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Abstract
Several pharmacological agents to prevent the progression of diabetic kidney 
disease (DKD) have been tested in patients with type 2 diabetes mellitus (T2DM) 
in the past two decades. With the exception of renin-angiotensin system blockers 
that have shown a significant reduction in the progression of DKD in 2001, no 
other pharmacological agent tested in the past two decades have shown any 
clinically meaningful result. Recently, the sodium-glucose cotransporter-2 
inhibitor (SGLT-2i), canagliflozin, has shown a significant reduction in the 
composite of hard renal and cardiovascular (CV) endpoints including progression 
of end-stage kidney disease in patients with DKD with T2DM at the top of renin-
angiotensin system blocker use. Another SGLT-2i, dapagliflozin, has also shown a 
significant reduction in the composite of renal and CV endpoints including death 
in patients with chronic kidney disease (CKD), regardless of T2DM status. Similar 
positive findings on renal outcomes were recently reported as a top-line result of 
the empagliflozin trial in patients with CKD regardless of T2DM. However, the 
full results of this trial have not yet been published. While the use of older 
steroidal mineralocorticoid receptor antagonists (MRAs) such as spironolactone in 
DKD is associated with a significant reduction in albuminuria outcomes, a novel 
non-steroidal MRA finerenone has additionally shown a significant reduction in 
the composite of hard renal and CV endpoints in patients with DKD and T2DM, 
with reasonably acceptable side effects.

Key Words: Renin-angiotensin system blockers; SGLT-2 inhibitors; Mineralocorticoid 
receptor antagonist; Diabetic kidney disease; Chronic kidney disease; Renal outcomes; 
Cardiovascular outcomes
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Core Tip: Angiotensin receptor blockers were the first drug class to show a conclusive benefit in 
preventing diabetic kidney disease (DKD) progression through two randomized trials IDNT and RENAAL 
in 2001. Several newer pharmacological agents have been tested in DKD in the past 20 years without 
much success. Notably, recently conducted renal outcome trials of sodium-glucose cotransporter-2 
inhibitors in patients with DKD such as CREDENCE, DAPA-CKD, and EMPA-KIDNEY have shown 
significant improvement in disease progression. Similarly, recent trials of the non-steroidal mineralocor-
ticoid receptor antagonist finerenone (FIDELIO-DKD and FIGARO-DKD) have shown significant 
improvement in both renal and cardiac endpoints in DKD.

Citation: Singh AK, Singh R. Renin-angiotensin system blockers-SGLT2 inhibitors-mineralocorticoid receptor 
antagonists in diabetic kidney disease: A tale of the past two decades!. World J Diabetes 2022; 13(7): 471-481
URL: https://www.wjgnet.com/1948-9358/full/v13/i7/471.htm
DOI: https://dx.doi.org/10.4239/wjd.v13.i7.471

INTRODUCTION
Type 2 diabetes mellitus (T2DM) remains the leading cause of both chronic kidney disease (CKD) and 
end-stage kidney disease (ESKD) worldwide[1]. The exact incidence and prevalence of CKD and ESKD 
from T2DM is difficult to assess due to infrequently performed invasive procedure of kidney biopsies 
(the gold standard for diagnosis of diabetic kidney disease [DKD]); and because most patients with 
DKD die before requiring renal replacement therapy. However, DKD affects nearly 20% of patients with 
T2DM[2-4]. Several factors that may lead to DKD include: the formation of advanced glycation end-
products; generation of reactive oxygen species; activation of intercellular signals for proinflammatory 
and profibrotic gene expression causing cellular inflammation, injury, and fibrosis; alterations in 
glomerular hemodynamics; and associated hyperinsulinemia and insulin resistance further activating 
these pathogenic mechanisms[5]. Although the time to development of DKD in T2DM depends on 
multiple risk factors, its incidence is about 2% of patients per year and affects nearly 25% of patients 
within 10 years of diagnosis[6]. Classically, DKD progresses from three stages of albuminuria based on 
urinary albumin excretion: normal to mildly increased (< 30 mg/d or albumin/creatinine ratio [ACR] of 
< 30 mg/g), moderately increased (formerly called microalbuminuria-30 to 300 mg per day or ACR 30-
300 mg/g), and severely increased (formerly called macroalbuminuria-> 300 mg per day or ACR > 300 
mg/g) albuminuria. Importantly, the presence of severe albuminuria increases the annual risk of 
mortality by 4.6% compared with the risk of progression to ESKD (by 2.3%)[6]. These findings 
necessitate the role of pharmacological agents other than glycemic control in the management of DKD in 
patients with T2DM.

MANAGEMENT OF DKD IN T2DM
The general approach to managing DKD is similar to that in all patients with T2DM, which includes 
smoking cessation, weight loss, regular exercise, individualized glycemic targets, and statins. However, 
certain specific considerations are additionally needed in DKD which include: more intensive blood 
pressure lowering to prevent ESKD and cardiovascular (CV) morbidity in patients with severe 
albuminuria and to reduce mortality; and mandatory use of renin-angiotensin system blockers (RASBs), 
either angiotensin-converting enzyme inhibitors (ACEIs) or angiotensin receptor blockers (ARBs), but 
not both. Since most individuals with DKD and hypertension require combination therapy, either a 
combination of an ACEI or ARB plus a dihydropyridine calcium channel blocker is the preferred 
regimen, except in patients with severe albuminuria where either a non-dihydropyridine CCB or a 
diuretic may be more suitable with RASB[7].

RASB era
Although there are several randomized controlled trials (e.g., landmark studies: MICRO-HOPE, IRMA-
2, and ADVANCE), which showed that RASB prevented progression from normal to microalbuminuria 
and micro- to macro-albuminuria in T2DM, reduction of albuminuria has generally been considered 
only a soft renal surrogate endpoint[8-10]. The first convincing evidence suggesting that RASB can 
significantly reduce hard renal endpoints and prevent the progression of CKD to ESKD in patients with 
T2DM with severe albuminuria dates back to 2001. The Irbesartan Diabetic Nephropathy Trial (IDNT) 
randomized 1715 T2DM patients (having urine protein excretion ≥ 0.9 g/d and mean serum creatinine 
of 1.7 mg/dL) to either irbesartan or amlodipine or placebo. At 2.6 years, the primary composite renal 
outcome (doubling of serum creatinine, development of ESKD or death from any cause) with irbesartan 
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was 20% lower than placebo (hazard ratio [HR], 0.80; 95% confidence interval [CI]: 0.66-0.97; P = 0.02) 
and 23% lower than amlodipine (HR: 0.77; 95%CI: 0.63-0.93; P = 0.006). However, neither any significant 
reduction in secondary CV endpoint (CV death, non-fatal myocardial infarction [MI], non-fatal stroke, 
heart failure hospitalization [HHF], or lower limb amputation) nor any reduction in all-cause death was 
noted with irbesartan, compared to either placebo or amlodipine[11]. The Reduction of Endpoints in 
Non-Insulin-Dependent Diabetes Mellitus with the Angiotensin II Antagonist Losartan (RENAAL) trial 
randomized 1513 T2DM patients (having albuminuria > 300 mg/d and mean serum creatinine of 1.9 
mg/dL) to either losartan or placebo or both, in addition to conventional antihypertensive drugs (but 
not ACEI). At 3.4 years, the primary outcome (doubling of serum creatinine, development of ESKD, or 
death from any cause) was reduced by 16% (HR: 0.84; 95%CI: 0.72-0.98; P = 0.020) in losartan vs the 
placebo group. However, no reduction in all-cause death was noted between losartan vs placebo[12]. 
Importantly, despite the positive renal outcomes with ARBs, a substantial residual risk did remain in 
both IDNT (residual risk-32.6%) and RENAAL trials (residual risk-43.5%). These findings necessitate 
additional safe pharmacological agents along with RASBs to further reduce the remaining residual risks 
in patients with DKD.

Experimental combination therapy and novel drug era
From 2001 until 2018, several combinations of RASB (ACEI plus ARB such as lisinopril plus losartan 
[VA NEPHRON-D trial] or telmisartan plus ramipril [ONTARGET trial]) were tried without any 
success. Few older agents such as atorvastatin (4D trial) and several newer novel pharmacological 
agents (e.g., protein kinase C β [PKC-β] inhibitor: ruboxistaurin; darbepoetin-alfa; non-selective 
endothelin A receptor antagonist: avosentan; tumor growth factor-β [TGF-β] inhibitor: pirfenidine; 
pyridoxamine; a mixture of natural glycosaminoglycans polysaccharide: sulodexide; direct renin 
inhibitor: aliskiren; nuclear factor erythroid 2-related factor 2 [NRF-2] activator: bardoxolone methyl; 
and pentoxyphylline) were also tried in DKD with T2DM, without much success. Indeed, some of these 
studies showed harm and were stopped prematurely (Avosentan [ASCEND trial], Aliskiren 
[ALTITUDE trial], VA NEPHRON-D trial, and Bardoxolone [BEACON trial])[13-25].

Nevertheless, after failure of any favorable outcomes for nearly two decades, the year 2019 ushered a 
new hope for the management of DKD. A series of recent trials have shown a positive renal outcome 
including a reduction of death in patients with CKD and T2DM, at the top of RASB use. The SONAR 
(Study of Diabetic Nephropathy with Atrasentan [a selective endothelin A receptor antagonist]), 
randomized 2648 patients of CKD (eGFR 25-75 mL/min/1.73 m2 and urinary ACR of 300-5000 mg/g) 
with T2DM who were receiving a maximum tolerated dose of RASB to either atrasentan 0.75 mg daily 
or placebo. At a median follow-up of 2.2 years, the primary composite renal endpoint (doubling of 
serum creatinine or ESKD) was reduced by 35% (HR: 0.65; 95%CI: 0.49-0.88; P = 0.005) in atrasentan vs 
placebo. However, a higher frequency of HHF (33%) and death (9%) was also noted with atrasentan 
compared to the placebo[26]. Meanwhile, several cardiovascular outcome trials (CVOTs) conducted 
with SGLT-2 inhibitors (SGLT-2i) in patients with T2DM, with or without DKD (EMPA-REG, CANVAS 
Program, and DECLARE-TIMI conducted with empagliflozin, canagliflozin, and dapagliflozin, 
respectively), have also shown a significant reduction in prespecified renal composite endpoints 
including progression to ESKD, albeit the renal outcomes were exploratory in nature in all these studies
[27-29]. Similarly, studies conducted with non-selective steroidal mineralocorticoid receptor antagonists 
(MRAs) such as spironolactone and eplerenone have shown a significant reduction in proteinuria in 
patients with CKD although no conclusive evidence is yet available suggesting that these drugs prevent 
the progression of DKD. While a meta-analysis of 16 RCTs conducted with spironolactone in CKD at the 
top of RASB showed a significant reduction in proteinuria (although at the increased risk of 
hyperkalemia[30], a recent (2020) proteomic prediction and renin-angiotensin-aldosterone system 
inhibition prevention of early diabetic nephropathy in type 2 diabetic patients with normoalbuminuria 
study failed to show prevention of progression to microalbuminuria with spironolactone, at the end of 
2.5 years of follow-up[31]. Another recently updated (2020) Cochrane meta-analysis involving 44 trials 
of steroidal MRA (spironolactone and eplerenone) in early stage-CKD (mild-to-moderate proteinuria) 
showed a significant reduction in proteinuria but an increased risk of hyperkalemia (2.17-fold), acute 
kidney injury (2.04-fold) and gynecomastia (5.14-fold) was noted with spironolactone[32]. Moreover, the 
latest (2021) Cochrane meta-analysis of 16 trials of steroidal MRA in late-stage CKD requiring dialysis 
showed a significant reduction in CV- and all-cause mortality but with a significant 6-fold increased risk 
of gynecomastia and 1.4-fold increased trend of hyperkalemia[33]. However, the major limitations of 
these meta-analyses include smaller numbers, shorter duration of studies, and potential risk of bias. 
Indeed, one RCT of spironolactone (Mineralocorticoid Receptor Antagonists in End-Stage Renal Disease 
trial, commonly known as MiREnDa) that assessed the safety and CV outcomes with spironolactone and 
another RCT (Spironolactone in Dialysis-Dependent ESRD, commonly known as SPin-D)-both failed to 
show any benefit on the left ventricular mass index (LVMI) over 40 wk, or diastolic function or LVMI 
over 36-wk, respectively along with a dose-dependent increased risk of hyperkalemia[34,35]. Similarly, 
an eplerenone pilot trial PHASE (Hemodialysis patients undergoing Aldosterone Antagonism with 
Eplerenone) failed to show any CV benefit and had a 4.5-fold increased risk of hyperkalemia against 
placebo[36].
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SGLT-2i era
While SGLT-2i indicated improved renal outcomes in CVOTs of empagliflozin, canagliflozin, and 
dapagliflozin (EMPA-REG, CANVAS Program, and DECLARE-TIMI, respectively), the results of the 
first dedicated renal outcome study CREDENCE (Canagliflozin and Renal Events in Diabetes with 
Established Nephropathy Clinical Evaluation) in patients with DKD became available in the year 2019. 
CREDENCE trial randomized 4402 patients with CKD (eGFR 30 to < 90 mL/min/1.75 m2 and urinary 
ACR 300-5000 mg/g) and T2DM already receiving RASB, to either canagliflozin 100 mg daily or 
placebo. At a median follow up of 2.62 years, the relative risk reduction of primary composite outcome 
(composite of ESKD, a doubling of the serum creatinine level, or death from renal or CV causes) was 
30% (HR: 0.70; 95%CI: 0.59-0.82; P = 0.00001) lower with canagliflozin compared to placebo. ESKD 
reduced by 31% (HR 0.68; 95%CI: 0.54-0.86; P = 0.002) with canagliflozin compared to placebo. The 
secondary CV outcome, a composite of 3P-MACE (CV death, non-fatal MI and non-fatal stroke) was 
found to reduce by 20% (HR: 0.80; 95%CI: 0.67-0.95; P = 0.01), while HHF reduced by 39% (HR: 0.61; 
95%CI: 0.47-0.80; P < 0.001) with canagliflozin when compared to placebo[37]. The results of the second 
kidney outcome trial (Dapagliflozin and Prevention of Adverse Outcomes in Chronic Kidney Disease 
[DAPA-CKD]) was published in the year 2020. DAPA-CKD randomized 4304 patients with CKD (eGFR 
25 to 75 mL/min/1.73 m2 and urinary ACR of 200 to 5000 mg/g) having 2906 patients with T2DM, to 
either dapagliflozin 10 mg or placebo. Over a median of 2.4 years, the primary outcome (composite of 
the sustained decline of eGFR of at least 50%, ESKD, or death from renal or cardiovascular cause) was 
39% (HR: 0.61; 95%CI: 0.51-0.72; P < 0.001) lower with dapagliflozin compared to placebo. Reduction in 
primary renal composite was similar in patients both with (HR: 0.64; 95%CI: 0.52-0.79) or without (HR: 
0.50; 95%CI: 0.35-0.72) T2DM with dapagliflozin vs placebo. The secondary CV endpoints (composite of 
CV death or HHF) were reduced by 29% (HR: 0.71; 95%CI: 0.55-0.92; P = 0.009), while all-cause death 
was reduced by 31% (HR: 0.69; 95%CI: 0.53-0.88; P = 0.004) with dapagliflozin compared to placebo[38]. 
Ongoing empagliflozin renal outcome trial (EMPA-KIDNEY) in patients with CKD due to either T2DM 
or  non-diabetic cause has been recently (March 16, 2022) stopped owing to the positive results which 
met the prespecified threshold for early termination against placebo[39]. It should be noted however 
that the residual risk of CKD progression or kidney failure was still evident in CREDENCE and DAPA-
CKD in about 10% of patients despite a full dose of concomitant RASB use after a median follow-up of 
nearly 2.5 years[37,38]. This necessitates further strategies to combat the progression of DKD in patients 
with T2DM.

MRA era
While several studies of steroidal MRA (spironolactone and eplerenone) have shown a significant 
reduction in soft surrogates of proteinuria in patients with DKD albeit, at increased risk of hyperkalemia 
and gynecomastia (spironolactone), no conclusive evidence of benefit is yet available with these MRAs 
concerning prevention of ESKD progression. Two ongoing phase 3b RCTs of spironolactone are 
currently evaluating the CV effect in patients with CKD on dialysis. While the ALdosterone Antagonist 
Chronic HEModialysis Interventional Survival Trial (commonly known as ALCHEMIST; NCT01848639) 
is evaluating the primary composite endpoint of non-fatal MI, acute coronary syndrome, HHF, nonfatal 
stroke, or CV death; the Aldosterone bloCkade for Health Improvement EValuation in End-stage Renal 
Disease (commonly known as ACHIEVE; NCT03020303) trial is evaluating the composite of CV death or 
HHF, in patients on maintenance dialysis. The results of both studies are expected in 2023[40].

Meanwhile, several newer, selective, non-steroidal MRA such as finerenone, esaxerenone, and 
apararenone have also been tried in DKD. The Mineralocorticoid Receptor Antagonist Tolerability 
Study in Diabetic Nephropathy (ARTS-DN) study, which evaluated various doses of finerenone, 
showed a dose-dependent significant reduction in UACR (24% and 38% reduction with 10 and 20 mg, 
respectively) in patients with T2DM having albuminuria (UACR ≥ 30 mg/g) and eGFR of > 30 
mL/min/1.73 m2 at the top of RASB use, although no difference in ≥ 30% decline in eGFR (secondary 
outcome) was noted against placebo[41]. Significant reduction in proteinuria was also exhibited by 
esaxerenone in the Esaxerenone in Patients with Type 2 Diabetes and Microalbuminuria (ESAX-DN) 
study and apararenone study in patients with DKD and T2DM[42,43]. Nevertheless, the conclusive 
evidence to prevent progression of DKD with MRA was first noted only with finerenone in The 
Finerenone in Reducing Kidney Failure and Disease Progression in DKD (FIDELIO-DKD) trial that 
become available in the year 2020. FIDELIO-DKD randomized 5734 patients with CKD (eGFR 25 to < 60 
mL/min/1.73 m2, urinary ACR of 30 to < 300 mg/g and diabetic retinopathy, or urinary ACR 300-5000 
mg/g and eGFR 25 to < 75 mL/min/1.73 m2) and T2DM on maximum licensed dose of RASB, to either 
finerenone 10 mg (< 60 mL/min/1.73 m2) or 20 mg (≥ 60 mL/min/1.73 m2) once daily, or placebo. At 
the median follow-up of 2.6 years, FIDELIO-DKD showed an 18% reduction (HR: 0.82; 95%CI: 0.73-0.93; 
P = 0.001) in primary renal outcome (composite of kidney failure, a sustained decrease of at least 40% in 
the eGFR from baseline, or death from renal causes) with finerenone compared to placebo. A significant 
reduction of 14% (HR: 0.86; 95%CI: 0.75-0.99; P = 0.03) in secondary CV outcome (composite of CV 
death, nonfatal MI, and nonfatal stroke, or HHF) was also shown with finerenone compared to placebo. 
Although adverse events were similar in both arms, hyperkalemia-related drug discontinuation was 2.5 
times higher with finerenone (2.3%) compared to placebo (0.9%)[44]. Another study conducted with 
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Table 1 Studies (in chronological order) that evaluated hard renal or cardiovascular composites in patients having diabetic kidney 
disease and type 2 diabetes mellitus with various pharmacological agents

Ref. n Comparator Duration 
(mean/median) Primary endpoints Results Remarks

Lewis et al
[11], 2001, 
IDNT

1715 Irbesartan 75-300 
mg vs Amlodipine 
2.5-10 mg vs PBO

2.6 yr Composite of doubling of 
serum Cr, development of 
ESKD or death from any 
cause

The primary outcome with IRBE 
was 20% lower than PBO and 
23% lower than AMLO. Doubling 
of Cr was significantly 33% lower 
in IRBE vs PBO (P = 0.003) and 
37% lower with IRBE vs AMLO (
P < 0.001). The risk of ESKD was 
non-significantly 23% lower vs 
both PBO and AMLO (P = 0.07, 
for both comparisons). No 
difference in CV- or all-cause 
death was noted

Similar BP control with 
IRBE and AMLO. 
Protection is independent 
of reduction in BP

Brenner et al
[12], 2001, 
RENAAL

1513 Losartan 50-100 
mg vs PBO

3.4 yr Composite of doubling of 
serum Cr, development of 
ESKD or death from any 
cause

Primary outcome reduced by 
16% risk in LOSA vs PBO (P = 
0.020). LOSA reduced the 
doubling of Cr by 25% (P = 0.006) 
and ESKD by 28% (P = 0.002) vs 
PBO but no effect on death was 
noted. HHF was reduced by 32% 
in LOSA (P = 0.005) while 
proteinuria was reduced by 35% (
P < 0.001) vs PBO

There was no active 
comparator, and the 
mean blood pressure 
throughout the study was 
lower among those 
assigned losartan

Wanner et al
[13], 2005, 4D

1255 Atorvastatin 20 
mg vs PBO 
(receiving 
hemodialysis)

4.0 yr Composite of 3P-MACE 
(death from CV causes, 
nonfatal MI, and stroke)

No benefit in 3P-MACE (RR: 0.92; 
95%CI: 0.77-1.10; P = 0.37) but 
significant increase in fatal stroke 
(RR: 2.03; P = 0.04)

An increase in stroke 
could be a chance finding, 
given the data from the 
CARDS trial that showed 
atorvastatin lowers the 
incidence of stroke (HR: 
0.52; 95%CI: 0.31-0.89)

Tuttle et al
[14], 2007, 
PKC-DRS, 
PKC-DMES 
and PKC-DRS 
2 study

1157 Ruboxistaurin vs 
PBO

33-39 mo Composite of doubling of 
serum Cr, development of 
advanced chronic kidney 
disease (stages 4 to 5), and 
death

No difference between the two 
group

-

Pfeffer et al
[15], 2009, 
TREAT

4038 Darbepoetin alfa 
vs PBO

4.0 yr Composite outcomes of 
death or a CV event 
(nonfatal MI, CHF, stroke, 
or hospitalization for 
myocardial ischemia) and 
of death or ESKD

No difference in the composite of 
death or ESKD (HR: 1.06; 95%CI: 
0.95-1.19; P = 0.29) or ESKD (HR: 
1.02; 95%CI: 0.87-1.18; P = 0.83) 
between darbepoetin alfa and 
PBO. An increase in stroke (fatal 
or nonfatal stroke) occurred in 
darbepoetin alfa compared with 
PBO (HR: 1.92; 95%CI: 1.38-2.68; 
P < 0.001)

-

Mann et al[16], 
2010, ASCEND

1392 Avosentan 25/50 
mg vs PBO

4 mo Composite of doubling of 
serum Cr, ESKD, or death

No difference in primary 
outcome (25 mg 8.1% vs PBO 
9.6%; P = 0.46; 50 mg 8.6% vs PBO 
9.6%; P = 0.79) but a significant 
increase in CHF with avosentan 
(25 mg 5.9% vs PBO 2.2%; P = 
0.008; 50 mg 6.1% vs PBO 2.2%; P 
= 0.05) compared with PBO

