACE2 expression in the development of insulin resistance is also less explored.

The extent to which insulin resistance contributes to COVID-19 disease severity is 
not well known and may potentially be substantial. Population-based approaches to 
track individuals with insulin resistance and follow preventative treatment protocols 
could be a valuable method in the future to mitigate the impact of such pandemics.
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Abstract
Obesity is increasing worldwide, and this has major implications in the setting of 
kidney transplantation. Patients with obesity may have limited access to 
transplantation and increased posttransplant morbidity and mortality. Most 
transplant centers incorporate interventions aiming to target obesity in kidney 
transplant candidates, including dietary education and lifestyle modifications. For 
those failing nutritional restriction and medical therapy, the use of bariatric 
surgery may increase the transplant candidacy of patients with obesity and end-
stage renal disease (ESRD) and may potentially improve the immediate and late 
outcomes. Bariatric surgery in ESRD patients is associated with weight loss 
ranging from 29.8% to 72.8% excess weight loss, with reported mortality and 
morbidity rates of 2% and 7%, respectively. The most commonly performed 
bariatric surgical procedures in patients with ESRD and in transplant patients are 
laparoscopic sleeve gastrectomy (LSG) and laparoscopic Roux-en-Y gastric 
bypass. However, the correct timing of bariatric surgery and the ideal type of 
surgery have yet to be determined, although pretransplant LSG seems to be 
associated with an acceptable risk-benefit profile. We review the impact of obesity 
on kidney transplant candidates and recipients and in potential living kidney 
donors, exploring the potential impact of bariatric surgery in addressing obesity 
in these populations, thereby potentially improving posttransplant outcomes.
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Core Tip: Many studies demonstrated that obese patients may have limited access to 
kidney transplantation and an increased rate of posttransplant complications. Diet and 
lifestyle modifications may have a limited impact in the treatment of obesity in these 
patients, while bariatric surgery has the potential to improve the candidacy of these 
patients and to improve perioperative outcomes. This review will evaluate the potential 
role of bariatric surgery in the setting of kidney transplantation.

Citation: Veroux M, Mattone E, Cavallo M, Gioco R, Corona D, Volpicelli A, Veroux P. 
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URL: https://www.wjgnet.com/1948-9358/full/v12/i9/1563.htm
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INTRODUCTION
Obesity is a major public health concern, affecting more than 25% of the world 
population. It has been estimated that by 2030, the prevalence of the overweight 
population [as defined by body mass index (BMI) 25-29.9 kg/m2] will reach 38%, while 
20% will be obese (BMI > 30 kg/m2)[1,2]. Obesity-related complications include but are 
not limited to cardiovascular disease, diabetes mellitus (DM) and cancer[3]. Kidney 
transplantation represents the best replacement therapy for patients with end-stage 
renal disease (ESRD), conferring a better quality of life than dialysis[4]. While the 
number of obese ESRD patients is increasing, obesity may limit access to kidney 
transplantation due to related comorbidities and posttransplant complications, 
including wound dehiscence, posttransplant DM and incisional hernia[4-6]. While 
class 1 obesity (BMI 30-34.9 kg/m2) is not typically a contraindication, most transplant 
centers consider relative and absolute average BMI cutoffs of 38 and 41 kg/m2, 
respectively, as contraindications to kidney transplantation[3].

Obesity may increase the risk of cardiovascular complications, DM, and metabolic 
syndrome, which are well-known posttransplant complications related to the chronic 
use of immunosuppression[4-9]. However, data on the clinical outcomes of kidney 
transplantation in obese patients are conflicting due to the lack of consensus on a 
commonly accepted definition of obesity and on a standard approach to obesity 
assessment[3]. Most transplant centers incorporate interventions aiming to target 
obesity in kidney transplant candidates, including dietary education and lifestyle 
modifications[3-9]. For those failing nutritional restriction and medical therapy, 
bariatric surgery has recently emerged as a valid therapeutic approach for improving 
access to kidney transplantation as well as posttransplant outcomes. However, many 
uncertainties remain regarding the optimal timing of bariatric surgery and the 
preferred surgical technique: While most transplant surgeons prefer pretransplant 
bariatric surgery, posttransplant surgery may theoretically reduce the impact of 
obesity-related complications that are magnified by immunosuppression.

In this review, we explore the impact of bariatric surgery on kidney transplant 
candidates and recipients and in living kidney donors, trying to address the best 
strategy to improve the clinical outcomes of kidney transplantation in obese 
individuals.

DEFINITION AND MEASUREMENT OF OBESITY
According to the 2017 Kidney Disease: Improving Global Outcomes clinical practice 
guidelines on the evaluation and management of candidates for kidney 
transplantation, obesity is usually assessed by BMI defined, according to World Health 
Organization, as weight in kilograms divided by height in meters squared, and by the 
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waist-to-hip ratio, defined as the ratio of the circumference of the waist to that of the 
hips[10].

Obesity is defined as a BMI ≥ 30 kg/m2 and can be subdivided into classes I (BMI 
30-34.9 kg/m2), II (BMI 35-39.9 kg/m2) and III (≥ 40 kg/m2), but BMI is a surrogate 
measure that could have significant limitations when applied to individuals, as it does 
not take into account fluid status, muscle mass, body shape and weight distribution
[11,12]. The waist-to-hip ratio evaluates abdominal pattern obesity, and ratios > 0.85 
for women and > 0.9 for men are considered obese according to the World Health 
Organization[10]. Recent studies suggested that in ESRD patients on dialysis and in 
kidney transplant recipients, a higher BMI was associated with lower mortality after 
adjustment for waist circumference (WC), while a higher WC was more strongly 
associated with higher mortality after adjustment for BMI[13,14].

Despite these limitations, BMI is currently used for the decision-making process for 
kidney transplantation in obese populations.

OBESITY AND ESRD
Obesity-related comorbidities, including DM, cardiovascular disease and cancer, can 
all prevent access to kidney transplantation[3,10,12,15]. Some authors described an 
“obesity paradox” among patients with ESRD on maintenance dialysis: patients with a 
BMI < 20 kg/m2 carry the highest relative risk (RR) of mortality, while overweight 
patients (BMI 25-29.9 kg/m2, RR 0.84), patients with mild obesity (BMI 30-34.9 kg/m2; 
RR 0.73), and patients with moderate obesity (BMI 35-39.9 kg/m2; RR 0.76) have 
significantly better outcomes[16]. A potential explanation of this effect is that patients 
with a higher BMI may have normal to high muscle mass or a favorable WC, and this 
could have a protective role[16-18]. However, this beneficial effect does not persist 
after transplantation, since obese transplant patients may have reduced graft and 
patient survival rates[6,19-23], particularly in patients older than 65 years[24]. As a 
consequence, obese patients may have limited access to waiting lists and trans-
plantation: in a retrospective analysis of the United States Renal Data System (USRDS) 
registry including 702456 incident ESRD patients aged 18-70 years[19], women with a 
BMI of > 25 kg/m2 had a lower chance of transplantation from both living and 
deceased donors. In contrast, in men, a BMI of 25-34.9 kg/m2 was associated with a 
higher likelihood of transplantation, while a BMI > 35 kg/m2 was associated with a 
lower chance of receiving a deceased donor transplantation[19]. This disparity in 
access to transplantation may be related to the limitations of BMI as a metric: At a 
given BMI, females typically have more fat than males, while males tend to have more 
muscle and muscle weight; in contrast, males with a higher BMI have predominantly 
abdominal fat, which correlates with an increased risk of wound complications.

There are several reasons for the reduced access to transplantation for obese 
patients: in their analysis, Segev et al[25] found that obese patients who were activated 
on the waiting list had lower access to transplantation because they were less 
profitable than nonobese patients, and were more frequently bypassed; moreover, 
United States transplant centers may be more reluctant to transplant obese patients 
because they may be penalized for a higher than expected rate of patient death or 
allograft failure in the first posttransplant year, which could occur more frequently in 
obese patients[25]. Obese patients on waiting lists may therefore develop a number of 
comorbid conditions necessitating temporary wait-list suspension[21]. On the other 
hand, in the United States, many insurance payers mandate a trial of medical weight 
management prior to approving bariatric surgery, but centers that perform bariatric 
surgery could be reluctant to perform bariatric surgery in these patients due to the 
potential high rate of complications and death[26].

Although there is no clear consensus on the highest level of BMI to be considered a 
contraindication to kidney transplantation, most guidelines strongly suggest that for 
patients with BMI > 30 kg/m2, weight loss should be encouraged[10,25,27]. An 
increased risk of posttransplant death was observed in patients with a BMI of 34-36 
kg/m2[25,27], suggesting that in patients with these high levels of BMI, kidney 
transplantation may be associated with an unacceptably high risk, and the benefit of 
transplant should be balanced with the risk of remaining on dialysis[10,27,28].

However, many studies failed to demonstrate a significant survival advantage for 
patients who lose weight during the waiting list period[18,29,30]. In the study of 
Molnar et al[18], among 14632 waitlisted hemodialysis patients not receiving a 
transplant, each 1 kg/m² increase in BMI was associated with a death hazard ratio 
(HR) of 0.96. However, compared with patients with minimal weight change (± 1 kg), 
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patients who lost 3.0 to 4.9 kg and ≥ 5 kg had a RR of death of 1.3 and 1.51, 
respectively. More recently, Harhay et al[30] demonstrated that patients who lost ≥ 
10% of their pretransplant weight had an increased risk of graft loss, mortality and 
longer hospitalization stay compared with those who had a < 5% weight change. 
Possible explanations for these adverse outcomes are the likely malnutrition status 
associated with weight loss and the rapid weight gain in most patients after 
transplantation. However, these studies did not differentiate intentional from uninten-
tional weight loss, and only a minority of patients with higher BMI were investigated, 
so no conclusions about the potential benefits of intentional weight loss can be drawn.