The trial terminated 
prematurely after a 
median follow-up of 4 mo 
(maximum 16 mo) 
because of an excess of 
CV events with avosentan

Sharma et al
[17], 2011

77 Pirfenidone 
1200/2400 mg vs 
PBO

1 yr Change in eGFR Mean eGFR significantly 
increased the pirfenidone 1200-
mg/d group vs PBO (+3.3 vs -2.2 
mL/min; P = 0.03) but no 
improvement in 2400-mg/d 
group

-

Pergola et al
[18], 2011, 
BEAM

227 Bardoxolone 
25/75/150 mg OD 
vs PBO

12 mo Change in eGFR at 6 mo Significant increase in mean 
eGFR both at 6-mo (8.2-11.4 
mL/min; P < 0.001) and 12-mo 
(5.8-10.5 mL/min) against PBO

Muscle spasms were the 
MC observed S/E with 
BDX

Lewis et al
[19], 2012

317 Pyridoxamine 
150/300 mg BID vs 
PBO

52-wk Change in serum Cr No difference in outcome 
observed 

-
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Packham et al
[20], 2012, Sun-
MACRO

1248 Sulodexide vs PBO 11 mo Composite of a doubling 
of serum Cr, development 
of ESKD, or serum Cr ≥6.0 
mg/dl

No difference in the outcome The trial was stopped 
prematurely due to 
futility

Parving et al
[21], 2012, 
ALTITUDE

8561 Aliskiren vs PBO 32.9 mo Composite of CV death or 
the first occurrence of 
cardiac arrest with 
resuscitation; nonfatal MI; 
nonfatal stroke; 
unplanned HHF; ESKD, 
death attributable to 
kidney failure, or the need 
for RRT with no dialysis 
or transplantation 
available or initiated; or 
doubling of Cr level

Results of the primary endpoint 
were no different between the 
two arms (HR: 1.08; 95% 0.98-
1.20; P = 0.12)

The trial was stopped 
prematurely after the 
second interim efficacy 
analysis because of 
significantly higher 
(11.2% vs 7.2%; P < 0.001) 
hyperkalemia (Serum K 
level ≥ 6 mmol/L) and 
hypotension (12.1% vs 
8.3%; P < 0.001 in the 
aliskiren group vs PBO

Fried et al[22], 
2013, VA 
NEPHRON-D

1448 Losartan plus 
lisinopril vs 
losartan plus PBO

2.2 yr Composite of change in 
the eGFR, ESKD, or death

No difference in outcome (HR: 
0.88; 95%CI: 0.70 to 1.12; P = 
0.30). Combination therapy 
increased the risk of 
hyperkalemia (P < 0.001) and 
acute kidney injury (P < 0.001) 
compared to monotherapy

The trial was stopped 
prematurely

Mann et al[23], 
2013, 
ONTARGET

3163 Ramipril 10 mg vs 
telmisartan 80 mg 
vs ramipril plus 
telmisartan (10 + 
80)

56-mo Composite of dialysis, 
doubling of serum Cr, and 
death

Combination therapy was 
associated with a non-
significantly higher ESKD or 
doubling of serum creatinine 
(5.3% vs 4.8 %), but a similar 
death rate (2.3% vs 2.2 %) vs 
monotherapy. Combination 
therapy had higher rates of acute 
kidney injury requiring dialysis 
(1.4% vs 0.8 %)

This is the data of 3163 
people having DKD from 
a total of 9628 patients 
with diabetes

de Zeeuw et al
[24], 2013, 
BEACON

2185 Bardoxolone 20 
mg OD vs PBO

9.0 mo Composite of ESKD or CV 
death 

No difference (HR: 0.98; 95%CI: 
0.70-1.37; P = 0.92). Significant 
increase in HHF and death due to 
HHF with bardoxolone (HR: 1.83; 
95%CI: 1.32-2.55; P < 0.001) vs 
PBO

The trial was stopped 
prematurely

Navarro-
Gonzalez et al
[25], 2015, 
PREDIAN

169 Pentoxyphylline 
600 mg BID vs 
PBO

2-yr Change in eGFR Significant less decrease in eGFR 
in PTF vs PBO (-2.1 vs -6.5 
mL/min; Group difference -4.3 
mL/min; P < 0.001)

Open-label design and 
envelope (rather than 
computer-generated) 
randomization could 
have biased the results

Heerspink et al
[26], 2019, 
SONAR

2648 Atrasentan 0.75 
mg vs PBO

2.2 yr (Median) Composite of doubling of 
serum Cr or ESKD or 
death from kidney failure

35% reduction in primary 
composite renal endpoint event 
(HR: 0.65; 95%CI: 0.49-0.88; P = 
0.005)

HHF was insignificantly 
higher in atrasentan (HR: 
1.33; 95%CI: 0.85-2.07; P = 
0.208) vs PBO 

Perkovic et al
[37], 2019, 
CREDENCE

4401 Canagliflozin 100 
mg vs PBO

2.6 yr Composite of ESKD, 
doubling of serum Cr, or 
death from renal or CV 
causes

30% reduction in primary 
composite (HR: 0.70; 95%CI: 0.59-
82; P = 0.00001), 34% reduction 
(HR: 0.66; 95%CI: 0.53-0.81; P < 
0.001) in renal-specific composite 
(of ESKD, doubling of Cr, renal 
death) and 32% reduction in 
ESKD (HR: 0.68; 95%CI: 0.54-0.86; 
P = 0.002) in CANA vs PBO. 
Reduction in composite of 3P-
MACE was 20% (HR: 0.80; 
95%CI: 0.67-0.95; P = 0.01) while 
HHF reduced by 39% (HR: 0.61; 
95%CI: 0.47-0.80; P < 0.001) in 
CANA arm vs PBO

The trial was stopped 
prematurely due to 
efficacy

39% reduction in primary 
composite (HR: 0.61; 95%CI: 0.51-
0.72; P < 0.001), 44% reduction 
(HR: 0.56; 95%CI: 0.45-0.68; P < 
0.001) in renal-specific composite 
(of ESKD, decline in eGFR of at 
least 50%, or renal death), 29% 
reduction (HR: 0.71; 95%CI: 0.55-
0.92; P = 0.009) in composite of 
CV death of HHF and 31% 
reduction in death (HR: 0.69; 

Heerspink et al
[38], 2020, 
DAPA-CKD

4304 Dapagliflozin 10 
mg vs PBO

2.4 yr Composite of ESKD, 
sustained decline in eGFR 
of at least 50%, or death 
from renal or CV causes

The trial stopped 
prematurely due to 
efficacy
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95%CI: 0.53-0.88; P = 0.004) in 
DAPA arm vs PBO

Bakris et al
[44], 2020, 
FIDELIO-DKD

5734 Finerenone 10/20 
mg vs PBO 

2.6 yr Composite of kidney 
failure, sustained decrease 
of at least 40% in the eGFR 
from baseline, or death 
from renal causes

18% reduction (HR: 0.82; 95%CI: 
0.73-0.93; P = 0.001) in primary 
composite in FINE vs PBO arm. 
14% reduction (HR: 0.86; 95%CI: 
0.75-0.99; P = 0.03) in secondary 
outcome composite (CV death, 
non-fatal MI, non-fatal stroke, or 
HHF) in FINE vs PBO arm

Hyperkalemia-related 
discontinuation of the 
drug was higher in the 
FINE vs PBO (2.3% vs 
0.9%) arm

Pitt et al[45], 
2021, FIGARO-
DKD

7437 Finerenone 10/20 
mg vs PBO

3.4 yr Composite of CV death, 
nonfatal MI, nonfatal 
stroke, or HHF. The 
secondary outcome was a 
composite of a decrease of 
eGFR by at least 40%, 
ESKD, or death from renal 
causes

13% reduction (HR: 0.87; 95%CI: 
0.76-0.98; P = 0.03) in primary 
cardiac composite primarily 
driven due to 29% reduction (HR: 
0.71; 95%CI: 0.56-0.90) in HHF 
with FINE vs PBO. Non-
significant 13% reduction (HR: 
0.87; 95%CI: 0.76-1.01) in 
secondary renal composite with 
FINE vs PBO

Hyperkalemia-related 
discontinuation of the 
drug was higher in the 
FINE vs PBO (1.2% vs 
0.4%) arm

3P-MACE: 3-point major adverse cardiac events; AMLO: Amlodipine; BDX: Bardoxolone; BID: Twice daily; BP: Blood pressure; CANA; Canagliflozin; 
CHF: Congestive heart failure; CI: Confidence interval; Cr: Creatinine; CV: Cardiovascular; DAPA; Dapagliflozin; DKD: Diabetic kidney disease; eGFR: 
Estimated glomerular filtration rate; ESKD: End-stage kidney disease; FINE: Finerenone; HHF: Heart failure hospitalization; HR; Hazard ratio; IRBE: 
Irbesartan; LOSA: Losartan; MC: Most common; MI: Myocardial infarction; OD: Once daily; PBO: Placebo; PTF; Pentoxyphylline; RR: Relative risk; RRT: 
Renal replacement therapy; S/E: Side effects.

Finerenone FIGARO-DKD (Reducing Cardiovascular Mortality and Morbidity in DKD) has been 
published recently in 2021. FIGARO-DKD trial randomized 7437 patients with CKD (eGFR 25 to 90 
mL/min/1.73 m2 and urinary ACR of 30 to < 300 mg/g, or urinary ACR 300 to 500 mg/g and eGFR ≥ 60 
mL/min/1.73 m2) and T2DM to either finerenone 10 mg (25 to < 60 mL/min/1.73 m2) or 20 mg (≥ 60 
mL/min/1.73 m2) once daily, or placebo on the maximum licensed dose of RASB. On a median follow-
up of 3.4 years, the primary CV outcome (composite of CV death, nonfatal MI, and nonfatal stroke, or 
HHF) was significantly reduced by 13% (HR: 0.87; 95%CI: 0.76-0.98; P = 0.03) primarily driven by 29% 
reduction (HR: 0.71; 95%CI: 0.56-0.90) in HHF with finerenone compared to placebo. Interestingly, no 
significant difference (HR: 0.87; 95%CI: 0.76-1.01) was noted in secondary renal outcome (composite of 
kidney failure, a sustained decrease of at least 40% in the eGFR from baseline, or death from renal 
cause) with finerenone compared to placebo. Overall, no difference in the adverse events was noted in 
the two arms, however hyperkalemia-related drug discontinuation was 3-times higher with finerenone 
(1.2%) compared to placebo (0.4%)[45]. Table 1 summarizes the results from all these studies (in chrono-
logical order) which have been conducted in patients with T2DM having CKD that evaluated hard renal 
or cardiovascular composite endpoint as the primary objective[11-26,37,38,44,45]. Figure 1 is a schematic 
representation of timelines and outcomes from all these cardio-renal outcome trials.

In summary, several agents have been tried in the past two decades in patients with DKD and T2DM, 
but only three drug classes (RASB, SGLT-2i, and MRA especially finerenone) have conclusively shown 
both ≥ 30% reduction in albuminuria and a significant lowering in renal disease progression. It should 
be recalled that a cut-off of 30% geometric mean albuminuria reduction within 6 mo or an eGFR slope 
reduction of 0.5-1.0 mL/min/1.73 m2/year over 2-3 years has been adopted as a surrogate renal 
endpoint for CKD progression for clinical trials by National Kidney Foundation, European Medicines 
Agency, and US Food and Drug Administration in the year 2020[46]. This cut-off seems to have 
primarily originated from at least two meta-analyses[47,48]. While the Reducing Albuminuria as 
Surrogate Endpoint (REASSURE) Consortium showed each 30% reduction in albuminuria lowered the 
risk of ESKD by 24%, a meta-analysis of observational studies involving nearly 700000 individuals 
found that a 30% reduction of albuminuria over 2 years lowered ESKD by 22%, regardless of drug class 
tested[47,48]. However, the pressing question which remains unanswered conclusively is whether the 
addition of MRA including finerenone to the patients who are already receiving SGLT-2i and RASB 
would help prevent further progression of kidney disease[49]. Mechanistically, the action of both SGLT-
2i and MRA including finerenone appears to be complementary due to the following: (1) The differ-
ential mechanism of action. While SGLT-2i reduces glomerular hyperfiltration and could have direct 
beneficial cellular and metabolic effect, finerenone reduces inflammation and fibrosis by inhibiting 
mineralocorticoid receptor pathway; and (2) Hyperkalemia induced by finerenone (the commonest 
reason for drug discontinuation) can be counterbalanced by SGLT-2i. A recent meta-analysis from the 
pooled data of five RCTs (n = 8296) in patients with reduced ejection fraction showed SGLT-2i plus 
MRA to significantly reduce both cardiovascular composite of CV death or HHF (HR: 0.73; 95%CI: 0.66-
0.80; P < 0.00001) and composite renal endpoints (HR 0.56; 95%CI: 0.39-0.81; P = 0.002) but with a 
significantly lower risk of hyperkalemia (HR 0.60; 95%CI: 0.42-0.87; P = 0.007), compared to MRA alone
[50]. However, renal outcomes were exploratory endpoints in these RCTs included in this meta-analysis. 
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Figure 1 Major cardio-renal outcome trials in patients with diabetic kidney disease and type 2 diabetes mellitus. ARB: Angiotensin-receptor 
blocker; ACEI: Angiotensin converting enzyme inhibitors; DRI: Direct renin inhibitors; ERA: Endothelin A receptor antagonists; EXD: Experimental drugs; MRA: 
Mineralocorticoid receptor antagonists; PKC-βi: Protein-kinase C β inhibitor; SGLT-2i: Sodium-glucose co-transporter 2 inhibitors; TGF-βi: Tumor growth factor β 
inhibitor.

In FIDELIO-DKD, 4.6% (259/5674) patients were receiving SGLT-2i at the baseline and reduction in 
primary renal composite was similar (PInteraction = 0.21), regardless of the SGLT-2i use (SGLT-2i users: HR, 
1.38; 95%CI: 0.61-3.10; SGLT-2i non-users: HR, 0.82; 95%CI: 0.72-0.92). Similarly, in FIGARO-DKD, 8.4% 
patients (618/7352) were receiving SGLT-2i at baseline and benefit in primary CV composite was 
similar, regardless of SGLT-2i use (SGLT-2i users: HR, 0.49; 95%CI: 0.28-0.86; SGLT-2i non-users: HR, 
0.89; 95%CI: 0.78-1.01). Importantly, a recent subgroup analysis of FIDELIO-DKD found that finerenone 
caused a 25% reduction in UACR in patients receiving SGLT-2i at the baseline, and patients on SGLT-2i 
also had fewer hyperkalemia events. Indeed, this subgroup analysis stratified on the baseline SGLT-2i 
use reported a lesser episode of treatment-emergent hyperkalemia of both moderate (> 5.5 mmol/L) 
and severe (> 6.0 mmol/L) nature in combined SGLT-2i plus finerenone users (7% and 0%, 
respectively), compared with finerenone alone (22% and 5%, respectively)[51]. Notably, a recent meta-
analysis of six cardio-renal trials involving 49875 individuals has found a 16% lower risk (HR: 0.84; 
95%CI: 0.76-0.93) of serious hyperkalemia (> 6.0 mmol/L) with SGLT-2i without any higher risk of 
hypokalemia[52]. Collectively, these finding hints that combination therapy of SGLT-2i and finerenone 
would likely reduce the risk of hyperkalemia. Whether combining MRA to SGLT-2i would enhance the 
CV or renal outcome is not clearly known due to: (1) Low number of events in a small population of 
baseline SGLT-2i users in both FIDELIO-DKD and FIGARO-DKD trial (number of events 24 and 61, 
respectively); and (2) Absence of any dedicated RCT that has assessed the renal or CV outcome with the 
combination therapy in patients with CKD and T2DM. Efficacy and safety of finerenone plus 
empagliflozin compared with either finerenone or empagliflozin in 807 participants with CKD and 
T2DM (CONFIDENCE Trial, NCT05254002) is currently planned and expected to be complete by end of 
2023[53].

CONCLUSION
While optimal glucose control, intensive blood pressure control, and use of RASB have been the 
traditional foundation of treatment in slowing the progression of kidney disease in patients with 
albuminuria and T2DM for the past two decades, the addition of SGLT-2i to this foundational treatment 
has further shown to reduce the disease progression including death (DAPA-CKD). Finerenone would 
be a welcome addition to the list of novel drugs that have been able to reduce the progression of CKD 
successfully in patients with T2DM along with RASB. It is also possible that finerenone plus SGLT-2i 
combination can further prevent the progression of DKD in T2DM but that has to be proved through 
dedicated RCTs.
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Abstract
The prevalence of obesity and type 2 diabetes mellitus has increased rapidly over 
the past few decades, and prevention efforts have not been successful. Fetal 
programming involves the earliest stage of obesity development, and provides a 
novel concept to complement other strategies for lifelong prevention of obesity 
and type 2 diabetes mellitus. The World Health Organization now advocates a 
life-course approach to prevent/control obesity, starting with pre-conceptional 
and antenatal maternal health. Maternal overnutrition, gestational diabetes 
mellitus and excessive gestational weight gain lead to fetal overgrowth, and 
“programs” the offspring with an increased risk of obesity and type 2 diabetes 
mellitus in childhood and adulthood. This review summarizes current data on 
fetal programming of obesity and type 2 diabetes mellitus including potential 
causative factors, mechanisms and interventions to reduce its impact.

Key Words: Developmental programming; Metabolic syndrome; Intergenerational obesity 
cycle; Insulin resistance; In utero environment
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Core Tip: Fetal programming targets the earliest stages in the development of obesity 
and type 2 diabetes. It provides a novel paradigm to complement other strategies for 
lifelong prevention of obesity and type 2 diabetes. Maternal undernutrition/overnu-
trition, maternal diabetes, excessive gestational weight gain and certain paternal factors 
are now recognized as factors associated with adverse fetal programming of obesity and 
type 2 diabetes in the offspring. This review provides up-to date evidence on fetal 
programming of obesity and type 2 diabetes including potential causative factors and 
mechanisms as well as potential interventions to minimize its impact on future 
generations.
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INTRODUCTION
Obesity and type 2 diabetes mellitus rates are rising globally. Obesity is the commonest form of 
malnutrition in the developed world, and is rapidly increasing in developing countries[1-3]. Obesity is 
strongly associated with insulin resistance and the development of type 2 diabetes. By 2050, it is 
predicted that half a billion men, women, and children will have type 2 diabetes, of whom three 
quarters will be from low and middle income countries (LMIC)[4]. Diabetes and its complications 
including kidney disease, heart disease, stroke, retinopathy and neuropathy, lead to premature 
mortality, morbidity, disability and reduced quality of life in affected individuals. At present, someone 
dies due to diabetes-related complications every 7 s[5]. Furthermore, it also leads to decreased work-
force productivity, increased healthcare utilization and escalating healthcare costs[6]. Ten percent of the 
global health expenditure is spent on diabetes-related care[4].

Obesity is the main driver of type 2 diabetes. Obesity refers to the excess accumulation of body fat to 
an extent that it is harmful to an individual’s health. The fundamental cause of obesity is an imbalance 
between energy intake and expenditure, with excess energy being stored as fat in adipose tissue. This 
predisposes adipocytes to secrete more pro-inflammatory adipocytokines such as tumor necrosis factor 
alpha (TNF-α) and interleukin-6 (IL-6), causing a state of low-grade inflammation and insulin resistance. 
An increase in insulin resistance necessitates a compensatory increase in insulin secretion from 
pancreatic β cells, and failure to achieve this demand results in diabetes. This, however, is a gradual 
process, and it may take years for diabetes to manifest clinically. Thus, early identification and 
modification of risk factors at the onset of the above trajectory could help prevent type 2 diabetes[5].

The etiology of obesity and type 2 diabetes is multifactorial and involves complex interactions 
between genetic, environmental and behavioral factors[3,7]. The rapid rise in obesity is mostly 
attributed to the unhealthy lifestyle associated with urbanization and technical advancement over the 
last three to four decades[8]. The present generations live within an obesogenic environment, with 
energy imbalance arising from excessive energy intake due to high fat, high-sugar, energy-dense 
processed foods, and a reduction in occupational, household and leisure-time physical activity[3,7,9]. 
However, there is evidence of an additional factor leading to increases in obesity and type 2 diabetes. 
This is the impact of the prenatal and early-life environment on long-term health via fetal programming.

The Developmental Origins of Health and Disease (DOHaD) concept states that early-life environ-
mental influences at sensitive periods of development lead to lifelong effects on health and chronic 
disease risk[10]. There is evidence that exposure to an abnormal in utero environment disturbs the 
metabolic programming of the growing fetus, increasing the lifelong risk of chronic diseases including 
type 2 diabetes[11-15] This process is described as fetal or developmental programming[16]. Fetal 
programming is now recognized as a key factor contributing to the rapid rise in obesity and type 2 
diabetes mellitus rates worldwide. Research in humans and animals over the past two decades has 
provided considerable evidence supporting ‘developmental programming’ by the intrauterine 
environment[17].

Fetal programming helps explain certain aspects of the obesity epidemic that cannot be fully 
explained by genetic and environmental factors. The relatively short time over which obesity and type 2 
rates have escalated precludes genetic change as a major attributor[15,18]. Furthermore, energy 
homeostasis and body weight are regulated by biological systems established in early life. Thus, it is 
difficult to explain how lifestyle changes alone, can override these biological homeostatic mechanisms to 
bring about obesity[15,18]. Fetal programming is the most plausible reason for this phenomenon. 
Dysregulation of biological mechanisms maintaining body weight by early life fetal programming also 
helps explain why reversal of obesity is difficult[19].

FETAL PROGRAMMING OF OBESITY AND TYPE 2 DIABETES
Epidemiological, clinical, and basic sciences research suggest that the foundations of an individual’s 
lifelong health, including predisposition towards obesity and type 2 diabetes is largely established 
during the ‘first 1000 days of life’ from day of conception to completion of the 2nd year of life. This is a 
highly sensitive period of growth and development in humans, where biological systems are formed 
and developed[10,20,21].

It is difficult to separate out effects of in utero exposure from genetic and nurturing influences in 
humans. However, studies in small mammals and other animal models have shown that prenatal 
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exposure to an adverse in utero environment associated with maternal overnutrition results in develop-
mental programming of obesity and other disorders in offspring[22-25]. For example, in genetically-
modified obesity-prone rats, greater postnatal adiposity was observed in offspring born to over-
nourished dams, compared to normally nourished dams[22]. Furthermore, offspring of over-nourished 
dams developed greater body weight and body fat compared to offspring of lean dams, even when both 
groups were fostered by lean dams after birth[23]. These studies indicate that in utero exposure to 
maternal obesity per se increases susceptibility to obesity in later life, beyond genetics or nurturing 
practices.

The prenatal environment in humans appears to be influenced by maternal body composition, 
metabolism, stress and diet from conception and throughout pregnancy. Paternal influences are also 
being recognized. Thus, parental lifestyle appears to influence the health of the offspring prior to birth, 
via fetal programming. From the maturation of gametes through to early embryonic development, 
parental lifestyle can adversely influence long-term risks of offspring metabolic, cardiovascular, 
immune, and neurological morbidities[26].

FACTORS PREDISPOSING TO DEVELOPMENTAL PROGRAMMING OF OBESITY/TYPE 2 
DIABETES AND POTENTIAL MECHANISTIC PATHWAYS
The field of developmental programming has begun to move beyond associations to potential causal 
mechanisms for developmental programming. Studies in humans and animal models are helping 
unravel underlying biological mechanisms underpinning fetal programming, including epigenetic, 
cellular, physiological, and metabolic processes[26]. We have however, still not gained a complete 
understanding of the complex ways in which the maternal genome, metabolome, and microbiome relate 
throughout pregnancy and lactation to increase the offspring’s disease risk across the life span[25]. 
Determining mechanisms of fetal programming has been complicated by rapid changes in the social 
environment and human behavior. Thus, more studies are needed to help better delineate the 
pathophysiological mechanisms underpinning fetal programming[25].

Epigenetics, and mechanisms of epigenetic modification have led to increased understanding of 
developmental programming, and how environmental, genetic and epigenetic factors inter-relate to 
cause lasting effects on offspring size, adiposity and future metabolic outcomes. Neonatal methylation 
markers associated with birth weight from several gene loci, have shown significant associations with 
the prenatal environment, as well as longitudinal associations with offspring size and/or adiposity in 
early childhood, providing evidence that developmental pathways to adiposity begin before birth and 
are influenced by environmental, genetic and epigenetic factors[16]. Disruption of the gut microbiome 
observed in maternal obesity, antibiotic use in pregnancy, delivery and early infancy, and cesarean 
section have also been implicated in increased childhood obesity risk. Disruption of microbiome 
colonization during critical periods of early development can predispose offspring to obesity, asthma, 
allergy and diabetes. This may occur due to cesarean delivery, and the use of prophylactic antibiotics 
during cesarean section, as well as maternal exposure to antibiotics in the second and third trimesters of 
pregnancy, and use of antibiotics in the offspring in early infancy. Furthermore, increased maternal 
body mass index (BMI) per se is associated with altered intestinal microbial community structure of 
infants’ stool up to 2 years of age[25]. Future research in epigenetics and the gut microbiome could yield 
greater insights into the mechanistic pathways as well as potential methods of modulating fetal 
programming.

Good maternal nutrition prior to and during pregnancy is important for optimizing offspring long-
term health. Fetal programming, initially described in relation to fetal undernutrition, was associated 
with a higher risk of central obesity, diabetes, hypertension, coronary heart disease and stroke in adult 
life[12]. Fetal growth is influenced by the in utero environment, and there is trouble at both ends of the 
birthweight spectrum, with a ‘J’ shaped relationship between birth weight and future obesity risk[27]. It 
is proposed that the fetus ‘senses’ its future nutritional status via in utero signals from the mother, and 
responds in ways which establish lasting influences on weight and appetite control[28]. Many umbilical 
cord blood metabolites and hormones are associated with birth weight and adiposity in human infants
[25]. Paradoxically, both a nutritionally limited or nutritionally excessive in utero environment can lead 
to later obesity and associated co-morbidities[29]. More recent evidence emphasizes the adverse 
developmental programming effects of fetal overnutrition, and its association with increased risk of 
obesity in childhood and adulthood[29,30]. In addition, paternal factors are also now being recognized 
to play a role in fetal programming. The effects of maternal overnutrition, maternal undernutrition/ 
stress and paternal factors on fetal programming of obesity/type 2 diabetes including potential 
modulatory pathways and effects on the offspring are shown in Figures 1-3.

Maternal overnutrition
Concurrent with the global epidemic of obesity, the prevalence of overweight and obesity in women of 
reproductive age has risen rapidly over the last three decades[7,31,32]. There is now compelling 
evidence from human as well as animal studies that maternal obesity, diabetes and increased gestational 
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Figure 1 Associations between maternal overnutrition and fetal programming of obesity/type 2 diabetes mellitus including potential 
modulating factors and effects on offspring health. FFA: Free fatty acid; TNF-α: Tumor necrosis factor alpha; IL-6: Interleukin-6; IGF: Insulin-like growth 
factor.

Figure 2 Associations between maternal undernutrition and fetal programming of obesity/type 2 diabetes mellitus including potential 
modulating factors and effects on offspring health.

weight gain all increase offspring birth weight and lead to fetal programming of obesity in the offspring
[33]. It is thought that offspring obesity is programmed by the ‘obesogenic’ maternal metabolic 
environment the fetus is exposed to in utero during development, setting in an ‘obesity cycle’, where 
maternal obesity leads to neonatal obesity which continues to childhood and adulthood, propagating 
obesity in the next generation[34,35]. Thus, an increase in overweight and obesity among women of 
reproductive age should be considered an important modulator of the global obesity epidemic, which is 
further propagating obesity in future generations.
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Figure 3 Associations between paternal health factors and fetal programming of obesity/type 2 diabetes mellitus including potential 
modulating factors and effects on offspring health.

Children born to overweight/obese women have increased birth weight and an increased risk of 
obesity and metabolic dysregulation throughout life[34,36-38]. At birth, these babies have increased 
birth weight and adiposity[39], and thus, an increased risk of assisted delivery as well[40,41]. Exposure 
to maternal obesity and diabetes accelerates adipogenesis and impairs energy sensing, affecting 
neurodevelopment, liver, pancreas, and skeletal muscle development in the offspring, creating a lifelong 
impact on multiple systems[25]. The influence of maternal obesity on the risk of offspring obesity starts 
manifesting from early life[36,42]. These children show increased weight for age and length, in 
comparison to offspring of normal weight women, as early as six months of age[42], and their risk of 
obesity is increased two-fold as preschoolers, even after controlling for birth weight and other 
confounding factors[36]. They also have an increased risk of metabolic syndrome by late childhood[43]. 
Furthermore, high maternal BMI in pregnancy is an independent predictor of obesity in the adult 
offspring, at 30 years of age[37].

If the mother is obese during pregnancy, there is excess transfer of nutrients to the fetus, stimulating 
increased fetal insulin secretion, fetal overgrowth and increased adiposity. It is hypothesized that this 
tendency for fat accrual then tends to persist during childhood and adulthood. Furthermore, the 
metabolic milieu of overweight/obese mothers differs from normal weight mothers, with obese 
pregnancy being associated with higher insulin resistance, pro-inflammatory adipokines (leptin, IL-6, 
TNF-α) and lipid abnormalities. In utero exposure to this abnormal metabolic milieu is also implicated in 
fetal programming[31,35,44]. Factors associated with developmental programming of obesity in 
offspring of mothers who have obesity/diabetes in pregnancy include high glucose levels, triglycerides, 
free fatty acids, adiponectin, leptin, hypoxia, oxidative stress, inflammation, and the microbiome[25]. It 
is proposed that fetal exposure to this abnormal metabolic milieu leads to dysregulation of the offspring 
adipo-insular axis (leptin and insulin) causing alterations in the central nervous system regulation of 
appetite, activity level, energy balance and in adipocyte metabolism[14,34,44,45].

Maternal diabetes
Maternal diabetes during pregnancy is also strongly associated with fetal programming of obesity in the 
offspring. At present, approximately 20 million live births are affected by hyperglycemia in pregnancy, 
globally[4]. There is evidence that offspring of mothers with gestational diabetes mellitus have an 
increased risk of developing obesity, insulin resistance, type 2 diabetes, hypertension and cardio-
vascular complications at a relatively young age[46]. In the follow-up of the Hyperglycemia and 
Adverse Pregnancy Outcome (HAPO) study, 4160 children aged between 10-14 years, whose mothers 
had a 75-g oral glucose tolerance test at 28 wk of gestation demonstrated that exposure to higher 
maternal glucose spectrum levels in utero was significantly associated with childhood glucose levels and 
insulin resistance, independent of maternal and childhood BMI and family history of diabetes[47]. 
Studies have also shown associations between the sex of the fetus and maternal blood glucose concen-
trations during pregnancy, suggesting that fetal programming could be influenced by offspring gender 
as well[48,49].
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Maternal undernutrition
Maternal undernutrition during critical periods of fetal development has been linked with fetal 
programming of central obesity, insulin resistance, metabolic syndrome and type 2 diabetes in later life, 
especially when exposed to an energy-rich diet postnatally. Adipogenesis, which begins in utero and 
accelerates in neonatal life, is a major candidate for developmental programming. According to the 
thrifty phenotype hypothesis, maternal undernutrition during critical periods leads to compensatory 
changes in the fetus, including tendency to store fat, which causes central obesity in later life, when 
there is a mismatch between the predicted and experienced postnatal nutritional environment[50,51].

Epigenetic pathways in fetal programming from in utero undernutrition described include histone 
modifications in skeletal muscle that directly decrease GLUT-4 gene expression, which leads to 
metabolic dysregulation of peripheral glucose transport and insulin resistance, which can contribute to 
the development of type 2 diabetes in later life. These fetal programming changes, combined with the 
effects of obesity, ageing and physical inactivity, are the most important factors in determining type 2 
diabetes in those born with low birthweight[51]. Furthermore, specific maternal nutrient deficiencies 
during pregnancy, including low maternal protein consumption, and poor vitamin B and methionine 
status are also associated with an increased risk of metabolic derangements and type 2 diabetes in later 
life. Evidence from animal studies show that a protein-restricted diet in utero programs susceptibility to 
obesity, when exposed to overnutrition in postnatal life[50,52].

Prenatal stress could also be a modulating factor for fetal programming of obesity in severe maternal 
malnutrition[53]. During fetal development, the hypothalamic-pituitary-adrenal axis is extremely 
susceptible to programming, and alterations in the expression and function of glucocorticoid receptors 
and major glucocorticoid regulatory enzymes are observed in those exposed to undernourishment in 
early life[54]. Other factors associated with fetal programming include maternal exposure to endocrine 
disruptors, maternal infection and smoking and nulliparity[17,55]. Nulliparity is potentially associated 
with subtle adverse metabolic outcomes in overweight/obese mothers and their offspring, through 
uterine constraint effects[55].

Paternal factors
Epidemiological and animal studies suggest that many factors, including paternal under- and over-
nutrition, exposure to environmental toxins, father's health conditions such as diabetes, and even 
grandfather's nutritional status can program diseases in the offspring via germ cell-mediated 
transmission[56]. High paternal BMI has been linked with newborn adiposity[57]. Furthermore, 
paternal overweight/obesity appears to induces paternal programming of offspring phenotypes, 
through genetic and epigenetic changes in spermatozoa. Both human and rodent models have 
established that paternal obesity impairs sex hormones, basic sperm function, and molecular 
composition, which can result in perturbed embryo development and increase subsequent offspring 
disease burden[57]. Theories for the origin of male obesity-induced paternal programming include the 
accumulation of sperm DNA damage resulting in de novo mutations in the embryo and changes in 
sperm epigenetic marks (microRNA, methylation, or acetylation) altering the access, transcription, and 
translation of paternally derived genes during early embryogenesis[57].

Postnatal factors
In keeping with the concept of “the first 1000 days of life”, postnatal factors from the time of birth to the 
second birthday of a child, could also contribute towards adverse programming increasing the risk of 
obesity and type 2 diabetes in later life. Our present state of knowledge includes mainly early life 
nutritional practices, including breastfeeding duration, timing of introducing complementary feeding, 
and protein rich foods[58]. The underlying mechanisms are yet unclear, but there is emerging evidence 
that it is associated with altered neuro-endocrine programming, and modified by breastfeeding 
duration and maternal pre-pregnancy overweight[58,59]. Breastfeeding including longer duration of 
exclusive breastfeeding and longer duration of partial breastfeeding have been associated with a 
reduced risk of later life obesity and obesity-related complications. Breastfeeding for greater than 40 wk 
has been associated with lower weight gain by 1 year, and longer duration of breastfeeding with lower 
odds of developing hypercholesterolemia, hypertension, obesity and type 2 diabetes in later life[60]. 
Furthermore, mothers who are overweight and obese appear to breastfeed their babies for a shorter 
duration and introduce complementary foods earlier than mothers of normal weight, which could play 
a role in their offspring having increased weight and BMI from early childhood[59]. Exclusive breast-
feeding for 6 mo or longer, and delaying the introduction of complementary feeding until 5th month of 
age, are also associated with lower risk of overweight at 5-6 years of age[61]. In addition, social factors 
including poor nurturing practices and role modeling by parents, early introduction of highly processed 
high fat, high sugar snacks/meals and exposure to unhealthy food advertising, are early life factors 
associated with increased offspring obesity.
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PREVENTION OF FETAL PROGRAMMING
Primary and secondary prevention of obesity are at the foundation of diabetes prevention programs. 
While several medical and lifestyle strategies have shown promising effects in slowing progression to 
and minimizing complications of type 2 diabetes, implementing community measures to prevent 
obesity/type 2 diabetes are bound to be more cost-effective and beneficial to the community at large, 
compared to the cost of screening, treating and managing complications of established obesity/type 2 
diabetes.

There is now increasing focus on primary prevention of obesity/type 2 diabetes targeting the first 
1000-d of life[5]. The first 1000-d of life offers a unique and critical window of opportunity to shape 
long-term health at the population level, which can have a lasting effect on a country’s health and 
prosperity. Firstly, however, it is prudent to consider the important fundamental question of whether 
fetal programming of obesity can be minimized by interventions which improve the in utero 
environment of the fetus, in humans. The most promising research findings on preventing adverse fetal 
programming have come from animal models under experimental conditions. Whether these 
interventions could be applied in clinical practice, and their effectiveness remain uncertain. However, 
there are emerging data that improvement in fetal overnutrition and risk of obesity can be achieved via 
maternal interventions. Perhaps the best evidence available to date, is improvement in long-term health 
outcomes observed in offspring born to severely obese women, after maternal weight loss following 
bariatric surgery[62]. Studies comparing offspring pairs born to morbidly obese women conceived 
before and after substantial weight loss following bariatric surgery found that children conceived after 
surgery had a lower risk of macrosomia (birth weight > 4 kg) at birth, and continued to have better 
health outcomes in childhood and adolescence including a 50% lower risk of obesity, three-fold lower 
risk of severe obesity, and better insulin sensitivity and lipid profile, compared to their older siblings[62-
64]. These findings confirm that pre-conception weight loss in severely obese mothers can lower fetal 
overnutrition and reduce the risk of obesity and metabolic complications in the offspring. However, 
weight reduction by bariatric surgery prior to conception is not an easily available or feasible option for 
most overweight and obese women of reproductive age, making it necessary to consider alternative 
interventions which could potentially improve offspring health outcomes.

The World Health Organization, having recognized and acknowledged the potential impact of fetal 
programming on the obesity epidemic, now advocates a life-course approach for the prevention and 
control of non-communicable diseases including obesity. This life cycle approach starts with maternal 
health including preconception, antenatal and postnatal care, and maternal nutrition[65,66]. Potential 
measures that can be taken at various stages of the life cycle to reduce adverse effects of fetal 
programming of obesity and type 2 diabetes in future generations are shown in Figure 4.

Lifestyle interventions during pregnancy
When considering the impact of intrauterine overnutrition and macrosomia on obesity risk in the next 
generation, public health measures for healthy maternal weight throughout the reproductive years is 
justified. Ideally body weight should be optimized to a healthy BMI in all women planning a pregnancy, 
but this is easier said than done. Pregnancy itself, however, can be an opportune period to commence 
healthy lifestyle changes, if heath care providers consider it as a "teachable moment" to educate 
pregnant women on the potential benefits to the baby as well as the mother, and utilize regular and 
frequent contact with heath care services during this time to provide encouragement and guidance to 
institute lifestyle interventions[67].

Lifestyle interventions during pregnancy and postpartum appear to reduce gestational weight gain, 
pregnancy-induced hypertension, need for cesarean section and neonatal respiratory distress syndrome, 
without any risk of harm to the mother or neonate, across all maternal BMI categories[68]. Thus, a 
healthy diet and regular exercise for all healthy women during pregnancy and postpartum is a low-cost 
and feasible intervention which has been  advocated as a global health policy[68,69].

Antenatal lifestyle intervention in maternal obesity
Given the rising rates of obesity in women of reproductive age, first in developed, and subsequently in 
developing countries over the past few decades, there is an urgent need for effective interventions to 
reduce adverse fetal programming due to maternal obesity[70]. There is expert consensus, that antenatal 
lifestyle interventions in overweight and obese pregnant women could alter adverse fetal programming 
and improve offspring health[71,72]. It is postulated that modifying the obesogenic in utero environment 
by lifestyle changes such as increased antenatal physical activity or improved dietary intake during 
pregnancy could reduce harmful programming effects in the offspring[72]. Antenatal nutrition-
al/lifestyle interventions in overweight/obese pregnant women could potentially be effective by 
preventing excessive maternal gestational weight gain, and by reducing the risk of developing 
gestational diabetes, and improving the unhealthy maternal metabolic milieu (insulin resistance, 
hyperinsulinemia, hyperglycemia, hyperlipidemia, and increased inflammatory markers) which lead to 
adverse fetal programming[73,74].
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Figure 4 Potential measures that can be taken at various stages of the lifecycle to reduce adverse effects of fetal programming of obesity 
and type 2 diabetes mellitus in future generations. LBW: Low birth weight; BMI: Body mass index.

Several studies have investigated if lifestyle interventions in overweight and obese mothers during 
pregnancy can attenuate offspring programming of obesity. In overweight/obese women, multi-
component interventions with both a diet and physical activity component have shown some promise, 
with reduction in gestational weight gain, pregnancy-induced hypertension, macrosomia and neonatal 
respiratory distress syndrome[68]. Diet was associated with greater reductions in the risk of gestational 
diabetes mellitus, pregnancy-induced hypertension and preterm birth, compared with any other 
intervention[68]. However, the effects of these interventions on long-term offspring health are unclear. 
Studies such as the LIMIT study in Australia reported that providing pregnant women who were 
overweight or obese with an antenatal dietary and lifestyle intervention improved maternal diet and 
physical activity during pregnancy, but did not alter 6-mo infant growth and adiposity, or childhood 
dietary intake, growth and adiposity at 3-5 years of age.

Prenatal exercise has been considered a potential intervention to reduce adverse fetal programming, 
especially in pregnancies complicated by obesity and/or diabetes[70,75]. Previously, there were 
concerns regarding the safety of exercise during pregnancy, due to fears regarding teratogenicity from 
exercise-induced hyperthermia, and fetal hypoxia and intrauterine growth retardation from redistri-
bution of blood flow and nutrients away from the utero-placental circulation during exercise[76]. 
However, studies on maternal antenatal exercise over the past 20 years have demonstrated that mild-to-
moderate intensity antenatal exercise in healthy well-nourished women does not cause observable harm 
to the fetus[77-80]. There has since been a gradual change of opinion that moderate antenatal exercise is 
not only safe, but may also be beneficial to offspring health[71,78]. Detailed small scale studies have 
shown that offspring of physically active lean women who engaged in regular vigorous exercise during 
pregnancy had lower birthweight and subcutaneous fat at birth, and continued to have lower weight 
and subcutaneous fat in childhood[81].

However, the effects of antenatal exercise during pregnancy on offspring health appear to vary 
depending on exercise intensity and frequency, as well as its timing in relation to the period of gestation
[82-85]. Commencing exercise in early pregnancy appeared to stimulate feto-placental growth, and 
increase birth weight, while exercising in the second half of pregnancy appeared to reduce birth weight
[83,86]. Furthermore, while it is postulated that regular antenatal exercise during the second half of 
pregnancy may lead to a reduction in birth weight and adiposity in the offspring, which may be 
protective against obesity in later life[87], it does not appear to be effective in practice, especially in 
overweight and obese women[88]. The results of clinical trials targeting antenatal exercise in overweight 
and obese women have led to varying/inconclusive findings on birthweight and other markers of fetal 
programming[89,90]. Many trials on supervised antenatal exercise interventions in overweight and 
obese women have reported a lack of effect on birth weight, or other markers of fetal programming[88,
89,91,92]. One explanation for this could be that obese women, who are generally less physically active, 
tend to further reduce activity levels during pregnancy[70].

Thus, at present, lifestyle interventions during pregnancy in women with obesity/diabetes have not 
shown much effect on infant or childhood outcomes. However, many such clinical trials started later in 
pregnancy, and it is possible that developmental programming occurs much earlier and interventions 
focusing on healthy lifestyle interventions in pregnant humans are missing the crucial time period for 
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effectiveness[25].

Interventions for pregnancies complicated by gestational diabetes/pre-existing maternal diabetes
In woman with diabetes in pregnancy, tight glycemic control will help minimize adverse fetal 
programming of obesity and diabetes in the offspring. For women with both pre-existing and 
gestational diabetes, offspring outcomes can be optimized by ensuring appropriate gestational weight 
gain, and optimal glycemic control via close monitoring of blood glucose levels, and appropriate 
medical and nutritional therapy and exercise, throughout the pregnancy[93].

For women with pre-existing type 2 diabetes, insulin has long been considered the gold standard 
managing diabetes during pregnancy[93]. Careful blood glucose monitoring and titration of insulin 
doses are important as total daily insulin requirement increases linearly with advancing pregnancy[93]. 
For women with pre-existing diabetes, it is also important to provide preconception counseling, to 
achieve optimal pre-conceptional body weight and glycemic control, prior to pregnancy whenever 
possible. The onus is on health care providers to educate and counsel women with diabetes, particularly 
on the importance of these aspects not only for their own health status but also to protect their unborn 
baby from the risks of fetal programming.

For women with gestational diabetes, both insulin and metformin can be used to maintain blood 
glucose levels if lifestyle interventions are inadequate to achieve adequate glycemic control. 
Furthermore, for women with a previous history of gestational diabetes, post-partum weight reduction 
prior to pregnancy could potentially help reduce gestational diabetes mellitus and its associated 
complications in subsequent pregnancies[94]. The MiG TOFU study, a prospective longitudinal follow-
up study in Australia and New Zealand which randomized pregnant women with gestational diabetes 
mellitus to either metformin or insulin therapy, found that mothers on metformin, had higher glycemia 
in pregnancy and higher rates of babies with birth weight > 90th percentile, compared to those on insulin 
therapy, while offspring had similar adiposity at 2 years of age, and similar total and abdominal 
percentage of body fat and metabolic measures at 7-9 years of age[95].

Interventions for maternal undernutrition
Due to a paucity of evidence from long-term follow-up studies, current recommendations to reduce 
adverse fetal programming effects of maternal undernutrition, presume that interventions helping to 
optimize pregnancy outcomes and promote healthy infant growth and development will also help 
improve the long-term risk of chronic diseases such as central obesity and type 2 diabetes. These 
recommendations include optimizing maternal nutrition prior to pregnancy, ensuring adequate 
micronutrient intake in the preconception period and throughout pregnancy before birth, and 
encouraging breastfeeding and high quality complementary foods to the offspring after birth[96]. 
Maternal multiple micronutrient supplementation including vitamin and mineral supplementation 
during the preconception period and early pregnancy have shown some benefit in reducing fetal 
undernutrition and other adverse fetal programming effects in undernourished mothers[21].