Obese patients who lose weight may also have different access to transplantation by 
race and ethnicity. Ku et al[31] evaluated 10221 obese patients waitlisted for kidney 
transplantation to examine the association between weight changes and access to 
living or deceased donor transplantation by race/ethnicity. Death on the waiting list 
was more common among those who lost weight (15%) or gained weight (15%) than 
among those who maintained stable weight (13%). Overall, black people were more 
likely to lose weight and less likely to gain weight than whites. Overall, weight gain 
was associated with lower access to transplantation (HR 0.88) compared with 
maintenance of stable weight, but weight loss was not associated with better access to 
transplantation (HR 0.96) on the whole, although this correlation was different for 
recipients of living vs deceased donor organs. Weight loss was associated with 
improved access to living donor transplantation only for white recipients but not for 
non-Hispanic blacks or Hispanic recipients[31].

Bariatric surgery in ESRD patients
Weight loss in patients with ESRD is extremely difficult due to the restrictions of a 
renal diet, limited exercise tolerance due to coexisting comorbid conditions, dialysis-
related fatigue, and hemodynamic instability[21]. Comprehensive weight loss 
programs involving regular exercise and nutrition counseling, together with pharma-
cotherapy, may lead to moderate weight loss among kidney transplant candidates, 
which could increase access to waiting lists[32]. However, medical management could 
have limited long-term success, while bariatric surgery could offer a reliable strategy 
to achieve weight loss in kidney transplant candidates[21,33], with acceptable 
morbidity and mortality rates[34-36]. Bariatric surgery in ESRD patients is associated 
with weight loss ranging from 29.8% to 72.8% excess weight loss (%EWL)[37], with 
reported mortality and morbidity rates of 2% and 7%, respectively[37]. Complications 
associated with bariatric surgery are higher in ESRD patients than in non-ESRD 
patients[37]: The mortality rate (2%) observed in the ESRD population is approx-
imately 10 times higher than the mortality rate (0.18%) reported in the general 
population[38], while the rate of postoperative complications in ESRD patients is 
significantly higher than that observed in accredited hospitals for bariatric surgery 
(0.17%)[39]. However, many studies have consistently shown that bariatric surgery in 
patients with chronic kidney disease (CKD) stage 1 and 2, is associated with slower 
epidermal growth factor receptor (eGFR) decline and lower risk of kidney failure[40,
41]. In a recent study, Kassam et al[40] evaluated the change in renal function in 164 
patients with CKD stages 1 to 4 undergoing bariatric surgery. Metabolic surgery 
resulted in a significant reduction in the BMI in all patients, and 34.3% of patients with 
previous diabetes achieved complete remission. Kidney function, as measured by 
eGFR, significantly improved in patients with CKD stages 2, 3a, and 3b, while a similar 
result was not observed among patients with CKD stages 1 and 4[40], suggesting that 
the improvements in renal function are limited only to those patients with a mild 
reduction in kidney function.

The most commonly performed bariatric surgical procedures are laparoscopic 
sleeve gastrectomy (LSG) and laparoscopic Roux-en-Y gastric bypass (RYGB). The 
former is mainly a restrictive procedure with resection of the greater curve of the 
stomach, while the latter is a restrictive/malabsorptive procedure that entails creation 
of a gastric pouch and formation of a Roux-en-Y gastrojejunostomy[21,33]. Open 
surgery in ESRD patients may be associated with an increased mortality rate 
compared with the general population. In their registry analysis, Modanlou et al[34] 
evaluated the results of 186 ESRD patients who underwent an open bariatric surgical 
procedure: 72 patients underwent surgery prior to activation on the waiting list, 27 
patients underwent surgery during wait-listing, and 87 patients underwent 
posttransplant surgery. The 30-d mortality in wait-listed and posttransplant patients 
was 3.5% in both groups, while the median EWL ranged between 31% and 61%[34].

Although there are few studies comparing the two surgical procedures in ESRD 
patients, RYGB seems to have the potential to improve access to renal transplantation 
and improve long-term survival compared with LSG[35]. Both LSG and RYGB achieve 
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significant excess body weight loss (up to 80% within 24 mo) and may increase the 
likelihood of being listed for kidney transplantation in up to 50.3% of patients, 
although a recent meta-analysis reported that only 25% of patients had access to 
transplant at a median follow-up of 48 mo[37]. A recent analysis of the ESRD 
population using a probabilistic Markov model concluded that RYGB could improve 
access to renal transplantation and thereby increase long-term survival[42], but it 
could be associated with slightly higher morbidity and mortality rates[43].

In the ESRD population, LSG could be preferable and may offer significant 
advantages over RYGB, including an easier and faster surgical procedure and a lower 
incidence of surgical complications[37,44], and may increase access to the transplant 
waiting list and improve posttransplant outcomes[43,44-48]. Moreover, LSG does not 
alter immunosuppressive pharmacokinetics, avoiding under- and overimmunosup-
pression[37,43,48-50]. The correct timing of bariatric surgery is still a controversial 
issue. Although bariatric surgery in ESRD patients could be associated with an 
increased rate of postsurgical complications, including an increased rate of reoperation 
and readmission[51], most patients could benefit from pretransplant bariatric surgery 
to increase access to the waiting list and to reduce obesity-related complications, 
including diabetes and cardiovascular disease, that could worsen after transplantation. 
In the largest series reported in the literature, Kassam et al[48] evaluated the clinical 
outcomes of LSG in the ESRD population and access to the transplant waiting list. LSG 
reduced hypertension and the need for antihypertensive medications and reduced the 
incidence of diabetes (59.6% vs 32.5%, P < 0.01). Sixty-three percent of patients with 
ESRD who achieved a BMI of ≤ 40 kg/m2 were waitlisted and received a kidney 
transplant after a mean overall time from LSG to transplant of 1.9 ± 1.3 years. There 
was no significant difference in survival between patients who received a kidney 
transplant after LSG and those who remained waitlisted[48], suggesting that LSG does 
not increase the morbidity rate and has the potential to reduce obesity-related 
comorbidities, possibly improving long-term outcomes. In their retrospective study, 
Cohen et al[52] compared the outcome of pretransplant and posttransplant bariatric 
surgery: Compared to BMI-matched controls, pretransplant bariatric surgery was 
associated with a 1-year increased risk of acute rejection and a decreased risk of 
delayed graft function. Interestingly, there was no significant difference in BMI in the 5 
years after bariatric surgery between the two groups, while both pretransplant and 
posttransplant bariatric surgery was associated with a decreased risk of allograft 
failure and mortality[52].

In summary, pretransplant bariatric surgery is safe and could increase access to 
transplantation for obese patients. LSG results in sustained weight loss and is 
associated with an improvement in obesity-related comorbidities (Figure 1). Although 
pretransplant bariatric surgery is associated with acceptable outcomes for patients 
undergoing kidney transplantation, the correct timing has yet to be determined.

OBESITY AND KIDNEY TRANSPLANTATION
Kidney transplantation offers significantly better patient survival and quality of life 
than remaining on dialysis for both obese and nonobese patients[20,22,53,54].

Obese patients may have an increased peritransplant risk of death, particularly for 
patients with a BMI > 30 kg/m2 receiving a graft from a marginal donor, while living 
donor kidney transplantation seems to offer a reduced risk[20,55]. In an analysis from 
the USRDS including 7521 patients, Glanton et al[56] compared the mortality rates 
among transplant recipients and patients on hemodialysis with class I, II and III 
obesity and found that kidney transplantation from both deceased (HR 0.39, 95%CI: 
0.33-0.47) and living donors (HR 0.23, 95%CI: 0.16-0.34) was associated with significant 
lower mortality rate of those who stayed on dialysis waiting for a kidney. 
Interestingly, the beneficial effect of transplantation was lost in the subgroup analysis 
of patients with class III obesity[57]. The beneficial effect of kidney transplantation 
among obese patients was recently confirmed by Gill et al[20], who analyzed a large 
cohort from the US renal registry and reported a 66% reduction in the risk of death in 
all BMI groups for patients receiving a living donor kidney, whereas among the 
deceased donor recipients, the reduction in the risk of death was 66% in patients with 
class I and II obesity and 48%in patients with class III obesity[20]. The reduction in the 
risk of death was lower for patients receiving a graft from a marginal deceased donor, 
while kidney transplantation did not offer a survival benefit in African Americans 
with class III obesity[20]. Therefore, some authors have suggested that for patients 
with a higher BMI, living transplantation represents the preferred choice, while kidney 
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Figure 1 Proposed algorithm for the management of obesity in patients with chronic kidney disease, candidates to kidney transplantation 
and in kidney transplant recipients. Bariatric surgery could have a benefit in lowering the decline in renal function in patients with chronic kidney disease 
stages 2-3, so that it could be anticipated even in absence of significant metabolic comorbidities. In referral centers, combined laparoscopic/robotic sleeve 
gastrectomy with kidney transplantation could be proposed in selected patients. BMI: Body mass index.

transplantation from deceased donors could be associated with an unacceptable 
mortality risk[20,21].

The increased mortality risk observed in the peritransplant period in obese patients 
may be correlated with concomitant comorbid conditions that could worsen after 
transplantation or be the result of peritransplant complications.

Many studies have demonstrated that, similarly, graft survival in obese patients is 
inferior[20,21,55,58,59], and this pattern follows a U-shaped distribution, as patients 
with BMI values either lower or higher than the normal range (either ≤ 20 or ≥ 26 
kg/m2) have worse posttransplant outcomes[58,60]. Moreover, significant post-
transplant weight gain or weight loss (> 5%) has been associated with decreased 
patient survival[29,54,61].

However, the effect of BMI on posttransplant outcomes may vary by patient charac-
teristics. In their analysis among 296807 adult kidney transplant recipients from the 
Scientific Registry of Transplant Recipients, Schold et al[60] demonstrated that BMI 
follows a “J-Shaped” risk profile with elevated risks for overall graft loss with low BMI 
and obesity. Moreover, the risk of graft loss associated with BMI is strictly dependent 
on the patients’ characteristics: Low BMI was a relatively higher risk for older 
recipients (> 60 years) and males but not for younger patients, while high BMI was 
associated with an elevated risk for Caucasians and attenuated risk among African 
Americans and people with type II diabetes.

Obesity may increase the surgical complexity and is significantly associated with 
longer operative time and risk of wound dehiscence compared to normal-weight 
patients[62]. In obese patients, the risk of parietal dehiscence is significantly increased 
for BMI > 26 kg/m2, while an increased risk of intraoperative blood loss and ureteral 
stenosis was observed for BMI > 32 kg/m2, and the risk of abdominal wall hematoma 
was increased beyond a BMI of 34 kg/m2[63]. Overall, obese patients have an 
incidence of wound infections and incisional hernia of 4%-40% due to the longer 
operative time; the concomitant use of corticosteroids, sirolimus, or everolimus; and 
the presence of vascular disease[26,46,56]. Moreover, obesity may also increase the risk 
of surgical site infection (SSI), which is a well-known cause of incisional hernia[64,65]. 
Wound complications are significantly associated with a BMI over 30 kg/m2, and in 
most cases, obesity is considered the most significant risk factor for the development 
of wound complications[65,66], although some authors did not find such an 
association[67].
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Moreover, obese transplant recipients have an increased risk of delayed graft 
function, probably as a consequence of a longer operative time, a prolonged hospital 
stay, an increased rate of acute rejection, an increased rate of new-onset DM and 
hospital readmission[6,18,57,68-70].

Considering that some studies showed comparable outcomes between obese and 
nonobese patients in the absence of surgical complications, the adoption of a correct 
surgical procedure that could minimize the incidence of such complications is 
mandatory[33,71]. The adoption of a minimally invasive surgical approach, including 
robotic-assisted kidney transplantation (RAKT), has shown promising results 
compared to open KT and could increase access to kidney transplantation for obese 
patients[72,73]. Additionally, RAKT is associated with comparable patient and graft 
survival compared with open surgery[72], a significant reduction in SSI in obese 
recipients, and comparable graft and patient survival compared to the nonobese 
population[73,74].

Bariatric surgery after kidney transplantation
Few studies have investigated the role of bariatric surgery after kidney transplantation 
in morbidly obese recipients. There are many issues related to bariatric surgery after 
kidney transplantation: First, surgical procedures in kidney recipients may be 
associated with a higher risk of complications than in the general population[75-80], 
and second, bariatric surgery can affect immunosuppressive therapy absorption. 
Bariatric surgery in kidney transplant recipients may be associated with an increased 
operative time, length of stay, readmission, and increased SSI but not with increased 
mortality[75-80]. Previous diabetes and the use of corticosteroids do not increase the 
risk of postoperative complications after bariatric surgery in solid organ trans-
plantation[78,80], while black race seems to be associated with an increased morbidity
[79]. Bariatric surgery may be associated with an increased dose of calcineurin 
inhibitors needed to maintain the optimal dose, and RYGB may decrease the bioavail-
ability of immunosuppressive drugs[37]. In their recent study, Yemini et al[75] 
analyzed the pharmacokinetic alterations in the absorption of immunosuppressive 
drugs in 34 kidney transplant recipients who underwent LSG or laparoscopic RYGB: 
Tacrolimus blood trough levels declined slightly, without significant modifications of 
the therapeutic range. This would reinforce the need for strict monitoring of 
immunosuppressive levels after bariatric surgery, particularly in the first months after 
surgery. The optimal timing of bariatric surgery after kidney transplantation would 
probably be 6-12 mo after transplantation, when immunosuppression is at its lowest 
level so that, as a consequence, a small variation in the trough levels would have a 
limited impact on graft function.

Bariatric surgery after kidney transplantation is associated with significant weight 
loss and a reduction in comorbidities but also with an increased risk of complications
[37,52,75]. In the largest series of RYGB reported in kidney transplant recipients, 
Modanlou et al[34] reported a 3.5% mortality rate, with a median excess body weight 
loss of 31%-61%. Sleeve gastrectomy and RYGB have comparable outcomes with low 
postoperative complications[43,75-80]: A slight increase in mortality was observed in 
patients undergoing RYGB[43], but both LSG and RYGB were associated with 
improvements in comorbidities and graft function[43,75-80] and with a reduction in 
urinary protein excretion[76]. Cohen et al[52] compared the outcomes of 43 patients 
who underwent pretransplant bariatric surgery and 21 patients who underwent 
posttransplant bariatric surgery. BMI was similar between the two groups, and 5 years 
after bariatric surgery, there was no significant difference in BMI between the two 
groups (36 kg/m2 vs 32 kg/m2, P = 0.814). Compared to matched controls, post-
transplant bariatric surgery was associated with a decreased risk of allograft failure 
and mortality[52]. In their innovative approach, Spaggiari et al[81] compared the safety 
and efficacy of combining robotic SG and RAKT (11 patients) to RAKT alone (9 
patients) in candidates with class II or III obesity: At the 12-mo follow-up, there was no 
difference between the two groups in terms of estimated GFR, serum creatinine and 
graft failure rates. Patients receiving SG and RAKT had a significant reduction of BMI 
compared to the robotic kidney transplant group (P = 0.0041). Combined RAKT and 
SG was associated with a longer operative time without an increase in the incidence of 
surgical complications.

In summary, bariatric surgery after kidney transplantation is associated with a 
significant and sustained weight loss, reduction in comorbidities and improvement in 
graft function without significant alteration of immunosuppressive therapy 
absorption. The potential increase in postoperative complications and mortality 
warrants a careful evaluation of kidney transplant recipients scheduled for bariatric 
surgery.
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Bariatric surgery in living kidney donors
There are approximately 2700 living-donor kidney transplants performed worldwide 
each year, and more than 25% of these are considered obese at the time of donation
[82]. Obesity may be a relevant factor influencing clinical outcomes even in living-
donor kidney transplantation and may be associated with lower preoperative kidney 
function and longer operative time[82]. Kinoshita et al[83] compared the results of 
living kidney transplantations from medically complex living donors, defined by the 
presence of older age, obesity or DM, with standard living donors; they found that 
kidney recipients of medically complex living donors had a higher risk of death-
censored graft loss, while no significant difference in renal function in the short term 
was observed between standard and medically complex living donors. When 
compared to donors with normal BMI, kidney transplants from donors with higher 
BMI (> 25 kg/m2) are associated with a higher risk of graft failure[84], and living 
donor obesity is associated with a 30% increased risk of long-term mortality compared 
with nonobese counterparts (adjusted HR: 1.32, 95%CI: 1.09-1.60, P = 0.006)[85].

Up to one-fourth of potential living kidney donors may be excluded from living 
donation due to obesity, which could encourage medical and surgical strategies to 
achieve significant weight loss. Although strongly motivated, living kidney donors are 
less prone to adhere to diet and lifestyle modifications for weight loss, and only 13% 
lose enough weight to attain a BMI < 35 kg/m2 and then undergo donation[85]. 
Bariatric surgery is, therefore, a potential valid weight loss strategy for potential living 
donors. However, many ethical issues may arise when considering the opportunity for 
bariatric surgery in living kidney donors. Living kidney donors should be aware that 
bariatric surgery is predicated only on the potential donor’s benefit and does not 
finalize the kidney donation or provide any future benefit to the intended recipient[86,
87], and referral to an independent bariatric surgeon to assess the potential benefits 
and risks of surgery is recommended. Another crucial point is the timing of living 
donation after bariatric surgery. Montgomery et al[87] suggested that kidney donation 
should be performed when the potential living donor meets prespecified transplant 
center donation eligibility requirements, such as BMI < 30 kg/m2, and should remain 
stable for at least three months.

Very few studies have reported the outcomes of living kidney donation after 
predonation bariatric surgery. Earlier studies reported a 30%-54% decrease in BMI 
after bariatric surgery[88]. More recently, Nguyen et al[89] reported a series of 22 
living kidney donors who underwent bariatric surgery 0.7-22 years before living 
donation. Interestingly, 18 donors would have been excluded from donation due to 
high BMI. All donors lost sufficient weight to subsequently become candidates for 
living kidney donation, and 17 donors reached a BMI < 35 kg/m2 after bariatric 
surgery. No significant differences in terms of length of stay, warm ischemic time or 
postoperative complications were observed when compared with 37 donors with a 
BMI of 35–40 kg/m2. Moreover, bariatric surgery did not significantly impact the 
subsequent laparoscopy for living donor nephrectomy[89]. Due to the limited cases 
reported in the literature, the ideal type of bariatric surgery to be performed in 
morbidly obese kidney donors has to be determined. RYGB has historically been the 
most commonly used technique since it guarantees a durable weight reduction and 
reversal of obesity-associated comorbidities[88,89]. However, it is associated with 
long-term nutritional derangements, and it has been recently supplanted by LSG as 
the most common bariatric surgery procedure, since it has proven comparable weight 
reduction with RYGB, with fewer intra- and postoperative complications, including 
nutritional deficiencies[88,89].

In summary, initial experience with bariatric surgery in potential living donors 
suggests that bariatric surgery is safe, is associated with sustained weight loss and 
could increase the rate of kidney donation. Sleeve gastrectomy should be preferred to 
RYGB due to its risk-benefit profile.

CONCLUSION
Obesity represents a major obstacle to access to kidney transplantation due to the 
potential increased risk of postoperative complications and mortality. However, 
obesity should not preclude kidney transplantation, and any efforts should be made to 
improve the outcomes of these patients. Bariatric surgery has been proven to be safe 
and helpful in reducing weight loss and obesity-related comorbidities and in 
increasing access to kidney transplantation. Posttransplant bariatric surgery may result 
in better graft survival and function but also in a high rate of postoperative complic-
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ations. There is no consensus regarding the optimal timing and the ideal type of 
bariatric surgery, although sleeve gastrectomy seems to be associated with a reduced 
risk of postoperative complications. Future studies should evaluate the potential 
impact of bariatric surgery in the long-term reduction in cardiovascular complications 
and in the management of posttransplant DM in obese recipients.
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Abstract
BACKGROUND 
Nonalcoholic fatty liver disease (NAFLD) is a major chronic liver disorder 
worldwide, and there is no established treatment for this disease. We conducted a 
network meta-analysis (NMA) to compare existing treatments, which include four 
classes of antidiabetic drugs, and examined the optimum treatments for NAFLD.

AIM 
To compare the effectiveness of different treatments for NAFLD.