Balanced protein-energy supplementation also appears to be an effective intervention to reduce the 
prevalence of low birthweight and small-for-gestational-age births, especially in undernourished 
women[97]. Thus, ensuring appropriate and adequate intake of micronutrients, essential fats and 
protein supplementation in mothers with undernutrition during pregnancy, could improve the 
nutritional condition of the mother, and confer a protective benefit to the offspring by reducing fetal 
growth restriction and low birth weight in developing countries with high rates of maternal undernu-
trition[96].

Interventions in offspring in infancy and childhood
Intervention strategies to reduce adverse effects of fetal programming of later life obesity may be more 
effective if they target multiple modifiable factors, focusing on the first 1000-d of life.

Breastfeeding appears to protect against obesity in childhood, and could be a modifying factor to 
mitigate the adverse effects of fetal programming in utero. Promoting longer duration of full breast-
feeding and partial breastfeeding, and delaying the introduction of complementary feeding could 
protect the offspring from obesity. Exclusive breastfeeding for 6 mo or longer, and delaying the 
introduction of complementary feeding until 5th month of age, has been associated with a lower risk of 
overweight at 5-6 years of age[61]. The protective effects of breastfeeding on the offspring of diabetic 
mothers in very early life appears somewhat conflicting, with one study suggesting a potential negative 
long-term influence on the risk of becoming overweight in offspring exposed to breast milk from 
mothers with diabetes (type 1 or gestational diabetes) during the first week of life[60]. However, overall, 
the benefits of breastfeeding appear to be beneficial, and protect infants from the adverse effects of fetal 
programming of obesity and type 2 diabetes. Women who were overweight or obese before pregnancy, 
appear to breastfeed their offspring for a shorter time and introduce complementary feeding earlier than 
normal weight women, which could contribute towards their children being heavier and having a 
higher BMI by end of infancy[59]. Thus, it is especially important to take measures to encourage and 
support longer duration of breastfeeding in women who are overweight or obese.
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Further protective measures that could be helpful in optimizing long-term health during infancy 
include ensuring adequate sleep and minimizing antibiotic use. Early antibiotic use before 2 years of age 
has been associated with disruption of the gut microbiota, and a higher risk of childhood overweight 
and obesity[98]. Recent evidence on the associations with gut microbiota and infant weight gain or child 
weight status, suggest that dietary manipulation with human milk and pre/probiotic formulations 
holds promise for preventing obesity[99].

Furthermore, as short sleep duration increased the risk of childhood obesity, public health efforts that 
encourage children to have sufficient sleep time are also important in combating obesity[100]. Project 
Viva prospectively studied the cumulative number of modifiable early-life risk factors associated with 
programming of obesity/type 2 diabetes in mother-offspring pairs including: maternal smoking and 
consumption of high sugar-sweetened beverages during pregnancy, excessive gestational weight gain; 
breastfeeding for less than 1 year; complementary food introduction before 4 mo; and infant sleep 
duration less than 12 h daily. When reassessed in early adolescence, they found that offspring with 5-6 
risk factors had a 2.5 higher rate of obesity and metabolic syndrome, compared to those with 0-1 risk 
factors[101]. Thus, it appears that promoting exclusive breastfeeding for at least the first 4 mo of life, 
and continuation of breastfeeding beyond the first year of life, as well as ensuring adequate sleep for 
infants, could potentially reduce the risk of further life obesity in infants who have already been 
exposed to risk factors for adverse fetal programming in utero.

Other potential strategies to reduce the adverse impact of fetal programming include identifying and 
targeting young children at higher risk of fetal programming of obesity/diabetes such as offspring of 
mothers with obesity/diabetes/undernutrition during pregnancy, especially those being reared in 
highly urbanized obesogenic environments, for healthy lifestyle interventions during early childhood to 
encourage them towards a healthier lifestyle, and prevent adverse metabolic health outcomes in later 
life[46]. Pairing breastfeeding with healthy weaning foods is likely to promote healthy weight 
trajectories.

A recent review reported that several multicomponent trials promoting breastfeeding, responsive 
feeding, and a healthy diet (increased fruit and vegetables, and limiting sugar sweetened beverages and 
unhealthy snacks) through home visits or education at baby health clinics over 1-2 years duration, 
showed relative reductions in BMI in offspring at the end of the intervention, although early benefits 
were not maintained in the two trials reporting follow-up 1 year to 3 years later[102]. Thus, there is 
some evidence that nutrition or feeding interventions in the first two years of life can have a positive 
impact on a child's BMI, but maintaining this benefit may require continued intervention and 
sustainable environmental change[102].

Observational studies suggest that rapid weight gain in infancy also increases the long-term risk of 
obesity and type 2 diabetes in infants from both low-and high-income countries, among infants born 
preterm or at term, with normal or low birth weight for gestation[103]. Furthermore, it has been 
hypothesized that the increased risk of adverse long-term outcomes including central obesity and type 2 
diabetes in low birth weight infants may be driven by accelerated postnatal catch-up growth. While 
some studies on health outcomes in babies with low birth weight have reported that increased catch up 
growth was associated with higher BMI or higher serum cholesterol levels in early adolescence, the 
quality and quantity of the evidence is limited[102]. Thus, it is prudent to recommend “striking a 
healthy balance”, especially for low and middle income countries, until more information on underlying 
mechanisms and suitable interventions on minimizing adverse effects of catch up growth in low birth 
weight infants become available[104].

Beyond infancy, promising interventional approaches for pre-school age children include age 
appropriate health and nutrition education for preschoolers, combined with teaching parents behavioral 
change strategies and increasing parenting skills[105]. For school children, school-based interventions 
have been shown to be effective in reducing excessive weight gain in children[106]. Programs involving 
both school and family and lasting ≤ 1 year were the most efficacious for primary school children aged 
between 6 and 12 years; while family-based interventions have been effective in children < 6 years old
[107].

Preconception care
Healthy lifestyle behaviors during the preconception period are important to optimize maternal and 
child outcomes. Community nurses and midwifery professions who are active across both precon-
ception and pregnancy could play an important role in such interventions[108]. Many women of 
reproductive age do not appear to have optimal preconception lifestyle behaviors, and a recent 
systematic review identified the absence of knowledge on healthy behaviors as the most common 
barrier[109]. The need for further studies on how to best improve preconception women's capability, 
opportunity, and motivation to modify their lifestyle behaviors has been emphasized[109]. At present, 
there is a lack of international consensus guidelines on weight management preconception, and its 
impact on fertility, pregnancy and subsequent maternal and infant outcomes.

The reversibility of obesity-induced parental programming has only recently received attention. 
These programmed changes to offspring health may be partially restored via diet/exercise interventions 
in obese fathers, prior to conception, via improvement in sperm DNA integrity. Promising results in 
animal models utilizing diet and exercise interventions have shown improvements in sperm function 
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and molecular composition, resulting in restorations of both embryo and fetal health and subsequent 
male offspring fertility[57]. However, it is noteworthy, that most data surrounding paternal obesity and 
offspring phenotypes have come from rodent models, and implications for clinical practice warrants 
further research[57].

CHALLENGES AND THE WAY FORWARD
Maintaining a healthy maternal BMI and lifestyle from preconception and throughout pregnancy will 
help minimize the risk of future obesity in the offspring. A balanced diet with low glycemic load, and 
light-to-moderate intensity physical activity for 30-60 min daily, at least for 3-5 d per week is 
recommended[68]. Maternal pre-pregnancy and early pregnancy metabolic conditions often programs 
early placental function and gene expression in the first trimester of pregnancy, prior to when most 
intervention trials are initiated[110]. Interventions commenced during pregnancy have met with limited 
success in preventing adverse fetal programming effects. This could be because most interventions were 
instituted after the first trimester, where it may have been too late to have a positive impact on fetus 
programming.

Given the widespread and long-lasting impact of adverse fetal programming, a population-based life-
course approach is warranted, until more focused and specific ways to prevent adverse fetal 
programming are discovered. As the evidence on the peri-conceptional environment on offspring long-
term health is compelling, updated guidelines and guidance for parental preparation for pregnancy, 
prior to conception to protect the health of offspring is required[26,110]. This should be followed by 
proper guidance for parents regarding appropriate nutrition, physical activity, and screen time in early 
childhood. Furthermore, school based interventions with family involvement could be effective in 
improving dietary habits and lifestyle in primary school children[111]. Whole community interventions 
addressing both policy and behavior change are needed[112]. Wider dissemination of health messages 
advocating healthy lifestyle as a means of providing a better chance of a healthier life for future 
generations is recommended[112].

CONCLUSION
Fetal programming is an important contributor to the global obesity epidemic. Risk factors for adverse 
fetal programming include maternal obesity, diabetes, undernutrition, smoking, stress, operative 
delivery and use of antibiotics in pregnancy, as well as paternal factors including over/undernutrition. 
These factors lead to fetal programming via multiple complex pathways including alterations in organ 
formation and homeostatic pathways, epigenetic changes, and changes in gut microbiota. Specific 
mechanistic pathways are still being unraveled. Using this knowledge to find effective and feasible 
methods of preventing adverse fetal programming is an issue of global importance. The current state of 
knowledge dictates that future research should be directed towards earlier interventions starting in the 
pre-conceptional period. Until such time, a multi-pronged life-course approach, focusing on maternal 
health, antenatal and postnatal care, as well as healthy lifestyle interventions for preschoolers, school 
children, and young adults of reproductive age is advocated.
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Abstract
In the glomeruli, mesangial cells produce mesangial matrix while podocytes wrap 
glomerular capillaries with cellular extensions named foot processes and tether 
the glomerular basement membrane (GBM). The turnover of the mature GBM and 
the ability of adult podocytes to repair injured GBM are unclear. The actin 
cytoskeleton is a major cytoplasmic component of podocyte foot processes and 
links the cell to the GBM. Predominant components of the normal glomerular 
extracellular matrix (ECM) include glycosaminoglycans, proteoglycans, laminins, 
fibronectin-1, and several types of collagen. In patients with diabetes, multiorgan 
composition of extracellular tissues is anomalous, including the kidney, so that 
the constitution and arrangement of glomerular ECM is profoundly altered. In 
patients with diabetic kidney disease (DKD), the global quantity of glomerular 
ECM is increased. The level of sulfated proteoglycans is reduced while hyaluronic 
acid is augmented, compared to control subjects. The concentration of mesangial 
fibronectin-1 varies depending on the stage of DKD. Mesangial type III collagen is 
abundant in patients with DKD, unlike normal kidneys. The amount of type V 
and type VI collagens is higher in DKD and increases with the progression of the 
disease. The GBM contains lower amount of type IV collagen in DKD compared to 
normal tissue. Further, genetic variants in the α3 chain of type IV collagen may 
modulate susceptibility to DKD and end-stage kidney disease. Human cellular 
models of glomerular cells, analyses of human glomerular proteome, and 
improved microscopy procedures have been developed to investigate the 
molecular composition and organization of the human glomerular ECM.

Key Words: Diabetes; Kidney disease; Glycosaminoglycans; Factor H; Sialic acid; 
Laminin; Collagen; Fibronectin-1; Extracellular matrix
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Core Tip: Diabetic kidney disease is associated with profound disturbance in glomerular extracellular 
matrix (ECM). Understanding the mechanisms that regulate glomerular ECM synthesis and repair may 
contribute to design therapeutic strategies that improve clinical outcomes. The cytoskeleton inside the foot 
processes of podocytes is connected to the glomerular basement membrane (GBM) via associated proteins. 
There is a reciprocal interaction between the cellular cytoskeleton and the extracellular tissue that 
contribute to regulate ECM composition. Loss of anchor points in the GBM may lead to podocyte 
detachment. Likewise, alterations in the podocyte cytoskeleton may unfasten the cell and impair the 
filtration barrier.

Citation: Adeva-Andany MM, Carneiro-Freire N. Biochemical composition of the glomerular extracellular matrix 
in patients with diabetic kidney disease. World J Diabetes 2022; 13(7): 498-520
URL: https://www.wjgnet.com/1948-9358/full/v13/i7/498.htm
DOI: https://dx.doi.org/10.4239/wjd.v13.i7.498

INTRODUCTION
In human glomeruli, mesangial cells (which are thought to be akin to vascular smooth muscle cells) 
produce mesangial matrix while podocytes wrap glomerular capillaries with cellular extensions named 
foot processes and tether underneath glomerular basement membrane (GBM) (Figure 1). The turnover 
of the GBM present at birth and the ability of adult podocytes to restore damaged GBM are unclear. 
These cells have limited proliferation capacity, but they can undergo hypertrophy to compensate for the 
detachment and loss of contiguous podocytes, thus avoiding uncovered GBM areas to preserve the 
filtration barrier. Podocyte detachment may be caused by an altered composition of the GBM with 
deficiency of anchor points or by anomalies in the connection apparatus that links the foot processes to 
the GBM. The actin cytoskeleton is a major cytoplasmic component of the podocyte foot processes and 
connects the cell to the GBM. Actin-associated proteins such as α-actinin-4 and inverted formin-2 attach 
the actin cytoskeleton to plasma membrane components (such as integrins, syndecans and 
dystroglycans), which in turn bind to their ligands in the GBM, including laminin and fibronectin-1[1-
4]. The integrity of the GBM is crucial to maintain the filtration barrier, as highlighted by the clinical 
consequences of disorders that alter GBM components, such as laminin or collagen. Diabetes and other 
conditions associated with insulin resistance (such as Alström syndrome) are associated with a systemic 
and pronounced alteration in the composition of extracellular matrix (ECM), including the kidney and 
the blood vessels, that leads to multi-organ interstitial fibrosis[5]. Pathogenic mechanisms underlying 
this disturbance are unclear. Understanding the pathways of ECM assembly and remodeling and the 
cell-ECM interactions is crucial for designing therapeutic strategies and tissue engineering. A growing 
number of procedures have been improved and developed to investigate the biochemical composition 
and architecture of the ECM and its mutual interaction with the contiguous cells. Among them are 
biochemical assays to identify and quantify ECM components, genetic methods to investigate gene 
expression, imaging procedures, human cell cultures, and in vitro pharmacological evaluations to assess 
metabolic pathways.

Nuclear magnetic resonance spectroscopy and soft-ionization mass spectrometry represent compli-
mentary techniques for ECM research. Mass spectrometry techniques (such as matrix-assisted laser 
desorption and ionization) are useful for compositional analysis whereas nuclear magnetic resonance 
spectroscopy evaluates the molecular architecture of the ECM and its dynamics[6]. Raman spectroscopy 
is a label-free vibrational technique that contributes to characterize the molecular ECM structure and 
composition[7,8].

Histological methods for ECM analysis with conventional microscopy include immunohistochemistry 
and zymography. The former can be utilized to determine the localization of various ECM proteins 
while the latter may be used to evaluate proteinase activity in the ECM. In addition, imaging methods 
have been designed to characterize the human ECM and the adjacent cells at the molecular and cellular 
level. Scanning electron microscopy and multi-harmonic generation microscopy can be used to visualize 
ECM components and assess their structural properties[9]. Multiphoton imaging has been described to 
analyze the human structural organization of elastin and collagen during mechanical loading[10].

The construction of flat and tubular collagen gel-based scaffolds cellularized with vascular smooth 
muscle cells have enriched vascular tissue engineering[11]. Microgel assembly, a macroscopic aggregate 
formed by assembly of microgels, can be applied to tissue engineering and cell cultures[12].

A variety of genetic techniques are useful on ECM research. MicroRNAs are noncoding RNAs that 
regulate gene expression and participate in ECM pathophysiology. Microarrays can be used to 
determine microRNA profiles[13]. Weighted gene co-expression network analysis enables the identi-
fication of clusters of related genes that can be associated with specific clinical phenotypes. This 
technique has been used to assess differentially expressed ECM genes in patients with diabetic kidney 
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Figure 1 Glomerular capillaries and glomerular basement membrane.

disease (DKD) and other glomerular diseases[14,15]. The Matrisome Project has been developed to 
characterize genes encoding structural and associated ECM proteins (http://matrisomeproject.mit.edu).

Human cell culture technology and pharmacological investigations on cultured cells are instrumental 
tools on ECM research. Human pluripotent stem cells in culture have been used to generate models of 
various tissues. The presence of ECM in the cultures provides cues to the cells that modify their 
behavior and improves similarity to the native human tissue, including the kidney[16]. Stem cells reside 
in “niches” within the ECM and the composition of the ECM contributes to define the degree of 
quiescence and turnover of these cells[17]. Manufacture of a suitable ECM is crucial to alter growth, 
differentiation, and proliferation of stem cells and use them for tissue engineering[18]. Three-
dimensional decellularized ECM derived from mesenchymal stem cell cultures has been attained by 
application of macromolecular crowding[19]. Three-dimensional tissue constructs that recapitulate 
human fibrous connective tissue have been achieved by using cultures of primary human fibroblasts, 
enabling the quantification of cell-derived changes in ECM synthesis in response to several stimuli, such 
as nutrient composition or pharmacological compounds[20]. Treatment of human bone marrow-derived 
mesenchymal cells with high molecular weight hyaluronic acid increases fibronectin production and 
ECM deposition, suggesting that hyaluronic acid-based biomaterials may be useful to promote ECM 
formation[21]. A pulsatile perfusion culture of progenitor cells has been developed as an in vitro system 
to construct vascular tissue[22]. Cell-matrix interactions may be investigated by micro-electro-
mechanical systems and Organ-on-a-Chip technology[23].

In the kidney, human cellular models of glomerular epithelial cells have been developed that can be 
used to evaluate podocyte pathophysiology and investigate therapeutic strategies[24]. Investigations of 
the glomerular proteome have provided information on the proteins expressed in the glomerular ECM 
of adult normal human kidney. A database has been created that may be used for clinical research on 
the pathophysiology of kidney diseases[25-27]. Proteomic analysis of human glomerular ECM may be 
conducted from sections retrieved by kidney biopsy samples[28]. The sub-diffraction resolution 
stochastic optical reconstruction microscopy (STORM) facilitates the investigation of the molecular 
organization within the human GBM[29].

NORMAL COMPOSITION OF THE HUMAN GBM AND MESANGIAL MATRIX
The analysis of the specific composition of the GBM and mesangial matrix is hindered by the technical 
obstacle of adequately separate these two compartments of glomerular ECM, as procedures that isolate 
glomerular ECM achieve samples that contain both GBM and mesangial matrix. However, immunohis-
tochemical analyses contribute to determine the differential constitution of the two structures (Table 1)
[27,30-32]. Major components of the normal glomerular ECM are laminin and collagen. In addition, 
glycosaminoglycans, proteoglycans, sialic acid, and fibronectin-1 are important constituents of the 
kidney ECM in humans.

http://matrisomeproject.mit.edu
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Table 1 Major components of the glomerular basement membrane and the mesangial matrix in normal human glomeruli

Glomerular basement membrane Mesangial matrix
Heparan sulfate proteoglycan Abundant Abundant

Laminin Major component Minor component

Fibronectin Minor component Major component

Type I collagen Absent in most studies Absent in most studies

Type III collagen Absent in most studies Absent in most studies

Type IV collagen Major component Present (inconsistent amounts)

Type V collagen Present Present

Type VI collagen Present Present

Type XVII collagen Present Unknown

Type XVIII collagen Present Present

Tubulointerstitial nephritis antigen-like-1 Low abundance High abundance

Nidogen / Entactin Present Low abundance

Fibulin-1 Present Present 

Fibrillin-1 Present Present 

Nephronectin Present Present 

Vitronectin Absent Present 

Microfibril-associated proteins Absent Present 

Glycosaminoglycans, proteoglycans, and sialic acid in the normal glomerulus
Proteoglycans consist of a core protein attached to one or more glycosaminoglycan chains, which are 
formed by linear polysaccharides. Sulfate groups are usually bound to the unbranched polysaccharide 
chains, creating a high negative charge[33,34].

In kidney specimens from healthy humans, heparan sulfate is the predominant glycosaminoglycan 
present in the glomerular ECM, followed by hyaluronate, dermatan sulfate, and chondroitin sulfate 
isomers 4-sulfate and 6-sulfate[35-37].

Immunohistochemical studies show that both GBM and mesangial matrix contain heparan sulfate 
proteoglycans[33,38-40]. Among them, mass spectrometry-based analyses of normal human kidney 
samples reveal that agrin and perlecan are present in the glomerular proteome[27]. Agrin is a major 
heparan sulfate proteoglycan present in human GBM. Immunoelectron microscopy shows a linear 
distribution of agrin throughout the width of the normal GBM. In addition to the GBM, agrin mRNA 
and protein are detected in normal lungs[34,41]. Localization of agrin to the human GBM has been 
confirmed by STORM. Using this procedure, agrin is predominantly detected at the epithelial surface 
compared to the endothelial aspect of the GBM[29]. The precise function of agrin in the human kidney 
has not been defined, but it may contribute to the adhesion of the GBM to the podocyte by tethering 
laminins to cell surface receptors such as integrins or α-dystroglycan[34,41]. In normal human kidney 
specimens, perlecan stained the GBM only slightly, in contrast to the strong staining of the mesangium, 
the Bowman’s capsule, and the tubular basement membrane. The function of this heparan sulfate 
proteoglycan in the normal kidney remains to be clarified[34,42,43]. Unlike agrin, immunoelectron 
microscopy shows that perlecan is distributed only on the endothelial side of the GBM[34].

Sialic acid (neuraminic acid) is a nine-carbon carbohydrate that may exist as several derivatives. In 
humans, the most common sialic acid byproduct is the acetylated compound N-acetyl-neuraminic acid. 
Sialic acid typically occupies the terminal domain of oligosaccharide chains of some glycolipids and 
glycoproteins and usually protrudes from the cell surface. Sialidases (neuraminidases) are enzymes that 
remove sialic acid residues from glycosaminoglycans attached to proteins or lipids on the cell surface 
(desialylation). Sialyltransferases catalyze the addition of sialic acid residues to glycosaminoglycans 
(sialylation). Sialylated conjugates are identified by specific binding to lectins or by cationic dyes such as 
alcian blue[44,45]. In normal human kidney specimens, sialic acid stains strongly the podocytes, unlike 
glomerular capillaries and Bowman’s capsule[44].

Both sulfated glycosaminoglycans and sialic acid are polyanions that have an essential role in the 
identification of “self” structures to avoid complement activation and subsequent complement-
mediated injury in host tissues[46-49]. Sulfation can occur at various positions within the glycosa-
minoglycan structure creating the potential for high molecular variability. The unique position of sulfate 
groups in the glycosaminoglycan molecule is named sulfation code and defines functional character-
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istics of the sulfated glycosaminoglycan, such as its interaction with proteins. Hyaluronic acid is a 
glycosaminoglycan that lacks sulfate groups and is not attached to a protein core to form proteoglycans
[50]. Factor H is a glycoprotein that inhibits the alternative pathway of complement in “self” structures 
(as opposed to foreign elements such as pathogens), by recognizing sialic acid or sulfated glycosa-
minoglycans present on “self” biological surfaces. The interaction between factor H and sulfated 
glycosaminoglycans is highly specific and depends upon the sulfation code. Little or no binding occurs 
with hyaluronic acid. The binding of factor H to sialic acid or sulfated glycosaminoglycans on biological 
surfaces protects the host from autolytic complement attack (Figure 2). Deficit of binding sites for factor 
H due to loss of sulfated glycosaminoglycans or sialic acid (or alteration of the sulfation code or the 
sialylation pattern) impairs factor H binding to “self” structures and may result in complement-
mediated damage due to unrestrained activation of the alternative pathway of complement[46,48,49,51-
54].

Laminin in the normal glomerulus
Protein quantification of the glomerular ECM proteome by mass spectrometry reveals that laminin 
isoforms and type IV collagen are the most abundant proteins in the glomerular ECM[27]. Laminins are 
heterotrimeric proteins composed of α, β, and γ glycoprotein chains. Different α, β, and γ chains create 
diverse isoforms of laminin heterotrimers, such as laminin α5/β2/γ1 (laminin 521). Laminin hetero-
trimers polymerize in the extracellular space to form a network. Laminin polymerization is required for 
initiation of basement membrane formation. The actin cytoskeleton plays an important role in 
extracellular laminin polymerization. In vitro studies using myotubes reveal that the organization of 
extracellular laminin into networks is abnormal when the actin cytoskeleton is disrupted with 
cytochalasin (an agent that prevents actin polymerization) compared to control myotubes free of this 
compound. Cytochalasin-treated myotubes show no arrangement of surface laminin into complex 
networks, unlike control myotubes that show normal laminin array. However, no detrimental effect on 
laminin network formation was observed with wortmannin, an inhibitor of phosphatidylinositol 3-
kinase[55].

Laminin isoforms has been identified in the mesangial matrix of normal human kidneys, although 
this protein is predominantly detected in the GBM. Immunohistochemical studies show a continuous 
staining for laminin in the normal GBM. Immunogold electron microscopy reveals that laminin is 
distributed throughout the entire thickness of the GBM[37-40,56]. The organization of laminin 521 in 
normal human GBM has been investigated with STORM. Laminin 521 (and agrin) have their N-terminal 
domains facing the interior of the GBM while their C-terminal domains are oriented towards the surface 
of endothelial cells and podocytes[29].

The important functional role of laminin in the glomeruli is underlined by the clinical consequences 
of genetic mutations that alter the protein. Mutations in the gene that codes the β2 chain of laminin 
cause an autosomal recessive clinical spectrum of disorders that ranges from isolated congenital 
nephrotic syndrome (type 5) to Pierson syndrome, which consists of a combination of ocular 
abnormalities, neurological manifestations due to defects of the neuromuscular junction, and congenital 
nephrotic syndrome with diffuse mesangial sclerosis progressing rapidly to end-stage kidney disease 
(ESKD)[57,58].

Fibronectin-1 in the normal glomerulus
Fibronectin-1 is a dimeric glycoprotein circulating in normal plasma and present in the healthy human 
kidney. Immunohistochemical studies show that fibronectin-1 is mainly present in the mesangium and 
to a far less degree in the GBM. Staining for fibronectin-1 also occurs in the Bowman’s capsule and the 
peritubular interstitium[27,37,39,40,59,60]. The function of fibronectin-1 in the kidney is largely 
unknown. In vitro studies using cultured fibronectin-null cell lines find that fibronectin-1 polymer-
ization in the ECM is involved in the deposition of other ECM components, such fibulin, type III 
collagen, and type I collagen[61]. Fibronectin-1 possesses several domains that may function as binding 
sites for other molecules, including collagen and cell surface proteins such as integrins. Fibronectin-1 
may connect to plasma membrane proteins which in turn are linked to the intracellular actin 
cytoskeleton. There is a reciprocal relationship between fibronectin-1 and the actin cytoskeleton. Agents 
that disrupt actin polymerization block the extracellular organization of fibronectin-1 into a network. In 
turn, inhibition of fibronectin-1 polymerization in the ECM induces changes in the actin cytoskeleton
[62]. In vitro studies using cultured human podocytes show that fibronectin-1 is essential for the 
attachment of podocytes to the GBM during mechanical stress. Mechanical stretch induces a marked 
upregulation of fibronectin-1 in normal podocytes. Accordingly, in podocyte cell lines lacking 
fibronectin-1, a loss of podocytes greater than 80% is observed following mechanical stress[4].

An abnormal glomerular accumulation of fibronectin-1 may occur in acquired disorders, such as 
DKD and other diseases that feature mesangial expansion, such as lupus nephritis, IgA nephropathy, 
and membranoproliferative glomerulonephritis[62-65]. In addition, glomerulopathy with fibronectin-1 
deposits (fibronectin nephropathy) is an autosomal dominant disease characterized by deposits of 
fibronectin-1 in the mesangial matrix and subendothelial space. Mutations in the FN1 locus (that 
encodes fibronectin-1) at 2q32 have been identified as the genetic cause of the disease[63]. Clinical 
manifestations include proteinuria, hematuria, hypertension, and kidney failure that may progress to 
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Figure 2 Binding of complement factor H to components of the alternative pathway of complement (C3b) and heparan sulfate/sialic acid 
on “self” structures (cell membranes or basement membranes).

ESKD. Asymptomatic patients harboring FN1 mutations have been documented. Light microscopy 
reveals enlarged glomeruli with deposits of eosinophilic material in the mesangium and subendothelial 
space that shows reactivity with periodic acid Schiff (PAS) and trichrome stains while methenamine 
silver and Congo red stain negative. No immunoglobulin or complement factors are detectable by 
immunofluorescence studies. Electron microscopy reveals a normal GBM and large electron-dense 
deposits in the mesangium extending to the subendothelial space. Diagnosis can be established by 
specific immunohistochemical analysis, as the glomerular deposits stain intensely with anti-fibronectin-
1 antibodies (Table 2)[62-65].

Collagen in the normal glomerulus
Initial studies suggested the presence of collagen in normal human glomerular ECM by the high 
amount of glycine, hydroxyproline, and hydroxylysine in glomerular extracts[30,66-68]. Relative protein 
quantification confirms an abundant amount of type I, type IV, and type VI collagen in human 
glomerular ECM. As mentioned, type IV collagen and laminin are the most abundant proteins in the 
normal glomerular ECM[27].

Type I collagen in the normal glomerulus: Some studies fail to find type I collagen in normal human 
glomerular ECM, either the GBM or the mesangium[39,40,69]. However, mass spectrometry performed 
in adult kidney samples identifies abundant type I collagen in the glomerular ECM, although its 
localization to a specific glomerular ECM sector (GBM, mesangial matrix, or other) is undefined[27].

Type III collagen in the normal glomerulus: Type III collagen mRNA or protein have not been detected 
in healthy human glomeruli. Neither the mesangial matrix nor the GBM normally possess type III 
collagen[33,38-40,69-71]. However, type III collagen has been observed in sclerotic glomeruli, suggesting 
that production of this collagen type is linked to the progression of glomerular sclerosis[69]. In addition, 
glomerular type III collagen has been demonstrated in human kidney diseases, such as DKD, LIM 
homeodomain transcription factor-1β (LMX1β)-associated nephropathy (LAN) and type III collagen 
glomerulopathy.

Heterozygous loss of function mutations in the LMXIβ gene (located on chromosome 9q34) cause 
LAN. Patients with LAN may present with isolated nephropathy or may exhibit additional extrarenal 
clinical manifestations composing the nail-patella syndrome[72,73]. The LMXIβ protein is a transcription 
factor that possesses two LIM domains (cysteine rich sequences that usually mediate protein-protein 
interactions) and a homeodomain that regulates target gene transcription. The precise role of the LIM-
homeodomain protein LMXIβ in humans remains unknown[74,75]. Nail-patella syndrome or onycho-
osteodysplasia is characterized by the association of nail hypoplasia or dysplasia, bone abnormalities 
that affect the knees, elbows, and pelvis, glaucoma, sensorineural hearing impairment, and 
nephropathy. Renal manifestations include hematuria, proteinuria, and kidney failure that may evolve 
to ESKD. LMX1β mutations may also cause isolated autosomal dominant kidney involvement with no 
extrarenal manifestations[72,73,75-78]. LAN is characterized by deposition of type III collagen within 
the GBM on electron microscopy examination. Fibrillar type III collagen bundles may be seen 
occasionally in the mesangial matrix as well. The GBM may demonstrate focal irregular thickening, 
thinning, splitting, or wrinkling and may contain patchy electron-lucent (“moth-eaten”) areas. 
Hyperplasia and effacement of podocyte foot processes is usually observed. The basement membrane of 
kidney tubules appears markedly thickened and demonstrates type III collagen deposition[78,79]. Light 
microscopy examination may reveal focal segmental glomerulosclerosis (FSGS) or unremarkable 
findings, such as mild interstitial fibrosis or mesangial proliferation. Immunofluorescence microscopy 
yields negative or non-specific findings, such as slight granular deposits of C3 in the mesangium. 
Specific immunohistochemical analyses show that the fibrillar material present within the GBM (and 
occasionally the mesangial matrix) is type III collagen[78-82]. The histological phenotype of LAN is 
expanding, as heterozygous mutations in the LMXIβ gene have been reported in patients with 
autosomal dominant FSGS without ultrastructural abnormalities of the GBM and in families with FSGS 
and myelin figures and zebra bodies (electron-dense multilamellar inclusions) in podocytes, mesangial 
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Table 2 Staining characteristics of the mesangial deposits in diabetic kidney diseases, fibronectin-1 nephropathy, and type III collagen 
glomerulopathy

Periodic acid Schiff Methenamine silver Congo red Specific analysis

Diabetic kidney disease Positive Positive Negative Unknown material

Fibronectin-1 nephropathy Positive Negative Negative Fibronectin-1

Type III collagen nephropathy Negative Negative Negative Type III collagen

cells, and tubular epithelium. Patients affected with LAN and myelin figures and zebra bodies are free 
of Fabry’s disease, which is the typical cause of these inclusions. Therefore, LMX1β pathogenic variants 
should be ruled out as a potential cause of autosomal dominant kidney disease, sporadic and hereditary 
forms of FSGS, and steroid-resistant nephrotic syndrome, regardless of extrarenal manifestations. In 
addition, the presence of myelin figures or zebra bodies may hint toward LAN diagnosis in patients free 
of lysosomal storage disorders or drug-induced phospholipidosis, although the mechanism underlying 
the appearance of these structures in LAN is unclear[80,82,83].

Type III collagen glomerulopathy (collagenofibrotic glomerulopathy) is characterized by deposition 
of type III collagen fibrils within the mesangial matrix and along the subendothelial aspect of a normal 
GBM. The cause of the excessive production and deposition of type III collagen in the glomeruli is 
unknown. The diagnosis of the disease is confirmed by electron microscopy and specific immunohisto-
chemistry demonstrating the presence of mesangial type III collagen. Light microscopy reveals diffuse 
mesangial expansion that cause glomerular enlargement. In the advanced stage, the expanded 
mesangium shows a lobular appearance reminiscent of Kimmelstiel-Wilson nodules of DKD. In 
addition, the subendothelial accumulation of this material causes double contour or “reduplication” of 
the GBM. Unlike DKD, the amorphous material present in the mesangium stains negative with PAS. 
Masson’s trichrome stain identifies the blue-colored collagen within the mesangium. Immunofluor-
escence microscopy studies are negative for immunoglobulins and complement components. Immuno-
histochemistry reveals strong staining for antibodies to type III collagen in the widened mesangial and 
subendothelial areas. Electron microscopy reveals a normal GBM and confirms the accumulation of 
electron-dense fibrillar material consistent with dense collagen bundles in mesangial and subendothelial 
zones. The fibrils exhibit a transverse band structure with distinctive periodicity suggesting type III 
collagen fibers. The mesangium and subendothelium acquire a mottled appearance due to the presence 
of collagen fibrils[84-86]. Accumulation of mesangial type III collagen has been reported in one patient 
with inherited factor H deficiency[87].

Type IV collagen in the normal glomerulus: Type IV collagen is an abundant protein of the glomerular 
ECM and may be observed in the GBM and the mesangium. In the normal GBM, a distinct continuous 
staining for type IV collagen indicates that this collagen type is a predominant component[27,31,37,39,
71,88].

The molecule of type IV collagen consists of three α chains. Six genes (COL4A1-6) encode six different 
α chains that create several isoforms of type IV collagen. The α3, α4, and α5 chains of type IV collagen 
contain more cysteine than the chains α1 and α2. Therefore, α1α1α2 (α112) trimers possess fewer 
disulfide bonds than α3α4α5 (α345) heterotrimers. The relative protein abundance of the α1 and α2 
chains in normal adult glomerular ECM has been reported higher compared to the richness of the α3, α4, 
and α5 chains[27].

Ultrastructural examination with immunogold technique reveals that type IV collagen is concentrated 
in the endothelial zone and decreases towards the epithelial third of the GBM in normal human 
glomeruli. In addition, the α1 chain is distributed primarily along the endothelial side of GBM whereas 
the α3 and α4 chains are seen throughout the thickness of the GBM[56,89]. Kidney assessment with 
STORM reveals that type IV collagen α345 trimers are localized at the center of the GBM while type IV 
collagen α112 trimers are located to the endothelial side. Co-labeling for both trimers of type IV collagen 
(α345 and α112) suggest the α112 network occupies the space between the central α345 Layer and the 
endothelial surface of the GBM[29].

In addition to the GBM, type IV collagen is detectable in the mesangial matrix of normal human 
glomeruli[38-40,43,71]. Investigations using quantitative immunogold electron microscopy show that 
mesangial type IV collagen labeling appears uniform throughout the mesangial matrix and extends to 
the subendothelial side of the GBM[56,89]. Electron microscopy examination with immunogold 
technique shows that the α1 chain of type IV collagen is distributed primarily along the mesangial 
matrix and the endothelial side of GBM whereas the α3 chain of type IV collagen is not detected in 
normal human mesangial matrix[32].

The relevance of type IV collagen to kidney structure and function is highlighted by the clinical 
consequences of mutations in genes that code the α chains of this collagen type. Mutations in the 
COL4A3-5 genes cause type IV collagen-related kidney disease (Table 3). The COL4A5 gene encodes the 
α5 chain and maps to the X chromosome. Mutations in this gene account for X-linked Alport syndrome. 
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Table 3 Type IV collagen-related kidney disease

Gene/location Protein Mutation Risk of progression to end-
stage kidney disease

X-linked Alport 
syndrome

COL4A5/X 
chromosome

α5 chain of type IV 
collagen

Hemizygous (males) or heterozygous 
(females) mutations

Hemizygous: 100%; Heterozygous: 
25%

Autosomal recessive 
Alport syndrome

COL4A4 or COL4A3
/2q36-37

α4 and α3 chains of 
type IV collagen

Biallelic (homozygous or compound 
heterozygous) mutations

100%

Autosomal dominant 
Alport syndrome

COL4A4 or/COL4A3
2q36-37

α4 and α3 chains of 
type IV collagen

Heterozygous mutations in the α4 or α
3 chains

20% in patients with risk factors for 
progression

Digenic Alport syndrome Two of the COL4A3-5 
genes

Two of the α3-5 chains

Males harbor hemizygous mutations whereas females carry heterozygous mutations. The COL4A4 and 
COL4A3 genes encode respectively the α4 and α3 chains of type IV collagen and are located on 
chromosome locus 2q36-37. Mutations in these genes cause autosomal Alport syndrome. Biallelic 
(homozygous or compound heterozygous) mutations in either one of them result in autosomal recessive 
Alport syndrome whereas autosomal dominant Alport syndrome is due to heterozygous mutations in 
either the COL4A4 or COL4A3 genes. Mutations in two of the COL4A5, COL4A4, or COL4A3 genes cause 
digenic Alport syndrome[90-94].

Mutations in type IV collagen are highly prevalent. Genome-wide association studies show that 1 in 
600 subjects from the Icelandic population carry a variant in the COL4A3 gene associated with 
hematuria and albuminuria. In the UK population, the COL4A4 variant rs35138315 (Ser969X) has a 
carrier frequency of 0.13% and is also associated with hematuria and albuminuria[95]. Among 24 Greek 
families with familial microscopic hematuria, next generation sequencing identifies pathogenic 
mutations in the COL4A3-5 genes in 17 (71%) of them[96]. Mutations in the COL4A3-5 genes are also 
frequently found in patients with sporadic and familial FSGS[94,95,97-99]. Pathogenic variants in any of 
the COL4A3-5 genes are found in up to 10% of patients with renal failure of unknown cause and in some 
families with IgA nephropathy[94]. Therefore, indications for screening for pathogenic variants in the 
COL4A5, COL4A4, or COL4A3 genes have been extended beyond the classical Alport syndrome 
phenotype (hematuria, renal failure, family history of hematuria or renal failure) to include FSGS, 
persistent proteinuria, steroid-resistant nephrotic syndrome, familial IgA nephropathy, and ESKD 
without an obvious cause[94].

The phenotypical expression of mutations in type IV collagen (COL4A3-5 genes) is heterogeneous. 
Patients with type IV collagen-related nephropathy may exhibit isolated microscopic hematuria, 
proteinuria, or kidney failure that evolves to ESKD. In addition, patients with type IV collagen 
mutations may experience extrarenal manifestations such as sensorineural hearing loss, lenticonus, and 
retinopathy[90-93,97]. In patients with mutations in the COL4A5 gene (X-linked Alport syndrome), 
hemizygous males have a 100% risk of progression to ESKD while heterozygous females (formerly 
called carriers) have substantial risk associated with proteinuria, progressive renal disease, and 
sensorineural hearing loss. Their lifetime risk of progression to ESKD is approximately 25%. Patients 
with autosomal recessive Alport syndrome (due to biallelic mutations in COL4A4 or COL4A3 genes) 
have a 100% risk of ESKD. Patients with heterozygous mutations in COL4A4 or COL4A3 genes 
(autosomal dominant Alport syndrome) may be asymptomatic or may exhibit hematuria or proteinuria 
and include patients previously diagnosed with thin basement membrane nephropathy. Risk factors for 
progression to ESKD in these subjects include proteinuria, sensorineural deafness, family history of 
progression to ESKD and renal biopsy findings of FSGS or GBM thickening and disarray. The risk of 
ESKD is up to 20% among those with risk factors. Patients with heterozygous mutations in COL4A4 or 
COL4A3 genes without kidney manifestations (hematuria or proteinuria) generally have a good 
prognosis but should be screened in a yearly basis[93].

The kidney histological phenotype of mutations in type IV collagen is characterized by GBM 
alterations, effacement of podocyte foot processes, and FSGS. Light microscopy examination of kidney 
samples from patients with Alport syndrome may reveal normal glomeruli or only minor mesangial 
widening. Immunofluorescent staining generally renders negative or nonspecific results. Electron 
microscopy usually provides the diagnosis, revealing changes in the GBM that may include areas of 
thinning, thickening, lamellation, and splitting. Initially, the GBM exhibits segmental thinning followed 
by progressive thickening and disorganization. In addition, diffuse podocyte foot process effacement 
occurs very frequently[74,97,99-101]. Patients with pathogenic variants affecting the α chains of type IV 
collagen may display FSGS with or without GBM changes[91,97-99,102,103].

Type V collagen in the normal glomerulus: In normal human glomeruli, type V collagen shows a 
distribution similar to type IV, being detectable in the GBM and the mesangium[38-40].
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Type VI collagen in the normal glomerulus: In human adult glomerular tissue, mass spectrometry 
quantitative analyses show that type VI collagen is highly abundant[27]. In normal kidney samples, 
immunogold electron microscopy and immunohistochemical analyses show that the glomerular distri-
bution of type VI collagen is comparable to that of the α1 chain of type IV collagen, namely along the 
mesangial matrix and the endothelial aspect of the GBM mainly[27,31,32,38,40].

Other types of collagen (type XV, type XVII and type XVIII collagen) in the normal glomerulus: Type 
XV collagen (α1 chain) has been found among ECM proteins in the glomerular proteome although its 
biological significance is uncertain[27].

Type XVII collagen is a transmembrane molecule involved in epithelial adhesion that has been 
identified as an autoantigen in bullous pemphigoid, a blistering skin disease of autoimmune origin. The 
association of bullous pemphigoid and a glomerular disease with characteristics of anti-GBM disease 
and membranous nephropathy has been reported in a 75-year-old man that also had circulating IgG 
against BP180, the 180-kDa bullous pemphigoid antigen (type XVII collagen). The kidney biopsy 
exhibited endocapillary inflammation without crescents. Direct immunofluorescence showed strong IgG 
and C3 staining in a combined granular and linear pattern along the GBM. Electron microscopy 
revealed subepithelial deposits[104]. In a kidney biopsy sample collected from a 4-year-old girl with 
hematuria, immunoelectron microscopy reveals that type XVII collagen is expressed in the foot 
processes of podocytes. In addition, type XVII collagen can be seen in the adjacent lamina rara externa 
of the GBM[105].

Type XVIII collagen has been identified among the ECM proteins in the glomerular proteome, being 
present in the GBM and the mesangium. Its expression pattern is similar to that of the α1 and α2 chains 
of type IV collagen[27,106].

Other components and factors that may modulate the normal composition of the glomerular ECM
The tubulointerstitial nephritis antigen-like-1 (TINAGL1) is highly abundant in normal glomerular 
ECM, being predominantly localized to the mesangial matrix. TINAGL1 is a glycoprotein structurally 
related to the tubulointerstitial nephritis antigen, a protein of the tubular basement membrane that is the 
antigenic target in autoimmune anti-tubular basement membrane disease. Nephronectin, vitronectin, 
fibulin-1, and fibrillin-1 have been identified as components of glomerular proteome using mass 
spectrometry. Nephronectin is present both in the GBM and mesangial matrix while vitronectin is 
localized in the mesangial matrix alone[27].

Matrix metalloproteinases and their inhibitors: Matrix metalloproteinases (MMPs) and their inhibitors 
are present in the ECM, but the particular isoforms distributed to the human kidney and their specific 
pathophysiologic role remain largely unknown. Disruption of the balance between MMPs and their 
inhibitors in the extracellular space has been implicated in the development of kidney fibrosis. Plasma 
concentration of MMPs and their inhibitors have been correlated with insulin resistance and kidney 
disease in clinical studies, suggesting that the composition of the ECM is altered in these conditions[107-
109]. In the Renal Iohexol Clearance Survey, higher MMP-7 Levels were independently associated with 
increased risk of accelerated glomerular filtration rate (GFR) decline and incident chronic kidney disease 
among 1324 adults from the general population free of baseline diabetes, kidney disease or 
cardiovascular disease, over a median observation period of 5.6 years. In contrast, MMP2 and tissue 
inhibitor of metalloproteinase-1 (TIMP-1) showed no association with kidney disease[107]. Patients with 
insulin resistance display increased plasma TIMP-1 Level compared with healthy subjects. Accordingly, 
elevated plasma TIMP-1 concentration may be a marker of interstitial fibrosis due to excessive collagen 
deposition[108,109].