METHODS 
An NMA was conducted using Stata 14.0 (Corporation LLC, College Station, 
United States) and R (X64 3.6.3 version) in this study. Eligible randomized 
controlled trials (RCTs) were searched in the PubMed, Cochrane Library, Embase, 
Medline and Web of Science databases from database inception to April 2021. 
Two researchers independently screened the available studies in strict accordance 
with inclusion and exclusion criteria. The Cochrane Risk of Bias tool was used to 
evaluate the risk of bias of the included studies. The variables with and without 
dimensional differences were calculated as the standardized mean difference and 
weighted mean difference, respectively. An inconsistency model and “node-
splitting” technique were used to test for inconsistency. Funnel plots were used to 
evaluate publication bias.

RESULTS 
Twenty-two eligible RCTs involving 1377 participants were eventually included 
in our analysis. Data were pooled using a random-effects model. Our NMA 
results revealed that glucagon-like peptide-1 receptor agonists (GLP-1RAs) were 
the most effective treatment, yielding improvements in hepatic fat content (HFC), 
alanine aminotransferase (ALT), aspartate aminotransferase (AST), serum γ-
glutamyl transferase (GGT) and body weight [surface under the cumulative 
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ranking curve (SUCRA) = 99.6%, 92.6%, 82.8%, 92.3% and 99.6%, respectively], 
while thiazolidinediones (TZDs) were the best intervention for reducing the 
NAFLD activity score (NAS; SUCRA = 98.9%). In addition, moderate performance 
was observed for the sodium glucose cotransporter-2 inhibitors groups (SUCRA = 
25.1%, 66.2%, 63.5%, 58.2% and 71.9% for HFC, ALT, AST, GGT and body weight, 
respectively). However, metformin performed poorly according to most 
indicators (SUCRA = 54.5%, 0.3%, 19.5%, 33.7%, 57.7% and 44.3% for HFC, NAS, 
ALT, AST, GGT and body weight, respectively).

CONCLUSION 
GLP-1RAs may be the optimum choice for most patients with NAFLD. However, 
TZDs are considered the most effective therapies in NAFLD patients with 
histological disease activity.

Key Words: Antidiabetic drugs; Glucagon-like peptide-1 receptor agonists; Nonalcoholic 
fatty liver disease; Network meta-analysis; Thiazolidinediones

©The Author(s) 2021. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: We performed a network meta-analysis and compared the effectiveness of 
different treatments for nonalcoholic fatty liver disease. In this study, glucagon-like 
peptide-1 receptor agonists and thiazolidinediones were revealed to be the best 
interventions for nonalcoholic fatty liver disease, and these findings could help 
clinicians make significant decisions in clinical practice. Furthermore, we address the 
possibility of using sodium glucose cotransporter-2 inhibitors in nonalcoholic fatty 
liver disease; however, trials with larger sample sizes are needed to obtain high-quality 
evidence.

Citation: Huang YZ, Yang GY, Wang C, Chen XY, Zhang LL. Effectiveness of drug 
interventions in nonalcoholic fatty liver disease: A network meta-analysis. World J Diabetes 
2021; 12(9): 1576-1586
URL: https://www.wjgnet.com/1948-9358/full/v12/i9/1576.htm
DOI: https://dx.doi.org/10.4239/wjd.v12.i9.1576

INTRODUCTION
Nonalcoholic fatty liver disease (NAFLD) has become one of the most common forms 
of chronic liver diseases worldwide and encompasses a spectrum of fatty liver diseases 
ranging from nonalcoholic fatty liver (NAFL) to nonalcoholic steatohepatitis and 
eventually to cirrhosis and hepatocellular carcinoma[1,2]. The pathogenesis of NAFLD 
is not well understood; however, it has been indicated that the incidence of NAFLD 
often parallels the prevalence of obesity, and a large number of NAFLD patients 
experience metabolic disorder complications, including type 2 diabetes mellitus 
(T2DM), hyperlipidemia and metabolic syndrome[3,4]. These comorbidities increase 
the risk of adverse cardiovascular and cerebrovascular events. Therefore, it has been 
proposed that the term NAFLD be changed to metabolic-associated fatty liver disease 
for a better understanding of the disease[5]. In view of the above findings, changes to 
improve eating habits and lifestyle are recommended by clinicians, and this appears to 
be a basic strategy. To date, there have been no established pharmacotherapies for 
NAFLD; nonetheless, the application of antidiabetic drugs has emerged as a major 
therapeutic strategy.

Studies involving antidiabetic drugs in NAFLD patients have shown promising 
results. Thiazolidinediones (TZDs) and metformin have been confirmed to improve 
biochemical parameters and lipid metabolism[6,7]. Glucagon-like peptide-1 receptor 
agonists (GLP-1RAs), including liraglutide and exenatide, present good effects on 
decreasing hepatic fat content (HFC), body weight and liver enzymes. In addition, 
sodium glucose cotransporter-2 inhibitors (SGLT2), a new class of antidiabetic drugs, 
exert beneficial effects on body weight and abdominal fat area, which are accompanied 
by improvements in liver steatosis and fibrosis[8,9].

http://creativecommons.org/Licenses/by-nc/4.0/
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Although diverse interventions have been applied in an attempt to treat NAFLD, 
comprehensive comparisons among treatments are lacking. The aim of this network 
meta-analysis (NMA) research was to compare these interventions and assess drug 
options by analyzing the existing evidence. Based on the outcomes we defined, we 
identified those drugs that could improve the clinical outcomes of NAFLD. 
Additionally, outcomes with hierarchical ordering of interventions were determined to 
help clinicians make individualized treatment decisions.

MATERIALS AND METHODS
Search strategy and study selection
The protocol of this review was registered on PROSPERO (ID: CRD42021250990). The 
search strategy was designed and performed separately by two researchers (Huang YZ 
and Zhang LL). A search for all NAFLD antidiabetic drug treatment randomized 
controlled trials (RCTs) was conducted in the PubMed, Cochrane Library, Embase, 
Medline and Web of Science databases from database inception to April 2021. Without 
language restriction, medical subject headings combined with free terms were 
conducted using “nonalcoholic fatty liver disease”, “nonalcoholic steatohepatitis”, 
“glucagon-like peptide-1 receptor agonists”, “metformin”, “thiazolidinediones”, 
“sodium glucose cotransporter-2 inhibitors”, “randomized controlled trials” and other 
relevant conceptual keywords.

Inclusion and exclusion criteria
The inclusion criteria were as follows: (1) Patients diagnosed with NAFLD; (2) Drug 
interventions including GLP-1RAs, metformin, TZDs or SGLT2; (3) Clearly reported 
outcome indicators; and (4) RCTs. The exclusion criteria were as follows: (1) Animal or 
cell models; (2) Duplicate articles; (3) Reviews, conference abstracts, retrospective 
studies or cross-sectional studies; and (4) Patients with fatty liver caused by alcohol or 
other known agents.

Data extraction and outcome indicators
Three reviewers assessed the available studies independently (Chen XY, Wang C and 
Yang GY). The titles and abstracts of the obtained articles were screened, and articles 
that did not meet the inclusion criteria were excluded. A full-text read was 
implemented by the reviewers if an article met the inclusion criteria. Any discrep-
ancies between researchers were resolved by discussion or arbitrated by an 
experienced investigator (Zhang LL). The predefined primary outcomes included (1) 
HFC; (2) NAFLD activity score (NAS); (3) Alanine aminotransferase (ALT); and (4) 
Aspartate aminotransferase (AST). Secondary outcomes were (1) serum γ-glutamyl 
transferase (GGT) and (2) body weight.

Quality assessment
The Cochrane Risk of Bias tool was used to evaluate the risk of bias (ROB) of the 
included studies[10]. Seven domains of ROB were estimated to define the included 
studies as having a high, low, or unclear ROB, including “random sequence 
generation”, “allocation concealment”, “blinding of participants and personnel”, 
“blinding of outcome assessment”, “incomplete outcome data”, “selective reporting”, 
and “other bias”. The judgment of ROB was carried out by two authors separately in 
Review Manager (Version 5.4).

Statistical analysis
First, an inconsistency model was constructed for the measurement of global 
inconsistency generation, which outputs a P value. P < 0.05 was considered to indicate 
significant inconsistency. Then, we constructed network plots of outcome indicators to 
exhibit all the available evidence of each treatment (Figure 1). As the indicators were 
continuous variables, the variables with and without dimensional differences were 
calculated as the standardized mean difference (SMD) and weighted mean difference 
(WMD), respectively. To explore whether there was a potential source of local 
inconsistency in our network, the “node-splitting” technique was implemented by 
comparing the direct evidence to the indirect evidence from the entire network (with P 
value < 0.05 indicating local inconsistency). A comparison-adjusted funnel plot was 
constructed to evaluate publication bias. As an estimated probability used to rank the 
target interventions, the surface under the cumulative ranking curve (SUCRA) was 
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Figure 1 Network of evidence of included studies. GLP-1: Glucagon-like peptide-1 receptor agonists; TZD: Thiazolidinediones; MET: Metformin; SGLT2: 
Sodium glucose cotransporter-2 inhibitors; PLA: Placebo; HFC: Hepatic fat content; NAS: Nonalcoholic fatty liver disease activity score; ALT: Alanine 
aminotransferase; AST: Aspartate aminotransferase; GGT: Serum γ-glutamyl transferase.

displayed as a simple numerical statistical cumulative ranking probability plot for 
various interventions. The higher the SUCRA value, the greater the possibility of a 
given treatment being at the highest level or highly effective; a value of zero means 
that the treatment is the worst. All the analyses above were performed by Stata 14.0 
(Corporation LLC, College Station, United States) and R (X64 3.6.3 version). Statistical 
review of this study was performed by a biomedical statistician.

RESULTS
Baseline characteristics and quality assessment
A total of 1515 records were initially screened from the database, and reading the title 
and abstract yielded 201 articles that were initially included. Subsequently, 179 articles 
were eliminated based on full-text examination: 149 articles describing studies that 
were not RCTs, 15 articles that involved single-arm research or self-controls with 
different doses in the control group, 3 articles that represented duplicate research, and 
12 articles that lacked outcome indicators. Finally, only 22 studies including 1377 
participants were considered eligible for this NMA. The literature selection process is 
shown in Figure 2.

Data were retrieved from studies published from November 2006 to February 2021. 
All the participants in the studies were diagnosed with NAFLD, and the duration of 
the trials varied from 2 mo to 24 mo (Table 1). Among the 22 included trials, all trials 
described in detail the generation of random sequences, 16 trials described the 
concealment approach, and 2 trials did not describe the blinding methods related to 
participants, implementers, or outcome measurers. Three trials did not have complete 
data, and only 1 trial exhibited selective outcome reporting. The quality assessment is 
shown in Supplementary Figure 1.

Inconsistency and publication bias
According the inconsistency model and “node-splitting” technique, the results 
regarding primary and secondary outcomes presented no statistical significance, 

https://f6publishing.blob.core.windows.net/6e7e0db7-5743-4a95-9a95-c5d94e8a2c2e/WJD-12-1576-supplementary-material.pdf
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Table 1 Characteristics of included studies

Baseline age (mean ± SD, median, 
range)Ref. Treatment and sample 

size (n)
Intervention group Control group

Treatment duration 
(mo) Studying area

Zhang et al[12], 2020 GLP-1RAs vs TZDs (30 vs 30) 50.2 ± 11.5 51.5 ± 12.1 6 China

Fan et al[33], 2013 GLP-1RAs vs MET (49 vs 68) 51.0 ± 10.1 54.7 ± 12.1 3 China

Feng et al[28], 2017 GLP-1RAs vs MET (29 vs 29) 46.8 ± 9.7 46.3 ± 12.3 6 China

Smits et al[34], 2016 GLP-1RAs vs PLA (17 vs 17) 60.8 ± 7.4 65.8 ± 5.8 3 Netherlands

Armstrong et al[15], 2016 GLP-1RAs vs PLA (26 vs 26) 50.0 ± 11.0 52.0 ± 12.0 12 United 
Kingdom

Hajiaghamohammadi et al[35], 
2012

MET vs TZDs (22 vs 22) 32.6 ± 6.4 32.6 ± 6.4 2 Iran

Razavizade et al[31], 2013 MET vs TZDs (40 vs 40) 36.4 ± 9.0 34.2 ± 6.8 4 Iran

Shargorodsky et al[36], 2012 MET vs PLA (32 vs 31) 51.9 ± 10.9 55.2 ± 14.0 4 Israel

Kazemi et al[37], 2011 MET vs PLA (18 vs 15) 41.5 (25-58) 43.5 (26-62) 6 Iran

Haukeland et al[30], 2009 MET vs PLA (20 vs 24) 44.3 ± 9.0 49.9 ± 12.8 6 Norway

Omer et al[29], 2010 MET vs TZDs (22 vs 20) 48.0 ± 9.8 49.3 ± 6.0 12 Turkey

Anushiravani et al[38], 2019 MET vs TZDs (30 vs 30) NA NA 3 Iran

Ito et al[9], 2017 SGLT2 vs TZDs (32 vs 34) 57.3 ± 12.1 59.1 ± 9.8 6 Japan

Kinoshita et al[26], 2020 SGLT2 vs TZDs (32 vs 33) 58.7 ± 9.1 59.0 ± 10.9 7 Japan

Eriksson et al[39], 2018 SGLT2 vs PLA (21 vs 21) 65.0 ± 6.5 65.6 ± 6.1 3 Sweden

Chehrehgosha et al[8], 2021 SGLT2 vs TZDs (35 vs 34) 50.5 ± 8.4 52.5 ± 7.9 6 Iran

Yoneda et al[27], 2021 TZDs vs SGLT2 (19 vs 21) 58.8 ± 8.1 58.4 ± 12.2 6 Japan

Belfort et al[6], 2006 TZDs vs PLA (26 vs 21) 51.0 ± 7.0 51.0 ± 10.0 6 United States

Ratziu et al[40], 2008 TZDs vs PLA (32 vs 31) 53.1 ± 11.5 54.1 ± 10.4 12 France

Cusi et al[41], 2016 TZDs vs PLA (50 vs 51) 52.0 ± 10.0 49.0 ± 11.0 18 United States

Sanyal et al[42], 2010 TZDs vs PLA (80 vs 83) 47.0 ± 12.6 45.4 ± 11.2 24 United States

Aithal et al[43], 2008 TZDs vs PLA (37 vs 37) 55 (27-73) 52 (28-71) 12 United 
Kingdom

GLP-1RAs: Glucagon-like peptide-1 receptor agonists; TZDs: Thiazolidinediones; MET: Metformin; SGLT2: Sodium glucose co-transporter-2; PLA: Placebo.

which indicated the absence of inconsistency. Funnel plots were used to examine for 
publication bias, and the plots of the outcome indicators were symmetrical 
(Supplementary Figure 2). In addition, Begg’s test for asymmetry was applied to HFC, 
NAS, ALT, AST, GGT and body weight and yielded p values of 0.548, 0.669, 0.753, 
0.675, 0.902 and 0.137, respectively, which confirmed the lack of publication bias.

Primary outcomes
The league plots of primary and secondary outcomes are displayed in Figure 3. 
Regarding the efficacy of the interventions, all the comparisons were statistically 
significant in the HFC set except for one comparison [TZDs vs metformin, mean 
difference (MD) = -1.10, confidence interval (CI) (-3.56, -1.36)]. Two comparisons had 
no statistical significance in the NAS set [GLP-1RAs vs placebo, MD = -0.50, CI (-1.27, 
0.27); TZDs vs GLP-1RAs, MD =-0.99, CI (-2.03, 0.06)]. Three comparisons were 
observed to be significant in the ALT set [GLP-1RAs vs placebo, SMD = -0.67, CI (-1.12, 
-0.22); TZDs vs placebo, SMD = -0.40, CI (-0.78, -0.03); metformin vs GLP-1RAs, SMD = 
0.58, (CI 0.20, 0.96)], and three comparisons were found to be significant in the AST set 
[GLP-1RAs vs placebo, SMD = -0.53, CI (-0.86, -0.22); SGLT2 vs placebo, SMD = -0.43, 
CI (-0.79, -0.08); TZDs vs placebo, SMD = -0.45, CI (-0.70, -0.21)]. A SUCRA line was 
generated to rank the hierarchy of each intervention and indicated that GLP-1RAs 
were the most effective treatment for the outcomes (SUCRA = 99.6%, 92.6% and 82.8% 

https://f6publishing.blob.core.windows.net/6e7e0db7-5743-4a95-9a95-c5d94e8a2c2e/WJD-12-1576-supplementary-material.pdf
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Figure 2 Literature screening flowchart. RCTs: Randomized controlled trials.

for HFC, ALT and AST, respectively). Nonetheless, TZDs were observed to satisfy 
rank probabilities for NAS and HFC (SUCRA = 98.9% and 70.5%, respectively) 
(Supplementary Figure 3).

Secondary outcomes
We performed an NMA of secondary outcomes as well. Two comparisons were 
observed to be significant in the GGT set [GLP-1RAs vs placebo, SMD = -0.89, CI (-1.57, 
-0.21); TZDs vs GLP-1RAs, SMD = 0.82, CI (0.11, 1.53)]. Two comparisons had no 
significance for body weight [metformin vs placebo, MD = -0.47, CI (-3.18, 2.24); SGLT2 
vs metformin, MD = -1.60, CI (-4.52, 1.32)]. According to the SUCRA lines, GLP-1RAs 
were the most effective treatment for secondary outcomes (SUCRA = 92.3% and 99.6% 
for GGT and body weight, respectively).

DISCUSSION
The present NMA provides important evidence supporting the use of GLP-1RAs in 
treating NAFLD, with effectiveness demonstrated for both primary and secondary 
outcomes except NAS. The probabilities of recommendation of GLP-1RAs reached a 
surprisingly high priority. Moreover, promising effectiveness of TZDs with regard to 
the NAS set was observed. These results provide useful evidence that can help 
clinicians prescribe individualized drugs for patients with different stages of NAFLD.

At present, NAFLD has been considered more of a hepatic manifestation of 
metabolic syndrome than a class of chronic liver disease due to its association with 
visceral obesity and insulin resistance[11,12]. In addition, NAFLD is reported to occur 
in 70%-90% of patients with T2DM. Therefore, antidiabetic drugs are utilized in an 
attempt to improve the situation for patients with NAFLD.

GLP-1RAs are a new class of glucose-lowering drugs approved for the treatment of 
T2DM and obesity[13,14]. The mechanism through which GLP-1RAs improve NAFLD 
is not only a decrease in weight but also a promotion of the ability of hepatocytes to 
resolve excessive lipid status through lipid transport, beta-oxidation, and de novo 
lipogenesis[15]. In addition, GLP-1RAs can improve NAFLD, especially HFC, through 
the augmentation of adiponectin levels, and a study has demonstrated that hypoad-

https://f6publishing.blob.core.windows.net/6e7e0db7-5743-4a95-9a95-c5d94e8a2c2e/WJD-12-1576-supplementary-material.pdf


Huang YZ et al. Treatment comparisons in NAFLD

WJD https://www.wjgnet.com 1582 September 15, 2021 Volume 12 Issue 9

Figure 3 Relative effects of various outcomes. Treatments are ranked according to their chance of being the best treatment. “High” means the highest 
probability of being the best treatment, and “Low” means the lowest probability of being the best treatment. Numbers in the crimson boxes are the SUCRA (surface 
under the cumulative ranking curve) values, which represent the level of treatment. The higher the value, the greater the probability of being the best intervention. 
Significant pairwise comparisons are highlighted in TextTitle and underlined. GLP-1: Glucagon-like peptide-1 receptor agonists; TZDs: Thiazolidinediones; Met: 
Metformin; SGLT2: Sodium glucose cotransporter-2 inhibitors; Pla: Placebo; HFC: Hepatic fat content; NAS: Nonalcoholic fatty liver disease activity score; ALT: 
Alanine aminotransferase; AST: Aspartate aminotransferase; GGT: Serum γ-glutamyl transferase.