In vitro studies show that the expression of MMPs in the kidney ECM may be regulated at least in 
part by growth factors and ECM components[110,111]. In human kidney tubular cells, transforming 
growth factor-β1 (TGF-β1) induces MMP-2 expression via up-regulation of integrin-linked kinase[110], 
while elevated glucose concentration decreases MMP-9 and MMP-2 expression and increases TIMP-1 
expression[112]. In cultured human glomerular epithelial cells, the expression of MMP-2 and MMP-9 is 
down-regulated by the presence of the α3 chain of type IV collagen[111], while high glucose concen-
tration reduces MMP-2 expression and up-regulates TIMP-2[113].

Growth factors: The ECM composition is modulated by growth factors such as TGF-β1, platelet-derived 
growth factor (PDGF), and vascular endothelial growth factor (VEGF). TGF-β1 and PDGFs may promote 
ECM fibrosis in the kidney at least in part via integrins and integrin-associated proteins[114,115]. In vitro 
investigations using human mesangial cells show that TGF-β1 induces mesangial matrix expansion
[116]. Accordingly, up-regulation of TGF-β1 is observed in the areas of interstitial and fibrosis in human 
fibrotic kidneys, compared with control kidneys[117]. Likewise, the expression of TGF-β1 and type IV 
collagen is increased in kidney allografts with interstitial fibrosis compared to normal kidney tissue
[118]. VEGF and its receptors are expressed in normal human kidney, particularly in podocytes and 
mesangial cells. In normal podocytes, transmission electron microscopy examination reveals that VEGF 
may be detected in the intracellular compartment (36%) and associated with the cell membrane (63%)
[119]. In vitro studies show that VEGF induces a proliferative effect on human mesangial cells[120,121]. 
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The role of VEGF in glomerular pathophysiology is largely unknown, but neutralizing VEGF activity 
may increase the risk of kidney disease, as bevacizumab (a monoclonal antibody against human VEGF-
A) therapy has been associated with elevated risk of proteinuria and hypertension among cancer 
patients in a systematic review and meta-analysis of clinical trials[122]. Rapamycin therapy has been 
associated with reduced VEGF expression in the human kidney that might contribute to explain the 
renal side-effects of this drug[123].

Integrins and integrin-associated proteins: Growth factors may interact with integrins to initiate 
signaling cascades. Integrins are plasma membrane proteins that link structurally and functionally the 
cell cytoskeleton with the extracellular space (Figure 3). Inside the cell, the cytoplasmic domain of 
integrins connects with the cytoskeleton via integrin-associated proteins, including integrin-linked 
kinase, particularly interesting new cysteine-histidine-rich protein (PINCH1), parvin proteins, and 
calponin homology domain-containing integrin-linked kinase-binding protein (CH-ILKBP)[114,124-
128]. PINCH1 is an adaptor protein that comprises five LIM domains and interacts with integrin-linked 
kinase[129]. The parvins are partner proteins to integrin-linked kinase and PINCH1[130]. CH-ILKBP 
interacts with integrin-linked kinase, PINCH1, and the cytoskeleton. The interaction with integrin-
linked kinase mediates the plasma membrane localization of CH-ILKBP. Northern blot analyses show 
widespread CH-ILKBP expression in human tissues, particularly in the heart, skeletal muscle, and 
kidney[131]. In vitro studies using human cell lines (HeLa cells) show that depletion of CH-ILKBP 
prevents the membrane translocation and the phosphorylation of protein kinase B (AKT), suggesting 
that CH-ILKBP facilitates the activation of this kinase in response to extracellular signals[132]. Integrins 
and integrin-associated proteins convey cues from growth factors and ECM components to intracellular 
pathways, although specific signaling cascades are not fully elucidated in humans[110,117,118]. Integrin 
signaling via integrin-associated proteins has been implicated in the regulation of ECM deposition and 
may be involved in the development of kidney fibrosis, both in native kidneys and kidney allografts, 
although underlying mechanisms remain largely unsolved[118]. An up-regulation of β1 integrin and 
integrin-linked kinase has been observed in areas of interstitial fibrosis in human fibrotic kidneys, 
compared with control kidneys[117]. In vitro experiments using cultured human proximal tubular cells 
reveal that overexpression of integrin-linked kinase and PINCH1 increases fibronectin-1 expression and 
its extracellular assembly, whereas PINCH1 knockdown reduces TGFβ1-mediated fibronectin-1 
expression[110,124]. In vitro studies show that α3β1 integrin largely mediates the adhesion of human 
glomerular epithelial cells to type IV collagen[133]. Glucose concentration in the medium may alter 
integrin expression and the binding to type IV collagen in human glomerular epithelial cells[113], and 
human proximal tubular epithelial cells[112].

COMPOSITION OF THE GLOMERULAR ECM IN DKD
Diabetes is associated with a profound alteration in the composition of extracellular tissues throughout 
the body, including the kidney and the blood vessels. Patients with diabetes demonstrate increased 
interstitial collagen production and deposition that leads to fibrosis. Alström syndrome is an autosomal 
recessive disease due to mutations in the ALMS1 protein, characterized by the presence of early 
childhood insulin resistance. Like diabetes, patients with Alström syndrome typically show systemic 
fibrosis of extracellular tissues[5,36,134-136]. In patients with DKD, the amount and biochemical 
composition of the GBM and mesangial matrix are markedly anomalous. The global amount of 
glomerular ECM is increased, the level of heparan sulfate proteoglycans is reduced, and the collagen 
content is augmented compared to normal kidneys (Table 4)[36,134]. Furthermore, the abnormal 
composition of the glomerular ECM becomes more pronounced with the progression of DKD. 
Advanced sclerotic lesions show increased type III collagen and reduced amount of heparan sulfate 
proteoglycan and fibronectin-1 compared to earlier stages of DKD (Figure 4)[39,137,138].

Glomerular glycosaminoglycans, proteoglycans, and sialic acid in DKD
In patients with diabetes, the content of heparan sulfate in the glomerular ECM is prominently reduced 
while the global amount of extracellular tissue is increased. A quantitative assessment conducted by 
immunochemical procedures reveals that the abundance of heparan sulfate proteoglycan in the GBM of 
patients with diabetes is 30% lower than that of control subjects. The decrease in glomerular heparan 
sulfate has been also observed in other diseases, such as C3 glomerulopathy, membranous nephropathy, 
minimal change disease, and lupus nephritis[33,36,37,139].

The reduction in glomerular heparan sulfate proteoglycan associated with DKD starts to occur early 
and becomes more severe with the advance of the disorder. In patients with mild diffuse glomerulo-
sclerosis, the staining pattern of heparan sulfate proteoglycan is reduced in the thickened mesangial 
matrix while in more pronounced diffuse glomerulosclerosis and mesangial nodules the enlarged 
matrix lacks heparan sulfate proteoglycan completely[33,39]. In contrast, the amount of hyaluronic acid 
is increased in the glomerular ECM of patients with DKD compared to control subjects[140]. As 
mentioned, heparan sulfate is a major ligand for factor H, an inhibitor of the alternative pathway of 
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Table 4 Different composition of glomerular extracellular matrix (glomerular basement membrane and mesangial matrix) in normal 
subjects and patients with diabetes

Normal glomeruli Diabetic kidney disease
Heparan sulfate proteoglycans GBM and mesangial matrix Decreased amount

Laminin Predominantly in the GBM Inconsistent 

Fibronectin-1 Mainly in the mesangial matrix It varies according to DKD stage

Type I collagen Inconsistent No detectable

Type III collagen Absent Abundant 

Type IV collagen Abundant in the GBM Reduced GBM amount

Type V collagen Similar to type IV collagen Increased mesangial amount

Type VI collagen GBM and mesangial matrix Increased mesangial amount

GBM: Glomerular basement membrane; DKD: Diabetic kidney disease.

Figure 3 Integrins and integrin-associated proteins.

complement on “self” biological surfaces. Loss of heparan sulfate (or altered sulfation pattern) may 
result in reduced factor H attachment to “self” structures, subsequent activation of the alternative 
pathway and complement-mediated injury, like occurs in the presence of mutated factor H (C3 glomer-
ulopathy). Complement activation via the alternative pathway may contribute to the progression of 
renal and vascular complications in human diabetes. In patients with biopsy-proven DKD, a higher 
level of factor H in the urine has been independently associated with worse kidney outcomes, including 
onset of ESKD and faster kidney function decline, compared to control subjects[141]. Further, clinical 
studies have shown an association between single nucleotide polymorphisms in factor H and adverse 
clinical outcomes in different population groups of non-diabetic and diabetic patients[142,143]. In 
African American patients, genetic changes in factor H gene, such as the intronic variant rs379489, have 
been associated with ESKD in both non-diabetic and type 2 diabetes (T2D), compared to controls[142]. 
In 1158 T2D patients prospectively followed in the randomized controlled trial Bergamo Nephrologic 
Complications of T2D (BENEDICT), the single nucleotide polymorphism in the factor H gene c.2808G>T 
(p.Glu936Asp) is independently associated with increased risk of microalbuminuria and cardiovascular 
complications (Asp/Asp homozygotes, recessive model). T2D patients Asp/Asp homozygotes are at 
increased risk of microalbuminuria and cardiovascular events compared to carriers of one or two wild 
type Glu alleles[143].

Among patients with diabetes, the reported amount of glomerular sialic acid has been inconsistent. A 
decline in the content of sialic acid has been detected in the glomerular ECM of patients with diabetes, 
compared to normal kidney samples[68,144]. However, an increased expression of sialic acid on 
podocytes has been observed in patients with DKD and other kidney diseases without differences 
among them[44].
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Figure 4 Schematic variation in some components of the glomerular extracellular matrix according to the progression of diabetic kidney 
disease. GBM: Glomerular basement membrane.

A study that applied weighted gene co-expression network analysis to 179 human glomeruli reveals 
that two small leucine-rich proteoglycans (lumican and fibromodulin) are more abundant in the ECM of 
patients with DKD compared to controls and other glomerular diseases, such as IgA nephropathy or 
membranous nephropathy. Further, the expression level of lumican and fibromodulin is negatively 
correlated with kidney function. The specificity of lumican and fibromodulin in kidney samples from 
patients with DKD in comparison to normal specimens and patients with other glomerular diseases 
suggests that these ECM components may become potential diagnostic biomarkers for DKD[14].

Glomerular laminin in DKD
The laminin content of the glomerular ECM in patients with diabetes has been barely reported and the 
values are variable[37,39]. In human kidneys obtained at autopsy, there is a marked reduction in 
laminin content in the diabetic GBM compared to non-diabetic control subjects. Radioimmunoassays 
indicated that GBM from patients with diabetes contains average values of laminin that were 60% of 
control subjects[37]. However, immunohistochemical studies show an increased glomerular deposition 
of laminin in kidney biopsy samples from type 1 diabetes (T1D) and T2D patients with diffuse and 
nodular glomerulosclerosis[39].

Glomerular fibronectin-1 in DKD
Immunohistochemical studies reveal that the amount of mesangial fibronectin-1 is abnormal in patients 
with diabetes and varies with the advance of DKD. Antibodies to fibronectin-1 normally stain the 
mesangium and the subendothelial aspect of the GBM. Early lesions of mesangial expansion are 
associated with increased staining for fibronectin-1. However, a marked diminution in fluorescent 
intensity for fibronectin-1 is documented in more advanced mesangial enlargement (nodular lesions). 
Compared with normal tissues and early lesions of DKD, the progression of the disease is associated 
with a noticeable reduction in the amount of glomerular fibronectin-1[39,40,137]. The increase in 
mesangial fibronectin-1 that occurs in the early stage of DKD also takes place in other glomerular 
diseases characterized by mesangial expansion, such as mesangiocapillary glomerulonephritis[59,60]. 
An up-regulation of fibronectin-1 expression in the glomeruli has been also observed in patients with 
hypertension compared to normal kidneys[4]. Likewise, the amount of fibronectin-1 in vascular tissue is 
increased in patients with diabetes before the development of atherosclerosis lesions[59,145]. The 
content of fibronectin-1 in the intima-media of normal aorta specimens is more elevated in patients with 
diabetes (T1D and T2D) compared to control subjects, suggesting that diabetic patients develop 
structural alterations in the connective tissue of their arteries before the appearance of vascular disease
[145]. In patients with DKD, the thickened capillary walls also contain a markedly elevated amount of 
fibronectin-1[59].

Glomerular collagen in DKD
Earlier studies found elevated glomerular ECM levels of glycine, hydroxyproline, hydroxylysine, and 
hexoses in patients with diabetes compared to normal kidney samples, suggesting an increase in the 
amount of collagen in the glomerular ECM from diabetic patients[30,36,66-68]. Radioimmunoassays 
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confirmed collagen enrichment in the glomerular ECM of patients with diabetes[37]. Accordingly, 
electron microscopy examination shows accumulation of collagen fibrils in the mesangium of patients 
with DKD[146].

Glomerular type I collagen in DKD: No glomerular type I collagen has been detected in DKD at any 
stage of the disorder[33,39,40,137,147].

Glomerular type III collagen in DKD: Unlike normal glomeruli, type III collagen is identified in the 
mesangium of patients with DKD and its amount increases gradually with the progression of the 
disease. Early DKD lesions (diffuse glomerulosclerosis) show positive staining for type III collagen that 
increases in more advanced mesangial nodular lesions. In the late stage of global sclerosis, type III 
collagen is diffusely present in the sclerotic mesangial matrix. Therefore, de novo synthesis of type III 
collagen in glomeruli occurs in patients with DKD[33,39,40,70,71]. A patient with T1D and collagen-
ofibrotic glomerulopathy has been reported[148].

Glomerular type IV collagen in DKD: In patients with diabetes, immunohistochemical estimates of 
type IV collagen in the GBM reveal reduced staining compared to normal tissue. Accordingly, the 
density of gold particles for type IV collagen is decreased in the GBM of T1D patients on quantitative 
immunogold electron microscopy examination. Like in normal subjects, the labeling of antibody against 
type IV collagen in the GBM is concentrated in the endothelial zone and decreases towards the epithelial 
aspect of the GMB in diabetic patients[33,89].

In the mesangial matrix, immunohistochemical studies show that the amount of type IV collagen 
changes according to the stage of DKD. In earlier lesions of diffuse glomerulosclerosis, mesangial 
staining for type IV collagen is increased while more advanced nodular glomerulosclerosis showed 
marked reduction in the mesangial staining for type IV collagen, suggesting that type IV collagen is 
progressively substituted for other collagen types such as type VI and type III during the transition from 
diffuse to nodular glomerulosclerosis[39,40,89]. However, an elevated mesangial staining for type IV 
collagen has been observed in specific nodular lesions, called non-mesangiolytic nodules, compared to 
normal kidney[33,71]. The amount of type IV collagen in nodular lesions may depend on the type of the 
lesion, mesangiolytic or non-mesangiolytic. In a study aimed to investigate collagen staining of 
mesangial nodules from 67 patients with DKD, type IV collagen staining was only robust in nodular 
lesions with strong PAS/periodic acid methenamine silver (PAMS) staining (non-mesangiolytic nodular 
lesions). In contrast, nodular lesions with faint PAS/PAMS staining (mesangiolytic nodular lesions) did 
not show type IV collagen. The amount of type IV collagen correlates with the PAS and PAMS staining 
pattern. Non-mesangiolytic nodules (with prominent PAS/PAMS staining) are strongly positive for 
type IV collagen whereas mesangiolytic nodules (with weak or negative PAS/PAMS staining) show 
weak or negative staining for type IV collagen[147]. Immunofluorescence studies performed in 918 
kidney biopsy samples from patients with diabetes (T1D and T2D) show accumulation of α3 and α5 
chains of type IV collagen in diffuse mesangial sclerosis while minimal amounts of these α3 and α5 
chains were seen within the mesangium of control subjects[43].

In patients with diabetes, two large clinical investigations with different population groups (African 
American and European descent subjects) have shown that genetic variants in the gene that codes the α3 
chain of type IV collagen (COL4A3) may modulate susceptibility to DKD and ESKD[149]. In 4885 
African American patients with T2D, an association between the genetic variant R408H (rs34505188) in 
COL4A3 and ESKD has been observed, suggesting that genetic changes in the COL4A3 locus may 
contribute to ESKD susceptibility in patients with diabetes[149]. In 19406 T1D patients of European 
descent from 17 cohorts, a genome-wide association meta-analysis reveals that a single nucleotide 
polymorphism in the COL4A3 gene is associated with protection from DKD (proteinuria and ESKD)
[150].

Glomerular type V collagen in DKD: Immunohistochemical studies have documented an enrichment 
in mesangial type V collagen in diffuse glomerulosclerosis and nodular lesions in patients with DKD 
compared to control subjects. Increased staining for type V collagen is observed in advanced mesangial 
disease, compared to normal tissues and early mesangial disease.

Staining for type V collagen was strongly positive in all nodular lesions, mesangiolytic and non-
mesangiolytic[39,40,137,147].

Glomerular type VI collagen in DKD: In patients with DKD, the amount of mesangial type VI collagen 
is elevated. Quantitation by radioimmunoassay reveals that the level of type VI collagen is 2.8-fold 
higher in the diabetic preparations compared to control subjects. Furthermore, the amount of mesangial 
type VI collagen increases with the progression of DKD. In earlier lesions of diffuse glomerulosclerosis, 
the contribution of type VI collagen deposition to the overall matrix expansion is minor. However, type 
VI collagen is a major component in the expanded mesangial matrix of nodular glomerulosclerosis. A 
marked increase in type VI collagen deposition is observed in nodular lesions where the strong 
positivity for type VI collagen is evenly distributed throughout the entire nodules[31,39,40,147].
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Other factors that contribute to modulate the composition of kidney ECM in DKD
As kidney ECM remodeling is profoundly altered in patients with DKD, the expression of MMPs, 
TIMPs, integrins, integrin-associated proteins, and signaling pathways from growth factors have been 
reported abnormal among these patients. In addition, the nuclear factor-kappa-B (NF-κB) family of 
transcription factors and advanced glycation end-products (AGEs) have been proposed as potential 
contributors to the ECM disturbance present in patients with DKD.

MMPs and their inhibitors in patients with DKD: The expression of MMPs and their inhibitors is 
altered in patients with DKD. Clinical studies have suggested that these ECM components might be 
useful to evaluate the risk for cardiovascular disease, kidney disease, and all-cause mortality among 
patients with diabetes. In a cross-sectional study, T1D patients with cardiovascular disease showed 
higher levels of TIMP-1 compared to T1D patients without cardiovascular disease[151]. In a prospective 
study that followed 337 T1D patients for a median period of 12.3 years, elevated MMP-2 plasma levels 
were associated with higher incidence of cardiovascular events, but this relationship was attenuated 
after adjustment for estimated GFR, suggesting that kidney function may mediate the association[152]. 
In a cross-sectional pooled analysis of three groups of T1D patients, circulating MMP-1, MMP-2, and 
MMP-3 Levels were associated with arterial stiffening independent of confounding factors while no 
association with TIMPs was observed[153]. In a case-control study that evaluated 120 control women 
and 120 women with a history of gestational diabetes 3.7 years after delivery, both serum TIMP-1 Levels 
and arterial stiffness were higher in subjects with previous gestational diabetes compared to control 
individuals[154]. In T1D patients, MMPs and their inhibitors have been associated with albuminuria in a 
cross-sectional study[151], and with kidney function decline in a prospective study[152]. In a 
prospective observational cohort study, urinary excretion of MMP-7 was independently associated with 
higher mortality rate over a median follow-up period of 3.0 years, in T2D patients with DKD. In 
contrast, no association between serum MMP-7 Level and mortality was observed[155]. In T1D patients, 
the association of MMP-1, MMP-2 and MMP-3 with all-cause mortality was attenuated after adjustment 
for estimated GFR, suggesting that the known association between kidney function and mortality may 
mediate the relation between MMPs and death[152].

However, MMPs expression in glomeruli may be altered in other glomerular diseases, such as IgA 
nephropathy, which is associated with extensive changes of the glomerular ECM proteome, including 
higher abundance of MMP-9, MMP-2, α1 chain of type IV collagen, fibronectin, and β1-laminin[156].

Growth factors (TGF-β, PDGF, and VEGF) in patients with DKD: In T2D patients with albuminuria, 
serum TGF-β1 Level is higher compared to healthy controls and T2D patients with normal urinary 
albumin excretion rate, suggesting that serum TGF-β1 might be used to evaluate progression of DKD
[157,158]. Several meta-analyses indicate a potential value of serum TGF-β1 Levels to evaluate the risk of 
DKD and the advance of the disease[159-161]. However, the administration of a neutralizing 
monoclonal antibody against TGF-β1 to T1D and T2D patients with DKD failed to slow progression of 
the disease compared to placebo in a randomized controlled clinical trial, suggesting that TGF-β1 is not 
a major determinant of kidney function decline in patients with diabetes[162].

The glomerular expression of PDGF-B and its receptor (PDGFR-β) is higher in T2D patients with 
DKD compared to normal kidneys, particularly in samples with mild mesangial expansion. In contrast, 
the expression of PDGF-A and its receptor (PDGFR-α) is comparable in normal kidneys and patients 
with DKD[163].

In patients with DKD, VEGF-A expression is lower compared to normal kidney tissue[164]. VEGF 
signaling has been reported to be differentially regulated in patients with DKD in a study that examined 
gene-expression changes in human DKD[165]. However, in a prospective study that recruited 155 T1D 
patients with proteinuria, plasma VEGF failed to predict kidney function decline over 3-year follow-up
[166].

Integrins and integrin-associated proteins in patients with DKD: Glomerular integrin and integrin-
linked kinase signaling pathways have been found differentially regulated in patients with DKD[165]. 
In addition, the expression of integrin-linked kinase in the mesangium is increased in kidney specimens 
from patients with diabetes and diffuse mesangial expansion, compared to control samples. In contrast, 
integrin-linked kinase level is reduced in glomeruli with advanced nodular sclerosis and global 
sclerosis, suggesting that integrin-linked kinase expression increases during early stages of DKD[114].

NF-κB in patients with DKD: NF-κB is a transcription factor that regulates the expression of several 
genes. NF-κB-inducing kinase activates the NF-κB signaling pathway. Dysregulation of NF-κB signaling 
has been implicated in DKD, but its role remains uncertain. In vitro studies using human proximal 
tubular epithelial cells (HK-2 cells) suggest a role for NF-κB pathway in modulating diabetes-induced 
disease in renal tubular epithelium[167,168].

Advanced glycation products in patients with DKD: AGEs are molecules that result from 
nonenzymatic glycation of proteins and lipids. They may bind to cell surface receptors (RAGEs). AGEs 
have been hypothesized to be involved in the development of human DKD, but their participation 
remain undefined. In kidney biopsies from patients with DKD, AGEs are detected in the expanded 
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mesangial matrix while they are not identified in control samples[169,170]. In addition, AGEs are 
identified in areas of glomerulosclerosis and arteriosclerosis in other diseases, such as FSGS, 
hypertensive nephrosclerosis, and lupus nephritis[169]. RAGE expression was detected in mesangial 
cells and glomerular epithelial cells, in both patients with DKD and control subjects[170]. In a cross-
sectional study, the level of AGEs was positively associated with serum concentration of MMP-2, 
MMP3, and TIMP-1 while an inverse association with MMP-9 was observed in T1D patients[171].