iponectinemia can induce fat deposition in the liver and the progression of fatty 
hepatitis[16]. As an anti-inflammatory factor, adiponectin has been proven to promote 
fatty acid oxidation in the liver by activating AMP-activated protein kinase[17]. 
However, according to the current literature, weight loss is the most important factor 
in NAFLD improvement[18,19]. A meta-analysis showed that weight loss ≥ 5% was 
associated with steatosis improvements, while weight loss ≥ 7% was correlated with 
improved histological disease activity[20]. In our research, GLP-1RAs presented an 
enormous advantage in weight loss (SUCRA = 99.6%) and achieved a significant 
improvement compared with other interventions, which may explain their priority 
being highest in other sets. Furthermore, liver cells express GLP-1R, and our previous 
animal study showed that liraglutide could protect against inflammatory stress by 
inhibiting the activation of JNK, indicating that the benefit of liraglutide treatment in 
NAFLD is not related solely to the net effect of weight loss[21]. However, GLP-1RAs 
did not appear to be the best option for NAS in this study (SUCRA = 64.4%). Among 
the included studies involving GLP-1RA intervention, only one study performed 
research on NAS[15]. Although liraglutide did not demonstrate significance for NAS, a 
greater proportion of patients had improvements in steatosis and hepatocyte 
ballooning in that trial[15]. Referencing the small population in their research, 
Armstrong et al[15] speculate that a significant change in NAS could be identified in a 
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larger study. More studies on NAS are needed to verify the effectiveness of GLP-1RAs.
TZDs have been widely studied as a prospective treatment for NAFLD. The results 

of our NMA indicated that TZDs are beneficial for histological resolution (SUCRA = 
98.9% and 70.5%, NAS and HFC, respectively), which is consistent with previous 
meta-analyses[22,23]. As insulin sensitizers, TZDs greatly reduce liver fat accumu-
lation and inflammation by ameliorating insulin resistance[18,24]. Furthermore, the 
adhibition of TZDs increases serum adiponectin level and inhibits triglyceride 
synthesis in the liver. However, TZDs are not helpful for weight reduction. In fact, 
therapeutic use of TZDs has usually led to weight gain, which appears to conflict with 
the major goal of NAFLD treatment. The reason for this paradox may be the result of 
fat redistribution from visceral to subcutaneous adipose tissue[25]. In addition, 
research that directly compares GLP-1RAs and TZDs remains needed to assess their 
effectiveness regarding liver histology. Since the incidence of NAFLD in diabetic 
patients is high and the mechanisms of GLP-1RAs and TZDs are different, whether 
GLP-1RAs and TZDs in combination could have a synergistic effect on NAFLD 
warrants clinical study.

Moderate performance of SGLT2 regarding both primary and secondary outcomes 
was observed in this study. SGLT2 displayed great effects on weight loss and 
abdominal fat area; however, these effects were equivalent to those of TZDs in our 
included trials[8,9,26,27]. Moreover, there was no ranking of SGLT2 in the NAS set 
due to the lack of related research. Powerful evidence from high-quality, long-term 
and large-size studies is warranted to evaluate the effectiveness of SGLT2. Regarding 
metformin, it yielded poor results in our research. Although metformin has the ability 
to improve hepatic insulin sensitivity, it offers no advantage in improving HFC or 
liver histology compared with other interventions and placebo and no advantage in 
liver enzyme groups[28-31]. Nonetheless, new therapies, such as metformin combined 
with insulin, have presented promising effectiveness for HFC[32]. Further data from 
large multicenter RCTs are needed to assess its effectiveness.

Strengths and limitations
Our NMA combined all the eligible direct and indirect evidence to simultaneously 
compare interventions in patients with NAFLD, which is the greatest advantage of our 
study. Furthermore, our study is significant because drug interventions for NAFLD 
are complex and multifaceted and no established treatments for this disease exist.

The limitations of our study need to be acknowledged. First, the duration of 
treatment varied from 2 mo to 24 mo, which may lead to false credibility in the 
endpoint assessment of patients. Second, the side effects of interventions, which may 
influence treatment options in clinical practice, were not analyzed in this study. 
Finally, potential factors that could introduce bias into our results exist.

CONCLUSION
In summary, our NMA indicated that GLP-1RAs are the optimum therapeutic 
approach to improve HFC, abnormally elevated liver enzymes and overweight, while 
TZDs are the most promising intervention to ameliorate liver inflammation. The 
evidence from our NMA can guide the development of clinical guidelines and thus 
help clinicians make individualized decisions in clinical practice. Large, multicenter 
prospective randomized trials with liver biopsy data regarding new classes of glucose-
lowering drugs are needed to confirm our results.

ARTICLE HIGHLIGHTS
Research background
Nonalcoholic fatty liver disease (NAFLD) is becoming a major chronic liver disorder 
worldwide. Patients with NAFLD usually experience metabolic disorder complic-
ations, including type 2 diabetes mellitus, hyperlipidemia and metabolic syndrome. 
However, there are no established pharmacotherapies for NAFLD.

Research motivation
The use of antidiabetic drugs, including thiazolidinediones (TZDs), metformin, 
glucagon-like peptide-1 receptor agonists (GLP-1RAs) and sodium glucose cotrans-
porter-2 inhibitors (SGLT2), has emerged as a major therapeutic strategy to treat 
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patients with NAFLD. However, it is difficult for clinicians to decide which 
intervention is best for treating patients with NAFLD due to an absence of compre-
hensive comparisons among treatments.

Research objectives
In this study, we compared the effectiveness of different treatments for NAFLD. The 
results provide new evidence that can guide the development of clinical guidelines 
and thus help clinicians make individualized decisions in clinical practice.

Research methods
The Cochrane Risk of Bias tool was used to assess the risk of bias of the included 
studies. Data analysis was performed by Stata 14.0 (Corporation LLC, College Station, 
United States) and R (X64 3.6.3 version) and included inconsistency modeling, the 
“node-splitting” technique, Begg’s test and the construction of plots of the surface 
under the cumulative ranking curve.

Research results
GLP-1RAs had a great advantage over other treatments in the improvement of liver 
enzymes and hepatic fat content (HFC), and promising effectiveness was observed 
with TZDs with regard to the NAFLD activity score (NAS) set. However, no ranking 
of SGLT2 was possible for the NAS set due to insufficient research. In addition, the 
side effects of these drugs were not analyzed in this study.

Research conclusions
GLP-1RAs are the optimum therapeutic approach to improve HFC, abnormally 
elevated liver enzymes and overweight, while TZDs are the most promising 
intervention to ameliorate liver inflammation.

Research perspectives
Large multicenter prospective randomized trials with liver biopsy data regarding new 
classes of glucose-lowering drugs are needed to obtain robust data and confirm our 
results.

REFERENCES
Petroni ML, Brodosi L, Bugianesi E, Marchesini G. Management of non-alcoholic fatty liver disease. 
BMJ 2021; 372: m4747 [PMID: 33461969 DOI: 10.1136/bmj.m4747]

1     

Sheka AC, Adeyi O, Thompson J, Hameed B, Crawford PA, Ikramuddin S. Nonalcoholic 
Steatohepatitis: A Review. JAMA 2020; 323: 1175-1183 [PMID: 32207804 DOI: 
10.1001/jama.2020.2298]

2     

Younossi Z, Anstee QM, Marietti M, Hardy T, Henry L, Eslam M, George J, Bugianesi E. Global 
burden of NAFLD and NASH: trends, predictions, risk factors and prevention. Nat Rev Gastroenterol 
Hepatol 2018; 15: 11-20 [PMID: 28930295 DOI: 10.1038/nrgastro.2017.109]

3     

Younossi ZM, Koenig AB, Abdelatif D, Fazel Y, Henry L, Wymer M. Global epidemiology of 
nonalcoholic fatty liver disease-Meta-analytic assessment of prevalence, incidence, and outcomes. 
Hepatology 2016; 64: 73-84 [PMID: 26707365 DOI: 10.1002/hep.28431]

4     

Eslam M, Sanyal AJ, George J; International Consensus Panel. MAFLD: A Consensus-Driven 
Proposed Nomenclature for Metabolic Associated Fatty Liver Disease. Gastroenterology 2020; 158: 
1999-2014.e1 [PMID: 32044314 DOI: 10.1053/j.gastro.2019.11.312]

5     

Belfort R, Harrison SA, Brown K, Darland C, Finch J, Hardies J, Balas B, Gastaldelli A, Tio F, 
Pulcini J, Berria R, Ma JZ, Dwivedi S, Havranek R, Fincke C, DeFronzo R, Bannayan GA, Schenker 
S, Cusi K. A placebo-controlled trial of pioglitazone in subjects with nonalcoholic steatohepatitis. N 
Engl J Med 2006; 355: 2297-2307 [PMID: 17135584 DOI: 10.1056/NEJMoa060326]

6     

Bugianesi E, Gentilcore E, Manini R, Natale S, Vanni E, Villanova N, David E, Rizzetto M, 
Marchesini G. A randomized controlled trial of metformin vs vitamin E or prescriptive diet in 
nonalcoholic fatty liver disease. Am J Gastroenterol 2005; 100: 1082-1090 [PMID: 15842582 DOI: 
10.1111/j.1572-0241.2005.41583.x]

7     

Chehrehgosha H, Sohrabi MR, Ismail-Beigi F, Malek M, Reza Babaei M, Zamani F, Ajdarkosh H, 
Khoonsari M, Fallah AE, Khamseh ME. Empagliflozin Improves Liver Steatosis and Fibrosis in 
Patients with Non-Alcoholic Fatty Liver Disease and Type 2 Diabetes: A Randomized, Double-Blind, 
Placebo-Controlled Clinical Trial. Diabetes Ther 2021; 12: 843-861 [PMID: 33586120 DOI: 
10.1007/s13300-021-01011-3]

8     

Ito D, Shimizu S, Inoue K, Saito D, Yanagisawa M, Inukai K, Akiyama Y, Morimoto Y, Noda M, 
Shimada A. Comparison of Ipragliflozin and Pioglitazone Effects on Nonalcoholic Fatty Liver 
Disease in Patients With Type 2 Diabetes: A Randomized, 24-Week, Open-Label, Active-Controlled 

9     

http://www.ncbi.nlm.nih.gov/pubmed/33461969
https://dx.doi.org/10.1136/bmj.m4747
http://www.ncbi.nlm.nih.gov/pubmed/32207804
https://dx.doi.org/10.1001/jama.2020.2298
http://www.ncbi.nlm.nih.gov/pubmed/28930295
https://dx.doi.org/10.1038/nrgastro.2017.109
http://www.ncbi.nlm.nih.gov/pubmed/26707365
https://dx.doi.org/10.1002/hep.28431
http://www.ncbi.nlm.nih.gov/pubmed/32044314
https://dx.doi.org/10.1053/j.gastro.2019.11.312
http://www.ncbi.nlm.nih.gov/pubmed/17135584
https://dx.doi.org/10.1056/NEJMoa060326
http://www.ncbi.nlm.nih.gov/pubmed/15842582
https://dx.doi.org/10.1111/j.1572-0241.2005.41583.x
http://www.ncbi.nlm.nih.gov/pubmed/33586120
https://dx.doi.org/10.1007/s13300-021-01011-3


Huang YZ et al. Treatment comparisons in NAFLD

WJD https://www.wjgnet.com 1585 September 15, 2021 Volume 12 Issue 9

Trial. Diabetes Care 2017; 40: 1364-1372 [PMID: 28751548 DOI: 10.2337/dc17-0518]
Higgins JP, Altman DG, Gøtzsche PC, Jüni P, Moher D, Oxman AD, Savovic J, Schulz KF, Weeks 
L, Sterne JA; Cochrane Bias Methods Group;  Cochrane Statistical Methods Group. The Cochrane 
Collaboration's tool for assessing risk of bias in randomised trials. BMJ 2011; 343: d5928 [PMID: 
22008217 DOI: 10.1136/bmj.d5928]

10     

Luyckx FH, Lefebvre PJ, Scheen AJ. Non-alcoholic steatohepatitis: association with obesity and 
insulin resistance, and influence of weight loss. Diabetes Metab 2000; 26: 98-106 [PMID: 10804323]

11     

Zhang LY, Qu XN, Sun ZY, Zhang Y. Effect of liraglutide therapy on serum fetuin A in patients 
with type 2 diabetes and non-alcoholic fatty liver disease. Clin Res Hepatol Gastroenterol 2020; 44: 
674-680 [PMID: 32113823 DOI: 10.1016/j.clinre.2020.01.007]

12     

Vilsbøll T, Christensen M, Junker AE, Knop FK, Gluud LL. Effects of glucagon-like peptide-1 
receptor agonists on weight loss: systematic review and meta-analyses of randomised controlled trials. 
BMJ 2012; 344: d7771 [PMID: 22236411 DOI: 10.1136/bmj.d7771]

13     

Bethel MA, Patel RA, Merrill P, Lokhnygina Y, Buse JB, Mentz RJ, Pagidipati NJ, Chan JC, 
Gustavson SM, Iqbal N, Maggioni AP, Öhman P, Poulter NR, Ramachandran A, Zinman B, 
Hernandez AF, Holman RR; EXSCEL Study Group. Cardiovascular outcomes with glucagon-like 
peptide-1 receptor agonists in patients with type 2 diabetes: a meta-analysis. Lancet Diabetes 
Endocrinol 2018; 6: 105-113 [PMID: 29221659 DOI: 10.1016/S2213-8587(17)30412-6]

14     

Armstrong MJ, Gaunt P, Aithal GP, Barton D, Hull D, Parker R, Hazlehurst JM, Guo K; LEAN trial 
team, Abouda G, Aldersley MA, Stocken D, Gough SC, Tomlinson JW, Brown RM, Hübscher SG, 
Newsome PN. Liraglutide safety and efficacy in patients with non-alcoholic steatohepatitis (LEAN): a 
multicentre, double-blind, randomised, placebo-controlled phase 2 study. Lancet 2016; 387: 679-690 
[PMID: 26608256 DOI: 10.1016/S0140-6736(15)00803-X]

15     

Arvaniti VA, Thomopoulos KC, Tsamandas A, Makri M, Psyrogiannis A, Vafiadis G, 
Assimakopoulos SF, Labropoulou-Karatza C. Serum adiponectin levels in different types of non 
alcoholic liver disease. Correlation with steatosis, necroinflammation and fibrosis. Acta Gastroenterol 
Belg 2008; 71: 355-360 [PMID: 19317274]

16     

Yamauchi T, Kamon J, Minokoshi Y, Ito Y, Waki H, Uchida S, Yamashita S, Noda M, Kita S, Ueki 
K, Eto K, Akanuma Y, Froguel P, Foufelle F, Ferre P, Carling D, Kimura S, Nagai R, Kahn BB, 
Kadowaki T. Adiponectin stimulates glucose utilization and fatty-acid oxidation by activating AMP-
activated protein kinase. Nat Med 2002; 8: 1288-1295 [PMID: 12368907 DOI: 10.1038/nm788]

17     

Panunzi S, Maltese S, Verrastro O, Labbate L, De Gaetano A, Pompili M, Capristo E, Bornstein SR, 
Mingrone G. Pioglitazone and bariatric surgery are the most effective treatments for non-alcoholic 
steatohepatitis: A hierarchical network meta-analysis. Diabetes Obes Metab 2021; 23: 980-990 
[PMID: 33368954 DOI: 10.1111/dom.14304]

18     

Byrne CD, Olufadi R, Bruce KD, Cagampang FR, Ahmed MH. Metabolic disturbances in non-
alcoholic fatty liver disease. Clin Sci (Lond) 2009; 116: 539-564 [PMID: 19243311 DOI: 
10.1042/CS20080253]

19     

Musso G, Cassader M, Rosina F, Gambino R. Impact of current treatments on liver disease, glucose 
metabolism and cardiovascular risk in non-alcoholic fatty liver disease (NAFLD): a systematic review 
and meta-analysis of randomised trials. Diabetologia 2012; 55: 885-904 [PMID: 22278337 DOI: 
10.1007/s00125-011-2446-4]

20     

Zhang L, Yang M, Ren H, Hu H, Boden G, Li L, Yang G. GLP-1 analogue prevents NAFLD in 
ApoE KO mice with diet and Acrp30 knockdown by inhibiting c-JNK. Liver Int 2013; 33: 794-804 
[PMID: 23432843 DOI: 10.1111/liv.12120]

21     

Boettcher E, Csako G, Pucino F, Wesley R, Loomba R. Meta-analysis: pioglitazone improves liver 
histology and fibrosis in patients with non-alcoholic steatohepatitis. Aliment Pharmacol Ther 2012; 
35: 66-75 [PMID: 22050199 DOI: 10.1111/j.1365-2036.2011.04912.x]

22     

Mahady SE, Webster AC, Walker S, Sanyal A, George J. The role of thiazolidinediones in non-
alcoholic steatohepatitis - a systematic review and meta analysis. J Hepatol 2011; 55: 1383-1390 
[PMID: 21703200 DOI: 10.1016/j.jhep.2011.03.016]

23     

Miyazaki Y, Matsuda M, DeFronzo RA. Dose-response effect of pioglitazone on insulin sensitivity 
and insulin secretion in type 2 diabetes. Diabetes Care 2002; 25: 517-523 [PMID: 11874940 DOI: 
10.2337/diacare.25.3.517]

24     

Shah PK, Mudaliar S, Chang AR, Aroda V, Andre M, Burke P, Henry RR. Effects of intensive 
insulin therapy alone and in combination with pioglitazone on body weight, composition, distribution 
and liver fat content in patients with type 2 diabetes. Diabetes Obes Metab 2011; 13: 505-510 [PMID: 
21272186 DOI: 10.1111/j.1463-1326.2011.01370.x]

25     

Kinoshita T, Shimoda M, Nakashima K, Fushimi Y, Hirata Y, Tanabe A, Tatsumi F, Hirukawa H, 
Sanada J, Kohara K, Irie S, Kimura T, Nakamura Y, Nishioka M, Obata A, Nakanishi S, Mune T, 
Kaku K, Kaneto H. Comparison of the effects of three kinds of glucose-lowering drugs on non-
alcoholic fatty liver disease in patients with type 2 diabetes: A randomized, open-label, three-arm, 
active control study. J Diabetes Investig 2020; 11: 1612-1622 [PMID: 32329963 DOI: 
10.1111/jdi.13279]

26     

Yoneda M, Honda Y, Ogawa Y, Kessoku T, Kobayashi T, Imajo K, Ozaki A, Nogami A, Taguri M, 
Yamanaka T, Kirikoshi H, Iwasaki T, Kurihashi T, Saito S, Nakajima A. Comparing the effects of 
tofogliflozin and pioglitazone in non-alcoholic fatty liver disease patients with type 2 diabetes 
mellitus (ToPiND study): a randomized prospective open-label controlled trial. BMJ Open Diabetes 
Res Care 2021; 9 [PMID: 33593749 DOI: 10.1136/bmjdrc-2020-001990]

27     

http://www.ncbi.nlm.nih.gov/pubmed/28751548
https://dx.doi.org/10.2337/dc17-0518
http://www.ncbi.nlm.nih.gov/pubmed/22008217
https://dx.doi.org/10.1136/bmj.d5928
http://www.ncbi.nlm.nih.gov/pubmed/10804323
http://www.ncbi.nlm.nih.gov/pubmed/32113823
https://dx.doi.org/10.1016/j.clinre.2020.01.007
http://www.ncbi.nlm.nih.gov/pubmed/22236411
https://dx.doi.org/10.1136/bmj.d7771
http://www.ncbi.nlm.nih.gov/pubmed/29221659
https://dx.doi.org/10.1016/S2213-8587(17)30412-6
http://www.ncbi.nlm.nih.gov/pubmed/26608256
https://dx.doi.org/10.1016/S0140-6736(15)00803-X
http://www.ncbi.nlm.nih.gov/pubmed/19317274
http://www.ncbi.nlm.nih.gov/pubmed/12368907
https://dx.doi.org/10.1038/nm788
http://www.ncbi.nlm.nih.gov/pubmed/33368954
https://dx.doi.org/10.1111/dom.14304
http://www.ncbi.nlm.nih.gov/pubmed/19243311
https://dx.doi.org/10.1042/CS20080253
http://www.ncbi.nlm.nih.gov/pubmed/22278337
https://dx.doi.org/10.1007/s00125-011-2446-4
http://www.ncbi.nlm.nih.gov/pubmed/23432843
https://dx.doi.org/10.1111/liv.12120
http://www.ncbi.nlm.nih.gov/pubmed/22050199
https://dx.doi.org/10.1111/j.1365-2036.2011.04912.x
http://www.ncbi.nlm.nih.gov/pubmed/21703200
https://dx.doi.org/10.1016/j.jhep.2011.03.016
http://www.ncbi.nlm.nih.gov/pubmed/11874940
https://dx.doi.org/10.2337/diacare.25.3.517
http://www.ncbi.nlm.nih.gov/pubmed/21272186
https://dx.doi.org/10.1111/j.1463-1326.2011.01370.x
http://www.ncbi.nlm.nih.gov/pubmed/32329963
https://dx.doi.org/10.1111/jdi.13279
http://www.ncbi.nlm.nih.gov/pubmed/33593749
https://dx.doi.org/10.1136/bmjdrc-2020-001990