CONCLUSION
Understanding mechanisms that regulate glomerular ECM injury and repair may contribute to develop 
therapeutic strategies for DKD and other kidney diseases. During adult life, mesangial cells produce 
mesangial matrix. The turnover of the GBM present at birth is unknown. Podocyte foot processes 
surround and attach entirely the GBM. Adult podocytes may sustain hypertrophy following the loss of 
adjacent cells to prevent bared GBM areas that compromise the filtration barrier. Glycosaminoglycans, 
such as heparan sulfate and hyaluronic acid, are major constituents of the glomerular ECM. The specific 
pattern of sulfation of glycosaminoglycans allows the identification of these molecules as “self” by 
complement components and avoid complement-mediated self-damage. Sialic acid is also present in 
glomerular ECM and may serve to a similar function. Fibronectin-1 is important for the normal 
deposition of other ECM components, such as collagen. Type IV, V, and VI collagens are predominant 
types of collagen normally present in the glomerular ECM while type III collagen appears in diseased 
states, such as diabetes and glomerulosclerosis. The composition and arrangement of the glomerular 
ECM is profoundly altered in patients with diabetes. The global quantity of glomerular ECM is 
increased while the amount of sulfated proteoglycans is reduced and hyaluronic acid is augmented, 
compared to control tissue. Fibronectin-1 is increased in early lesions of mesangial expansion. Likewise, 
the amount of fibronectin-1 in capillary walls and aorta is increased before the development of vascular 
disease in patients with diabetes. Mesangial type III, type V, and type VI collagen amount is elevated in 
patients with DKD and increases progressively with the advance of the disease. Genetic variants in the 
gene that codes the α3 chain of type IV collagen (COL4A3) may modulate susceptibility to DKD and 
ESKD.
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Abstract
BACKGROUND 
Due to new restrictions on the use of bisphenol A (BPA), industries are beginning 
to replace it with derived molecules such as bisphenol S and F (BPS and BPF). 
There is extensive evidence in the academic literature on the potential health 
effects of BPA, which is known to be a diabetogenic molecule. However, there are 
few publications related to new compounds derived from BPA.

AIM 
To perform an epidemiological study of urinary BPS and BPF in the American 
National Health and Nutrition Examination Survey (NHANES) cohort, and 
analyze their possible relationship with diabetes mellitus.

METHODS 
NHANES datasets from 2013 to 2016 were used due to the urinary BPF and BPS 
availability. Data from 3658 adults were analyzed to perform regression analysis 
exploring the possible relationship between BPA-derived compounds and 
diabetes.

RESULTS 
Descriptive statistics, linear regression modeling, and logistic regression analysis 
revealed a significant relationship between urinary BPS, but not BPF, and diabetes 
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risk. Additionally, a relationship was observed between both compounds and hypertension and a 
slight relationship between BPF and dyslipidemia.

CONCLUSION 
In the present study, a strong relationship between urinary BPS, not BPF, and diabetes risk has 
been determined. BPA substitute molecules do not exempt the population from potential health 
risks.

Key Words: Bisphenol S; Bisphenol F; Diabetes mellitus; National Health and Nutrition Examination Survey; 
Urine

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Molecules derived from bisphenol A (increasing use in the plastic industry and the production of 
heat-sensitive tickets) could be related to pathologies such as diabetes (bisphenol S) and hypertension 
(bisphenol S and F).
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INTRODUCTION
In the last decades, the demand and production of plastic polymers have increased substantially. Both 
its production and recycling involve the release of pollutants, xenobiotic compounds that should not be 
found in the air, rivers, or the human population[1,2]. One of the most important, due to its wide distri-
bution and variety of biological effects, is bisphenol A (BPA)[3-6]. The European Chemicals Agency has 
recently included BPA within the Candidate List of substances of very high concern due to its properties 
as an endocrine disruptor and its potentially harmful effect on reproduction[7]. Furthermore, the 
European Union has restricted the use of this substance in thermal paper due to its potential danger to 
the health of exposed workers[8].

Therefore, the need to seek alternatives to BPA is a fact of vital importance for modern industry. 
Currently, two known compounds are bisphenol S (BPS) and bisphenol F (BPF), which can already be 
found in BPA-free packaging and thermal tickets regulated by European legislation[9,10]. The use of 
these derivatives does not imply a reduction in possible adverse effects per se; it only indicates the use of 
new materials whose safety has not yet been tested. Comparative studies between BPA substitutes have 
shown that both BPF and BPS are as hormonally active as BPA[9], so they could also be included in the 
category of endocrine disruptors.

Diabetes mellitus (DM) and its associated complications are a medical catastrophe of global 
dimensions[11]. The number of people affected has risen from 108 million in 1980[12] to almost 500 
million today[13]. The latest estimates suggest that it could rise to 578 million in 2030 and 700 million in 
2045[13]. Risk causes for the disease include a combination of genetic and metabolic factors. There are 
non-modifiable factors, such as ethnicity or age, and modifying factors, such as diet, obesity, or smoking
[14]. The multiplicity of factors that influence the development of the disease implies that environmental 
pollutants could also affect it. There is evidence that BPA exposure correlates with the risk of 
developing DM[15].

However, new alternative compounds to BPA have only been used in modern industry for a short 
time. For this reason, few academic publications study its possible relationship with diabetes. The first 
pieces of evidence have been detected in a cellular experimental model[16], in males (but not females) of 
a murine experimental model[17], and in human cohorts from China[18,19] and France[20]. However, it 
has not yet been studied in one of the world's largest urinary bisphenol cohorts, the American National 
Health and Nutrition Examination Survey (NHANES). Studies in this cohort have demonstrated the 
presence of BPF and BPS in urine, observing positive and statistically significant relationships with 
disorders such as asthma[21], obesity[22-24], or depression[25]. Obesity is closely related to diabetes[26-
28], so studying its relationship with new environmental pollutants is coherent and necessary. The 
present work aimed to correlate, for the first time in the NHANES cohort, diabetes with the urinary 
concentration of BPA substitutes using regression models.

https://www.wjgnet.com/1948-9358/full/v13/i7/521.htm
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Moreno-Gómez-Toledano R et al. Urinary BPA substitutes and diabetes

WJD https://www.wjgnet.com 523 July 15, 2022 Volume 13 Issue 7

MATERIALS AND METHODS
NHANES 2013-2016 population
The NHANES datasets from 2013 to 2016 were used in the present statistical model due to the urinary 
BPF and BPS availability. In the first phase, the data of all the study participants were extracted through 
the official website of the Centers for Disease Control and Prevention[29] (accessed December 01, 2021), 
obtaining 20146 individuals. Subsequently, the individuals with available BPS and BPF were selected, 
obtaining 5333 subjects, of which 3699 were adults (over 18 years of age). Data from 3658 patients could 
be used for regression models (complete data). Subsequently, two classifications were made: Group 1 
was performed with individuals with and without diabetes. Groups 2 and 3 were performed by 
analyzing the individuals based on the concentration of urinary phenols (BPS for group 2 and BPF for 
group 3).

All individuals whose doctor had diagnosed them with diabetes, those taking blood glucose 
medication, and individuals with a fasting glucose value ≥ 126 mg/dL or hemoglobin A1c ≥ 6.5% were 
included in the diabetic group. The individuals classified according to the concentration of phenols were 
divided into four quartiles for BPS and BPF (Q1-Q4). BPS and BPF values were corrected for urinary 
creatinine to normalize variations due to hydration or glomerular filtration capacity[30].

Binary logistic regression models were corrected for factors such as age, sex, body mass index (BMI), 
smoking, hypertension, or dyslipidemia. All those patients diagnosed by their doctor, those with 
medication for hypertension, and individuals with systolic pressure ≥ 140 mmHg or systolic ≥ 90 mmHg 
were considered hypertensive. The patients with dyslipidemia were those with diagnosed cholesterol 
disorders, with prescribed medication or fasting total cholesterol ≥ 240 mg/dL[31]. For smoking, all 
individuals who answered affirmatively to the question “have you smoked more than 100 cigarettes in 
your life?” or individuals with a serum cotinine value greater than 10 mg/dL[32] were included.

Statistical analysis
The IBM SPSS Statistics 27 program was used for the statistical analyses to carry out linear regression 
and logistic regression analyses, and the GraphPad Prism 7.0 program was used for basic descriptive 
statistics and comparative analysis. In the comparative analysis of the diabetes subgroup, the Mann-
Whitney test was used. In the case of classification based on the phenol quartile, the Kruskal-Wallis test 
was used. The linear regression analysis used the R-squared coefficient of determination to define the 
percentage of change in the dependent variable affected by the independent variable. The ANOVA test 
was used to validate the statistical significance of the coefficient. Finally, the β coefficients and their 
statistical significance were calculated.

Since the diabetes variable is dichotomous, a binary logistic regression model was used. BPF and BPS 
values were analyzed with the corresponding correction with urinary creatinine, using their logarithmic 
transformation to normalize the non-parametric distribution. Three different regression analyzes were 
performed for each parameter: (1) Individual; (2) Corrected for age, sex, and BMI; and (3) Corrected for 
the above parameters and smoking, hypertension, and dyslipidemia.

In the study of groups 2 and 3, a multinomial logistic regression model was used. As in the previous 
statistical model, age, sex, BMI, smoking, hypertension, and dyslipidemia were also included. In all 
cases, those results whose P value was less than 0.05 were interpreted as statistically significant.

RESULTS
General data
Descriptive statistical analyses showed, in addition to the expected differences related to blood glucose, 
interesting changes in BPS levels, significantly higher in diabetic patients. However, the BPF values did 
not show significant variations. In addition, diabetic patients had higher age, BMI, and systolic pressure 
and lower total cholesterol (Table 1).

Descriptive analyses of group 2 (distributed according to BPS quartile) showed that individuals with 
a higher concentration of BPS (Q4) had a significant increase in BMI, fasting glucose, and BPF than 
individuals with a lower level of BPS (Q1) (Table 2). In addition, the percentages showed a positive and 
dose-dependent relationship between the BPA quartile and the number of patients with diabetes, 
hypertension, and dyslipidemia. Interestingly, the percentage of men showed a negative trend with 
urinary BPS concentration, and a positive trend was observed between the percentage of individuals 
with diabetes, hypertension, or dyslipidemia, and urinary BPS concentration.

On the other hand, the descriptive analyses of group 3 (distributed according to the BPF quartile) 
showed significant age differences (in quartiles 2, 3, and 4), BMI (Q2 and Q3), and cotinine (the quartile 
4 had a significantly higher concentration than the other three quartiles) (Table 3). In this group, no 
significant differences were observed in the parameters related to diabetes, but an interesting positive 
relationship was observed in the percentage of individuals with hypertension.
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Table 1 Descriptive statistics of main variables analyzed in individuals of group 1 (diabetes)

Non-diabetic Diabetic
n 3017 641

Age 41.11 (40.48-41.75) 58.33 (57.15-59.53)d

Gender, % of men 46.6 51

BMI, kg/m2 27.82 (27.6-28.04) 31.4 (30.86-31.94)d

Fasting glucose, mg/dL 98.08 (97.56-98.6) 149.6 (144.4-154.9)d

HbA1c, % 5.41 (5.40-5.43) 7.26 (7.14-7.39)d

Cotinine, serum, ng/mL 0.28 (0.24-0.31) 0.18 (0.13-0.24)a

Smoker, % 42.5 50.2

Systolic blood pressure, mmHg 121 (120.4-121.6) 130.2 (128.7-131.7)d

Diastolic blood pressure, mmHg 68.86 (68.42-69.31) 68.21 (67.17-69.26)

Hypertension, % 36.1 71.9

Dyslipidemia, % 35 66.6

Total cholesterol, mg/dL 187.4 (186-188.9) 180.7 (177.2-184.2)c

Bisphenol F, µg/g creatinine 0.41 (0.39-0.43) 0.43 (0.38-0.48)

Bisphenol S, µg/g creatinine 0.5 (0.48-0.52) 0.59 (0.53-0.64)b

aP < 0.05.
bP < 0.01.
cP < 0.001.
dP < 0.0001.
The results are expressed as percentages (%) or as geometric mean (95%CI). BMI: Body mass index; HbA1c: Hemoglobin A1c.

Simple linear regression
Linear regression analyses were performed using fasting glucose and hemoglobin A1c (HbA1c) values 
to explore the relationship between diabetes and phenols. As shown in Table 4, the results were 
significant in the BPS group, while BPF did not show a statistical relationship with these parameters.

Binary logistic regression
The subsequent binomial logistic regression analysis performed on the dichotomous dependent variable 
diabetes confirmed the data observed in the linear regression (Table 5). Thus, it was observed that the 
urinary concentration of BPS, both individually and corrected for other factors, was an independent 
factor related to diabetes mellitus. However, this relationship could not be determined in the urinary 
concentration of BPF.

Multinomial logistic regression
This statistical analysis model showed a significant relationship between diabetes and BPS, but not BPF 
(Table 6). However, statistically significant data were only observed in the first two models (individual 
and corrected for sex, age, and BMI). Although it did not become significant when corrected for all the 
parameters, the resulting P value was 0.063.

Interestingly, in the BPS study, Q4 individuals showed a positive and significant relationship with 
gender, with an odds ratio (OR) (95%CI) of 1.94 (1.61-2.35) for women. An important relationship was 
also observed in the risk of suffering hypertension, with an OR of 1.26 (1.01-1.57). In the BPF study, the 
same significant relationship was observed in gender, with an OR of 2.13 (1.75-2.58) for women. Finally, 
a positive relationship was observed with smoking [OR of 1.78 (1.47-2.17)] and slightly negative with 
the BMI [0.98 (0.97-0.998)].

Complementary study of significant pathologies in regression models
Due to the results observed in the regression models and the trends observed in the descriptive 
statistics, a binomial logistic regression model was established, using hypertension or dyslipidemia as 
the dependent variable, in order to relate the risk of suffering from any of them depending on the 
concentration of urinary phenols. As shown in Table 7, urinary BPS is an independent factor related to 
hypertension. BPF, on the other hand, showed a statistically significant relationship when analyzed 
individually with both hypertension and dyslipidemia. This relationship held when correcting for age, 
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Table 2 Descriptive statistics of main variables analyzed in individuals of group 2 (bisphenol S)

BPS quartile Q1 Q2 Q3 Q4
n 915 911 894 938

Age 42.88 (41.65-44.14) 42.42 (41.22-43.65) 44.5 (43.32-45.72) 45.8 (43.89-46.3)d

Gender, % of men 56.3 49.7 42.8 40.6

BMI, kg/m2 27.76 (27.36-28.17) 28.41 (27.99-28.83) 28.94 (28.51-29.38)c 28.57 (28.15-29)a

Diabetes mellitus, % 15.3 16.6 18.1 20

Fasting glucose, mg/dL 103.7 (101.8-105.8) 104.5 (102.4-106.6) 108.2 (105.5-111) 108.8 (106.3-111.5)a

HbA1c, % 5.62 (5.57-5.68) 5.66 (5.61-5.72) 5.75 (5.69-5.81) 5.78 (5.71-5.85)

Smoker, % 43.6 44.8 42.4 44.5

Cotinine, serum, ng/mL 0.24 (0.19-0.32) 0.27 (0.21-0.35) 0.24 (0.18-0.31) 0.27 (0.21-0.35)

Hypertension, % 39 40.6 43.4 46.3

Systolic blood pressure, mmHg 120.6 (119.5-121.7) 123.1 (122-124.2) 122.5 (121.4-123.7) 123.9 (122.7-125.1)

Diastolic blood pressure, mmHg 68.31 (67.5-69.13) 69.36 (68.52-70.21) 69.18 (68.37-69.99) 68.18 (67.37-69)

Dyslipidemia, % 39.3 40.6 40.8 41.5

Total cholesterol, mg/dL 184.3 (131.6-187) 184.7 (182-187.3) 187.7 (184.9-190.5) 188.3 (185.7-190. 9)

Bisphenol F, µg/g creatinine 0.37 (0.34-0.41) 0.43 (0.39-0.47)a 0.41 (0.38-0.45) 0.45 (0.41-0.49)b

aP < 0.05, significant differences with respect to group Q1.
bP < 0.01, significant differences with respect to group Q1.
cP < 0.001, significant differences with respect to group Q1.
dP < 0.05, significant differences between Q2 and Q4.
The results are expressed as percentages (%) or as geometric mean (95%CI). BMI: Body mass index; HbA1c: Hemoglobin A1c; BPS: Bisphenol S; BPF: 
Bisphenol F.

sex, and BMI for hypertension, but not for dyslipidemia. Finally, no significant relationship was 
determined after correction for the rest of the parameters.

DISCUSSION
In the present work, it has been demonstrated, for the first time in the NHANES cohort, that BPS, but 
not BPF, is related to diabetes. The academic literature includes few publications that explore the BPS-
diabetes or BPF-diabetes paradigm. There are only three relevant epidemiological studies; two studied 
type 2 diabetes[18,20], and the remaining investigated gestational diabetes[19].

Duan et al[18] considered that all individuals with fasting glucose ≥ 7.0 mmol/L or HbA1c ≥ 6.5% had 
type 2 diabetes mellitus. After performing the logistic regression analysis, they determined an OR 
(95%CI) of 1.73 (1.37-2.18) for the urinary BPS, analogous to the results observed in this study.

Rancière et al[20] conducted a longitudinal study analyzing the cases of type 2 diabetes developed 
over 9 years in the DESIR cohort. Due to the low rate of detection of urinary BPS (less than 15%), the 
statistical model was established comparing individuals with detectable levels of BPS with those in 
whom the compound had not been detected, obtaining a higher (significant) risk of developing type 2 
diabetes in those individuals with detectable levels of BPS. The detection rate in the NHANES cohort 
was 57.1% and 88.4% for BPF and BPS, respectively[21]. The results also support and reaffirm those 
obtained in the present work, although the difference in the detection ratio is very striking. Völkel et al
[33,34] exclusively quantified BPS-glucuronide, the main metabolized form, according to human 
pharmacokinetic models. In the case of the NHANES cohort, the total concentration of bisphenol was 
analyzed after previously deconjugating the metabolized forms (glucuronide and sulfate) with Helix 
pomatia enzymes.

Lastly, Zhang et al[19] analyzed BPS and BPF in a cohort of Chinese pregnant women to study their 
possible relationship with gestational diabetes mellitus. Interestingly, quantitative analyses detected 
BPS and BPF in most urine samples from pregnant women (greater than 90% in both cases). However, 
the regression models did not show significant relationships with either compound. They only 
determined a slight but significant increase in glucose related to urinary BPS concentration. Finally, 
when studying the relationship between blood glucose and urinary BPS according to fetal sex, they 
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Table 3 Descriptive statistics of main variables analyzed in individuals of group 3 (bisphenol F)

BPF quartile Q1 Q2 Q3 Q4
n 912 912 922 912

Age 41.22 (40.04-42.42) 44.81 (43.59-46.06)c 45.22 (44.02-46.46)d 43.69 (42.5-44.92)a

Gender, % of men 58.2 44.5 43.7 43

BMI, kg/m2 29.04 (28.61-29.48) 28.01 (27.6-28.43)b 28.04 (27.63-28.45)b 28.59 (28.16-29.02)

Diabetes mellitus, % 17.1 19.7 16.4 16.9

Fasting glucose, mg/dL 108.3 (105.9-110.7) 106.2 (103.9-108.6) 104.7 (102.6-106.9) 105.6 (5.63-5.75)

HbA1c, % 5.7 (5.64-5.75) 5.74 (5.68-5.81) 5.69 (5.63-5.75) 5.69 (5.63-5.75)

Smoker, % 38.6 40.9 46.4 49.3

Cotinine, serum, ng/mL 0.18 (0.14-0.23) 0.19 (0.15-0.25) 0.29 (0.22-0.38) 0.43 (0.33-0.57)c,e,f

Hypertension, % 39.7 42 43.3 44.4

Systolic blood pressure, mmHg 121.9 (120.9-123.1) 122.9 (121.8-124.1) 123 (121.8-124.1) 122.3 (121.1-123.5)

Diastolic blood pressure, mmHg 68.73 (67.93-69.53) 68.53 (67.76-69.31) 68.79 (67.94-69.64) 68.95 (68.1-69.82)

Dyslipidemia, % 37.6 41 43.4 40.2

Total cholesterol, mg/dL 185.3 (182.2-187.9) 186.9 (184.1-189.8) 186.7 (184.1-189.4) 185-9 (183.3-188.6)

BPS, µg/g creatinine 0.48 (0.44-0.51) 0.5 (0.46-0.54) 0.55 (0.51-0.59) 0.54 (0.50-0.58)

aP < 0.05, significant differences with respect to group Q1.
bP < 0.01, significant differences with respect to group Q1.
cP < 0.001, significant differences with respect to group Q1.
dP < 0.0001, significant differences with respect to group Q1.
eP < 0.05, significant differences between Q2 and Q4.
fP < 0.05, significant differences between Q3 and Q4.
The results are expressed as percentages (%) or as geometric mean (95%CI). BMI: Body mass index; HbA1c: Hemoglobin A1c; BPS: Bisphenol S; BPF: 
Bisphenol F.

Table 4 Simple linear regression with hemoglobin A1c and fasting glucose

HbA1c Fasting glucose

Variable Adjusted R2 β0 β Adjusted R2 β0 β

1BPS 0.005d 5.835d 0.069d 0.006c 111.69d 2.48d

1BPF 0.000 5.795 0.006 0.000 109.65 -0.39

cP < 0.001.
dP < 0.0001.
1Log transformed.
HbA1c: Hemoglobin A1c; BPS: Bisphenol S; BPF: Bisphenol F.

observed that the relationship was more significant in the case of female fetuses.
The present study determined that there was a significant relationship between urinary BPS and 

diabetes. However, such a relationship was not observed with urinary BPF. From a molecular point of 
view, it is interesting to note that BPF, like BPA, has carbon and hydrogen atoms, while BPS also 
contains sulfur atoms[19]. There is conflicting evidence in the academic literature between BPA and 
diabetes. Thus, some studies observed a positive and significant relationship with diabetes mellitus[35,
36] or prediabetes[37], while others did not find a significant relationship[38]. In addition, there are even 
works, such as that by Wang et al[39], in which they determined that pregnant women with higher 
levels of urinary BPA had a lower risk of developing gestational diabetes.

Interestingly, both BPS and BPF (like BPA) have been shown to have pro-estrogenic and anti-
androgenic activity[40]. In pancreatic cell cultures, it has been observed that both BPS and BPF can 
negatively affect insulin secretion and ion channels through a signaling mechanism that includes 
estrogen receptor beta[16]. A recent animal study conducted by Qiu et al[41] observed that BPF and BPS 
produced similar effects on the immune system in zebrafish. In an experimental non-obese diabetic 
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Table 5 Association between phenols and diabetes

Diabetes

Variable OR (95%CI) P value

1BPS (1) 1.115 (1.038-1.196) 0.003

1BPS (2) 1.109 (1.026-1.198) 0.009

1BPS (3) 1.099 (1.016-1.188) 0.018

1BPF (1) 1.020 (0.961-1.083) 0.513

1BPF (2) 1.005 (0.941-1.072) 0.890

1BPF (3) 0.991 (0.928-1.059) 0.795

1Log-transformed.
(1) Individual; (2) Corrected for age, sex, and body mass index; and (3) Corrected for the above parameters and smoking, hypertension, and dyslipidemia. 
OR: Odds ratio; BPS: Bisphenol S; BPF: Bisphenol F.