Huang YZ et al. Treatment comparisons in NAFLD

WJD https://www.wjgnet.com 1586 September 15, 2021 Volume 12 Issue 9

Feng W, Gao C, Bi Y, Wu M, Li P, Shen S, Chen W, Yin T, Zhu D. Randomized trial comparing the 
effects of gliclazide, liraglutide, and metformin on diabetes with non-alcoholic fatty liver disease. J 
Diabetes 2017; 9: 800-809 [PMID: 28332301 DOI: 10.1111/1753-0407.12555]

28     

Omer Z, Cetinkalp S, Akyildiz M, Yilmaz F, Batur Y, Yilmaz C, Akarca U. Efficacy of insulin-
sensitizing agents in nonalcoholic fatty liver disease. Eur J Gastroenterol Hepatol 2010; 22: 18-23 
[PMID: 19667999 DOI: 10.1097/MEG.0b013e32832e2baf]

29     

Haukeland JW, Konopski Z, Eggesbø HB, von Volkmann HL, Raschpichler G, Bjøro K, Haaland T, 
Løberg EM, Birkeland K. Metformin in patients with non-alcoholic fatty liver disease: a randomized, 
controlled trial. Scand J Gastroenterol 2009; 44: 853-860 [PMID: 19811343 DOI: 
10.1080/00365520902845268]

30     

Razavizade M, Jamali R, Arj A, Matini SM, Moraveji A, Taherkhani E. The effect of pioglitazone 
and metformin on liver function tests, insulin resistance, and liver fat content in nonalcoholic Fatty 
liver disease: a randomized double blinded clinical trial. Hepat Mon 2013; 13: e9270 [PMID: 
23930133 DOI: 10.5812/hepatmon.9270]

31     

Tang W, Xu Q, Hong T, Tong G, Feng W, Shen S, Bi Y, Zhu D. Comparative efficacy of anti-
diabetic agents on nonalcoholic fatty liver disease in patients with type 2 diabetes mellitus: a 
systematic review and meta-analysis of randomized and non-randomized studies. Diabetes Metab Res 
Rev 2016; 32: 200-216 [PMID: 26381272 DOI: 10.1002/dmrr.2713]

32     

Fan H, Pan Q, Xu Y, Yang X. Exenatide improves type 2 diabetes concomitant with non-alcoholic 
fatty liver disease. Arq Bras Endocrinol Metabol 2013; 57: 702-708 [PMID: 24402015 DOI: 
10.1590/s0004-27302013000900005]

33     

Smits MM, Tonneijck L, Muskiet MH, Kramer MH, Pouwels PJ, Pieters-van den Bos IC, Hoekstra 
T, Diamant M, van Raalte DH, Cahen DL. Twelve week liraglutide or sitagliptin does not affect 
hepatic fat in type 2 diabetes: a randomised placebo-controlled trial. Diabetologia 2016; 59: 2588-
2593 [PMID: 27627981 DOI: 10.1007/s00125-016-4100-7]

34     

Hajiaghamohammadi AA, Ziaee A, Oveisi S, Masroor H. Effects of metformin, pioglitazone, and 
silymarin treatment on non-alcoholic Fatty liver disease: a randomized controlled pilot study. Hepat 
Mon 2012; 12: e6099 [PMID: 23087748 DOI: 10.5812/hepatmon.6099]

35     

Shargorodsky M, Omelchenko E, Matas Z, Boaz M, Gavish D. Relation between augmentation 
index and adiponectin during one-year metformin treatment for nonalcoholic steatohepatosis: effects 
beyond glucose lowering? Cardiovasc Diabetol 2012; 11: 61 [PMID: 22676459 DOI: 
10.1186/1475-2840-11-61]

36     

Kazemi R, Aduli M, Sotoudeh M, Malekzadeh R, Seddighi N, Sepanlou SG, Merat S. Metformin in 
nonalcoholic steatohepatitis: a randomized controlled trial. Middle East J Dig Dis 2012; 4: 16-22 
[PMID: 24829630]

37     

Anushiravani A, Haddadi N, Pourfarmanbar M, Mohammadkarimi V. Treatment options for 
nonalcoholic fatty liver disease: a double-blinded randomized placebo-controlled trial. Eur J 
Gastroenterol Hepatol 2019; 31: 613-617 [PMID: 30920975 DOI: 
10.1097/MEG.0000000000001369]

38     

Eriksson JW, Lundkvist P, Jansson PA, Johansson L, Kvarnström M, Moris L, Miliotis T, Forsberg 
GB, Risérus U, Lind L, Oscarsson J. Effects of dapagliflozin and n-3 carboxylic acids on non-
alcoholic fatty liver disease in people with type 2 diabetes: a double-blind randomised placebo-
controlled study. Diabetologia 2018; 61: 1923-1934 [PMID: 29971527 DOI: 
10.1007/s00125-018-4675-2]

39     

Ratziu V, Giral P, Jacqueminet S, Charlotte F, Hartemann-Heurtier A, Serfaty L, Podevin P, Lacorte 
JM, Bernhardt C, Bruckert E, Grimaldi A, Poynard T; LIDO Study Group. Rosiglitazone for 
nonalcoholic steatohepatitis: one-year results of the randomized placebo-controlled Fatty Liver 
Improvement with Rosiglitazone Therapy (FLIRT) Trial. Gastroenterology 2008; 135: 100-110 
[PMID: 18503774 DOI: 10.1053/j.gastro.2008.03.078]

40     

Cusi K, Orsak B, Bril F, Lomonaco R, Hecht J, Ortiz-Lopez C, Tio F, Hardies J, Darland C, Musi N, 
Webb A, Portillo-Sanchez P. Long-Term Pioglitazone Treatment for Patients With Nonalcoholic 
Steatohepatitis and Prediabetes or Type 2 Diabetes Mellitus: A Randomized Trial. Ann Intern Med 
2016; 165: 305-315 [PMID: 27322798 DOI: 10.7326/M15-1774]

41     

Sanyal AJ, Chalasani N, Kowdley KV, McCullough A, Diehl AM, Bass NM, Neuschwander-Tetri 
BA, Lavine JE, Tonascia J, Unalp A, Van Natta M, Clark J, Brunt EM, Kleiner DE, Hoofnagle JH, 
Robuck PR; NASH CRN. Pioglitazone, vitamin E, or placebo for nonalcoholic steatohepatitis. N Engl 
J Med 2010; 362: 1675-1685 [PMID: 20427778 DOI: 10.1056/NEJMoa0907929]

42     

Aithal GP, Thomas JA, Kaye PV, Lawson A, Ryder SD, Spendlove I, Austin AS, Freeman JG, 
Morgan L, Webber J. Randomized, placebo-controlled trial of pioglitazone in nondiabetic subjects 
with nonalcoholic steatohepatitis. Gastroenterology 2008; 135: 1176-1184 [PMID: 18718471 DOI: 
10.1053/j.gastro.2008.06.047]

43     

http://www.ncbi.nlm.nih.gov/pubmed/28332301
https://dx.doi.org/10.1111/1753-0407.12555
http://www.ncbi.nlm.nih.gov/pubmed/19667999
https://dx.doi.org/10.1097/MEG.0b013e32832e2baf
http://www.ncbi.nlm.nih.gov/pubmed/19811343
https://dx.doi.org/10.1080/00365520902845268
http://www.ncbi.nlm.nih.gov/pubmed/23930133
https://dx.doi.org/10.5812/hepatmon.9270
http://www.ncbi.nlm.nih.gov/pubmed/26381272
https://dx.doi.org/10.1002/dmrr.2713
http://www.ncbi.nlm.nih.gov/pubmed/24402015
https://dx.doi.org/10.1590/s0004-27302013000900005
http://www.ncbi.nlm.nih.gov/pubmed/27627981
https://dx.doi.org/10.1007/s00125-016-4100-7
http://www.ncbi.nlm.nih.gov/pubmed/23087748
https://dx.doi.org/10.5812/hepatmon.6099
http://www.ncbi.nlm.nih.gov/pubmed/22676459
https://dx.doi.org/10.1186/1475-2840-11-61
http://www.ncbi.nlm.nih.gov/pubmed/24829630
http://www.ncbi.nlm.nih.gov/pubmed/30920975
https://dx.doi.org/10.1097/MEG.0000000000001369
http://www.ncbi.nlm.nih.gov/pubmed/29971527
https://dx.doi.org/10.1007/s00125-018-4675-2
http://www.ncbi.nlm.nih.gov/pubmed/18503774
https://dx.doi.org/10.1053/j.gastro.2008.03.078
http://www.ncbi.nlm.nih.gov/pubmed/27322798
https://dx.doi.org/10.7326/M15-1774
http://www.ncbi.nlm.nih.gov/pubmed/20427778
https://dx.doi.org/10.1056/NEJMoa0907929
http://www.ncbi.nlm.nih.gov/pubmed/18718471
https://dx.doi.org/10.1053/j.gastro.2008.06.047


Published by Baishideng Publishing Group Inc 

7041 Koll Center Parkway, Suite 160, Pleasanton, CA 94566, USA 

Telephone: +1-925-3991568 

E-mail: bpgoffice@wjgnet.com 

Help Desk: https://www.f6publishing.com/helpdesk 

https://www.wjgnet.com

© 2021 Baishideng Publishing Group Inc. All rights reserved.

mailto:bpgoffice@wjgnet.com
https://www.f6publishing.com/helpdesk
https://www.wjgnet.com