Table 6 Association between diabetes and bisphenol S or F quartile

Q1 Q2 Q3 Q4

Variable Ref. OR (95% CI) OR (95%CI) OR (95%CI)

1Diabetes (1) Ref. 1.1 (0.86-1.41) 1.23 (0.96-1.57) 1.39 (1.09-1.77)c

1Diabetes (2) Ref. 1.11 (0.85-1.46) 1.14 (0.87-1.48) 1.32 (1.01-1.71)a

1Diabetes (3) Ref. 1.09 (0.83-1.43) 1.12 (0.86-1.47) 1.28 (0.99-1.67)

2Diabetes (1) Ref. 1.19 (0.94-1.51) 0.95 (0.74-1.21) 0.98 (0.77-1.26)

2Diabetes (2) Ref. 1.16 (0.90-1.51) 0.88 (0.68-1.15) 0.94 (0.72-1.23)

2Diabetes (3) Ref. 1.17 (0.90-1.52) 0.86 (0.66-1.13) 0.92 (0.70-1.20)

aP < 0.05.
cP < 0.001.
1Bisphenol S (group 2).
2Bisphenol F (group 3).
(1) Individual; (2) Corrected for age, sex, and body mass index; and (3) Corrected for the above parameters and smoking, hypertension, and dyslipidemia. 
OR: Odds ratio.

mouse model, it has been observed that BPS could negatively affect glucose homeostasis in males, while 
a protective effect was observed in females[17]. From a mechanistic point of view, bisphenols have the 
potential to affect the development of diabetes through different pathways. In addition to the classical 
estrogen receptors (ER-α, ER-β, and G protein-coupled receptor 30), BPA has been shown to have 
increased binding capacity to the estrogen-related receptor (ERR-γ)[43]. ERR-γ is important in diabetes 
since it plays an essential role in correctly maturing pancreatic β cells[44] and insulin secretion[45]. This 
receptor also plays a vital role in coordinating metabolic and endocrine signals, regulating hepatic 
glucose metabolism[46]. Previous work by our group demonstrated that this receptor participates in the 
loss of podocyte adhesion induced by BPA and is directly related to diabetic nephropathy[3]. On the 
other hand, it has been observed that both BPA and BPS can affect insulin cell signaling in skeletal 
muscle and adipose tissue (reducing the expression of insulin receptor substrate 1 and Akt 
phosphorylation)[43].

The linear regression model of the present work showed very significant values only with the BPS. 
However, the R-squared value was low (0.005) despite being significant. This data implies that the 
relationship between both variables is low; urinary BPS could only explain a tiny part of diabetes cases. 
Subsequent binomial and multinomial logistic regression models confirmed and reinforced the 
relationship between BPS and diabetes while ruling out the statistical relationship with urinary BPF. 
Nowadays, the vision of “one factor-one disease” could be considered obsolete. Numerous pathologies, 
such as diabetes, cannot be explained by the action of a single element since they are multifactorial. 
Therefore, the main idea extracted from the results is that BPS is an environmental factor related to 
diabetes.
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Table 7 Association between hypertension or dyslipidemia and bisphenol S or F

Hypertension Dyslipidemia

Variable OR (95%CI) P value OR (95%CI) P value

1BPS (1) 1.12 (1.06-1.18) 0.000 0.99 (0.99-1.11) 0.099

1BPS (2) 1.09 (1.02-1.17) 0.007 1.02 (0.95-1.08) 0.607

1BPS (3) 1.08 (1.01-1.16) 0.017 0.99 (0.937-1.065) 0.980

1BPF (1) 1.07 (1.02-1.12) 0.005 1.05 (1.005-1.1) 0.03

1BPF (2) 1.06 (1.001-1.12) 0.044 1.04 (0.98-1.1) 0.168

1BPF (3) 1.04 (0.99-1.11) 0.136 1.03 (0.98-1.09) 0.274

1Log-transformed.
(1) Individual; (2) Corrected for age, sex, and body mass index; and (3) Corrected for the above parameters and smoking, hypertension, and dyslipidemia. 
OR: Odds ratio.

On the other hand, complementary studies on hypertension and dyslipidemia have shown interesting 
evidence. First, both derived compounds show interesting significant relationships with the risk of 
hypertension, especially BPS. As with diabetes, few works study the relationship between BPS or BPF 
and these diseases. Jiang et al[42] found a positive and significant relationship between individuals with 
higher levels of urinary BPS, but not BPF, with hypertension. On the other hand, the works of Liu et al
[22] and Jacobson et al[24] found a significant relationship between urinary BPF[22] or both phenolic 
derivatives[24] and obesity in children and adolescents.

Due to the differences observed in the risks of predisposition to diseases, it could be stated that the 
compounds derived from BPA (despite having similar hormonal activity) could act on different cell 
signaling mechanisms, promoting the development or progression of different diseases.

CONCLUSION
The present study has determined a strong relationship between urinary BPS, not BPF, and diabetes 
risk. In the case of hypertension, both molecules could be involved in pathophysiological mechanisms, 
which, in the case of dyslipidemia, would be exclusive to BPF. Future studies will be necessary to delve 
into the paradigm and explore the relationship of the new BPA-derived molecules with other related 
diseases, such as kidney disease. BPA substitute molecules do not exempt the population from potential 
health risks.

ARTICLE HIGHLIGHTS
Research background
New restrictions on the use of bisphenol A (BPA) have conditioned the use of new derivative 
compounds by the plastics industry. The small amount of evidence for its possible effects on human 
health shows its need, especially in diseases such as diabetes, whose incidence has increased substan-
tially in recent years.

Research motivation
The study of the urinary excretion of the new bisphenols and their possible relationship with human 
health is of particular importance. The present work aimed to provide new evidence that supports the 
need for restriction in using new molecules derived from BPA.

Research objectives
The work's objective was to analyze the relationship between urinary bisphenols and diabetes in one of 
the largest global cohorts, National Health and Nutrition Examination Survey (NHANES). The possible 
results could support the need to explore the signaling pathways involved in the pancreatic 
pathophysiology potentially induced by this class of molecules.

Research methods
By applying descriptive statistics, simple linear regressions, and logistic regression models, this study 
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aimed to analyze the data from the NHANES cohort in a novel way in a context that has been little 
studied in the academic literature.

Research results
After using all the tools and statistical models, the results have consistently pointed to bisphenol S as a 
risk factor for diabetes, excluding bisphenol F. On the other hand, the relationships observed with 
hypertension and dyslipidemia maintain the need to evaluate both molecules in the human health 
context.

Research conclusions
In a novel way in the NHANES cohort, the present study has shown that exposure to new bisphenols is 
directly related to diabetes.

Research perspectives
Future research should explore the causal relationship through longitudinal studies and evaluate the 
potential deleterious effects on other pathologies, such as kidney disease.
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Abstract
BACKGROUND 
Diabetes is a serious public health concern in China, with 30% of patients 
developing retinopathy, and diabetic macular edema (DME) having the biggest 
impact on vision. High blood glucose level can cause retinal cell hypoxia, thus 
promoting vascular endothelial growth factor (VEGF) formation and increasing 
vascular permeability, which induces DME. Moreover, cell hypoxia can accelerate 
the rate of apoptosis, which leads to the aging of patients. In severe cases, optic 
cell apoptosis or retinal fibrosis and permanent blindness may occur.

AIM 
To investigate and compare the efficacy, mechanism, and differences between two 
anti-VEGF drugs (Compaq and ranibizumab) in DME patients.

METHODS 
Ninety-six patients with DME who attended our hospital from April 2018 to 
February 2020 were included and randomly divided into two groups (Compaq 
group and ranibizumab group). The groups received vitreal cavity injections of 
0.5 mg Compaq and 0.5 mg ranibizumab, respectively, once a month. The best 
corrected visual acuity (BCVA), intraocular pressure (IOP), macular retinal 
thickness (CMT), macular choroidal thickness (SFCT), foveal no perfusion area 
(FAZ), superficial capillary density, deep capillary density, treatment effect, and 
adverse reactions were compared before and after treatment and between the two 
groups.

RESULTS 
Before treatment and 1-mo post-treatment, there was no statistically significant 
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difference in the estimated BCVA in both groups (P > 0.05). BCVA decreased in the Compaq group 
3 mo after treatment, and the difference was statistically significant (P < 0.05). Before treatment, 
and 1 mo and 3 mo post-treatment, there was no statistically significant difference in the estimated 
IOP in either group (P > 0.05). Before treatment and 1-mo post-treatment, there was no statistically 
significant difference in the estimated CMT, SFCT, or FAZ in either group (P > 0.05). CMT and 
SFCT values decreased in the Compaq group 3 mo post-treatment, and the difference was statist-
ically significant (P < 0.05). Before treatment, and 1 mo and 3 mo post-treatment, there were no 
statistically significant differences in vascular density in the shallow or deep capillary plexi of the 
fovea, parafovea, or overall macular area between the two groups (P > 0.05). Marked efficient, 
effective, and invalid rates were 70.83% and 52.08%, 27.08% and 39.58%, and 2.08% and 8.33% in 
the Compaq and ranibizumab groups, respectively. The differences between the two groups were 
statistically significant (P < 0.05).

CONCLUSION 
Anti-VEGF drugs can effectively improve CMT and SFCT, without affecting microcirculation, thus 
providing an effective and safe treatment for patients with DME.

Key Words: Diabetic macular edema; Vascular endothelial growth factor; Compaq; Ranibizumab; Optimally 
correct vision; Diabetes

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: The main pathological feature of diabetic macular edema (DME) is abnormal neovascularization 
throughout the retinal pigment epithelium. New vessels develop rapidly and are fragile, thus resulting to 
rupture and retinal detachment, macular edema, impaired, vision and blind spots. Without effective 
treatment, vision declines rapidly, causing irreversible impairment. Compaq has a strong affinity with 
vascular endothelial growth factor (VEGF) receptors, and as a novel VEGF biological agent, it has a 
relatively strong inhibition of vascular growth in ocular lesions. Our study investigated the effect and 
mechanism of anti-VEGF drugs in DME patients to improve clinical DME treatment.

Citation: Li YF, Ren Q, Sun CH, Li L, Lian HD, Sun RX, Su X, Yu H. Efficacy and mechanism of anti-vascular 
endothelial growth factor drugs for diabetic macular edema patients. World J Diabetes 2022; 13(7): 532-542
URL: https://www.wjgnet.com/1948-9358/full/v13/i7/532.htm
DOI: https://dx.doi.org/10.4239/wjd.v13.i7.532

INTRODUCTION
Diabetic macular edema (DME), which manifests clinically as visual impairment, is a common 
complication of diabetes[1-3]. Long-term high blood glucose is the basis of DME, as it causes increased 
endothelial cell permeability in the tight junctions of retinal capillaries, allowing protein and fluid to 
accumulate in the area of the macula, resulting in macular edema. Previous studies have also found that 
along with leaking capillary endothelial cells, an increase in glycosylated hemoglobin due to high blood 
sugar is also a risk factor for cystoid macular edema. Strict blood glucose control within a reasonable 
range can slow down the development of DME.

Vascular endothelial growth factor (VEGF) play an important role in the pathophysiology of DME[4]. 
In a high blood glucose environment, glycosylation products increase, and active oxygen is at a 
relatively high level, leading to further diglyceride production. This activates protein kinase C, which 
mediates the generation of VEGF[5]. VEGF is the primary regulatory factor for neovascularization and 
vascular permeability, which characterizes DME. The interaction of vascular receptors on the 
endothelial cell surface can be inactivated through VEGF inhibition to prevent vascular endothelial 
hyperplasia, thereby reducing retinal neovascularization and blood vessel leakage in the macular area. 
Currently, according to evidence from multiple regions, the pharmaceutical drug Compaq (Chengdu 
Kanghong Biotechnology Co., LTD., Chengdu, China; National Drug approval S20130012)[6] acts 
directly on new vessels in retinal lesion tissue, thus reducing the incidence of blood vessel hyperplasia 
caused by photocoagulation. Moreover, inreverse rate of retinal tissue can be reduced by laser photoco-
agulation reduction. For these reasons, anti-VEGF drugs are recommended as the first-line treatment for 
DME to improve clinical manifestations. Examples of anti-VEGF drugs used for macular edema in 
China include bevacizumab, Compaq, and ranibizumab[7]. Vitreal cavity injection is the preferred route 
of administration for anti-VEGF drugs.

https://www.wjgnet.com/1948-9358/full/v13/i7/532.htm
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Compaq is a novel anti-VEGF drug developed independently in China, which can specifically bind to 
VEGF-A, VEGF-B, and placenta growth factors to inhibit the activation of VEGF families, thus 
preventing neovascularization and reducing blood retinal barrier (BRB) damage and minor microvascu-
lature leakage. Studies have shown[8,9] Compaq as an efficacious DME treatment, but whether it can 
inhibit neovascularization, reduce the perfusion area in the macular area, and improve microcirculation 
remains unclear.

There are a few studies comparing the effects of Compaq with that of ranibizumab for DME 
administered via vitreal cavity injection. For this study, we used optical coherence tomography 
angiography (OCTA) to measure the treatment effect and mechanism of action in these two anti-VEGF 
drugs. Based on the segment frequency amplitude of B-scan correlation calculation and the real-time 
flow of red blood cells in retinal vascular correlation calculation, OCTA can remove the correlation of 
fixed organization, highlight regular blood flow images of the organization, and recombine all images to 
obtain structures, such as the retina and choroid blood vessels, to facilitate blood flow evaluation[10].

MATERIALS AND METHODS
Patients
A total of 96 patients with DME who visited our hospital from April 2018 to February 2020 were 
included in the study. Patients were randomly divided into two groups: Compaq (n = 48) and 
ranibizumab (n = 48) by assigning even and odd-numbered sequences. The inclusion criteria were as 
follows: (1) Age 54–79 years; (2) Diagnosed according to the criteria and treatment guidelines for 
diabetic retinopathy (DR)[11] (with DME within the proliferative phase of the DR lesion stage); (3) 
Hospital admission and receipt of fundoscopic angiography, with diagnosis by OCTA examination; (4) 
Retinal fovea thickness in the macular area > 250 μm; and (5) Ocular IOP range: 10-21 mmHg. The 
exclusion criteria were as follows: (1) Presence of eye tumors; (2) History of ocular trauma; (3) Retinal 
macular spots and tissue hyperplasia; (4) Reticular vein obstruction and senile macular lesions; (5) 
Hypertensive retinopathy; (6) Combined cataract and glaucoma; and (7) Other systematic major disease.

The study was approved by the Medical Ethics Committee of our hospital, and informed consent 
from the patients' families was obtained for the treatment plan of this study.

Therapeutic regimen
Patients were placed in the supine position, and the cornea and conjunctival sac were cleaned. Routine 
pre-anesthesia operations were performed, followed by surface anesthesia. Under the microscope 
(Nikon, Tokyo, Japan), the doctor opened the patient’s eyelid. Compaq (0.10 mg/mL, 0.2 mL/injection) 
was injected into the vitreous chamber of patients in both groups. After injection, the needle was 
withdrawn slowly, and 0.5 mg/eye/time was infused in the vitreous cavity once per month for the first 
3 mo (0.05 mL), followed by intravitreal administration once every 3 mo.

Basic treatment 
All patients underwent lacrimal tract irrigation 3 d before surgery and were treated with levofloxacin 

eye drops four times a day for 5 d (Shentian Pharmaceutical Co., LTD. Noto Factor, Japan; National 
medicine approval number J20150106; 10 mL/branch/box) after surgery.

Observation indexes and evaluations
The best corrected visual acuity (BCVA), intraocular pressure (IOP), macular retinal thickness (CMT), 
macular choroidal thickness (SFCT), foveal no perfusion area (FAZ), superficial capillary density, deep 
capillary density, treatment effect, and adverse reactions were compared between the two groups before 
and after treatment.

BCVA was measured using a TDRS visual acuity chart at a distance of 4 m, and the maximum 
number of letters obtained was recorded at four timepoints: pre-treatment, and at 1, 3, and 6 mo post-
treatment.

For IOP measurement, a non-contact ophthalmometer (model AD-1900; Neusoft Xikang Co., LTD., 
Shenyang, China) was used, and the average value of three inspections were taken.

Astigmatism was examined using the slit slice method, and an OCT instrument (American BD 
company production, model AU-300; GE Company, Chicago, Illinois) was used to scan the macular area 
within a range of 6 mm × 6 mm. Consequently, the retinal thickness of the macular fovea was measured.

Treatments were evaluated with reference to the diagnosis and treatment of diabetic retinopathy[12]. 
Treatments were considered markedly effective if edema had disappeared, retinal hemorrhage had been 
completely absorbed, and there was no obvious neovascularization, leakage, or perfusion in the macular 
area 3 mo after treatment. Treatments were considered effective if retinal hemorrhage had partially 
absorbed, vascular leakage was reduced, the perfusion density (PD) in the non-perfusion area was < 5, 
and no new vessels were assumed to be functioning. Lastly, treatments were considered invalid if 
patients did not meet the above criteria.
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Ophthalmic testing included the following: (1) Routine examination: BCVA was measured using an 
international standard visual acuity chart; IOP was measured using a non-contact tonometer; and (2) 
OCT examination: A Zeiss Cirrus 5000 OCT instrument (Carl Zeiss Meditec, Jena, Germany) was used. 
CMT was measured with 2 PD on the optic disc temporal side and 1.5 PD below the macular fovea. 
Three measurements were obtained, and the average value was considered. SFCT was measured using 
the caliper function of the instrument. The retinal blood flow imaging mode was selected, and the 
scanning range of the macular area was 3 mm × 3 mm, scanning signal intensity index was > 45, and 
transverse and longitudinal scanning required 3 s. The patients were instructed not to move their eyes 
during the scan. Supporting analysis software was used to measure the vessel density of the shallow 
capillary plexus (SCP) and deep capillary plexus (DCP) in the FAZ within the scanning range of 3 mm × 
3 mm in the macular area at the SCP level. All examinations were performed by the same physician and 
reviewed independently by two surgeons clinically experienced fundus imaging analysis.

Statistical analysis
A normal distribution test showed that the BCVA values of the patients in this study were consistent 
with an approximate normal distribution or normal distribution, and was expressed as mean ± SD. Test 
was used for comparisons between groups. The counting data were expressed as percentages, and 
comparisons were based on χ2 test or the Mann–Whitney U test. Professional SPSS 21.0 software (IBM 
Corp., Armonk, NY) was used for data processing, and the significance level was set at α = 0.05.

RESULTS
Baseline data between the two groups
The age, sex, body mass index, and BCVA before treatment and the distribution of the affected side 
were compared between the two groups, and no statistically significant difference was found (P > 0.05), 
as shown in Table 1.

Comparison of estimated BCVA and IOP values between the two groups
Before and 1-mo post-treatment, there was no statistically significant difference between the estimated 
value of BCVA in either group (P > 0.05). After 3 mo, a decrease was observed in the Compaq group, 
and the difference was statistically significant (P < 0.05). However, there was no statistically significant 
difference in the estimated value of IOP before, 1 mo, or 3 mo after the treatment in either group (P > 
0.05), as shown in Table 2.

Comparison of estimated CMT, SFCT, and FAZ values between the two groups
There were no statistically significant differences in the estimated values of CMT, SFCT, or FAZ before 
or 1-mo post-treatment in either group (P > 0.05). Three months post-treatment, the estimated values of 
CMT and SFCT in the Compaq group were lower than those in the ranibizumab group, and the 
difference was statistically significant (P < 0.05) (Table 3).

Comparison of vascular density in the SCP and DCP between the two groups
Before, 1 mo, and 3 mo post-treatment, there were no statistically significant differences in the vascular 
density of the SCP and DCP of the fovea, parafovea, or overall macular area between the Compaq and 
ranibizumab groups (P > 0.05), as shown in Table 4 and Table 5.

Comparison of clinical efficiency between the two groups
Three months post-treatment, the rates of marked efficiency, effective, and invalid in the Compaq and 
ranibizumab groups were 70.83% and 52.08%, 27.08% and 39.58%, and 2.08% and 8.33%, respectively, 
and the difference between the two groups was statistically significant (P < 0.05), as shown in Table 6 
and Figure 1A.

Comparison of adverse reaction rates between the two groups
The rates of adverse reactions in the Compaq and ranibizumab groups were 6.25% and 12.50%, 
respectively, and there was no statistically significant difference between the two groups (P > 0.05), as 
shown in Table 7 and Figure 1B.

Typical cases
A 71-year-old male patient, with a history of diabetes over 12 years, reported a significant decrease in 
visual acuity in the prior 6 mo. After admission, he was diagnosed with diabetic macular edema by 
fundus angiography and optical coherence tomography. Before treatment, the foveal thickness in the 
macular area was > 477.2 μm, and the BCVA value was 0.83 LogMAR. The patient was treated with 
intravitreal injection of Conbercept 0.5 mg once a month. The OCT examination results before and after 
treatment are shown in Figure 2. The patient’s visual acuity BCVA recovered to 0.55 LogMAR 3 mo after 
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Table 1 Baseline data between the two groups

Baseline data Compaq group (n = 48) Ranibizumab group (n = 48) t/χ2 value P value

Age (yr) 64.8 ± 7.2 66.3 ± 6.9 -1.042 0.300

BMI (kg/m2) 23.5 ± 2.3 23.2 ± 2.8 0.574 0.568

Before treatment: BCVA (LogMAR) 0.78 ± 0.12 0.80 ± 0.11 -0.851 0.397

Gender, n (%) 2.043 0.153

Male 27 (56.25) 20 (41.67)

Female 21 (43.75) 28 (58.33)

Distribution of affected side, n (%) 0.667 0.414 

Left 22 (45.83) 26 (54.17)

Right 26 (54.17) 22 (45.83)

BCVA: Best corrected visual acuity.

Table 2 Comparison of estimated values of best corrected visual acuity, intraocular pressure between the two groups (mean ± SD)

BCVA (LogMAR) IOP (mmHg)
Groups Before 

treatment
1 mo after 
treatment

3 mo after 
treatment

Before 
treatment

1 mo after 
treatment

3 mo after 
treatment

Compaq group (n = 48) 0.78 ± 0.12 0.72 ± 0.13 0.51 ± 0.10 16.84 ± 2.77 16.40 ± 2.81 16.39 ± 2.64

Ranibizumab group (n = 
48)

0.80 ± 0.11 0.75 ± 0.14 0.57 ± 0.13 16.50 ± 2.80 16.72 ± 2.76 16.81 ± 2.82

t value -0.851 -1.088 -2.535 0.598 -0.563 -0.753

P value 0.397 0.279 0.013 0.551 0.575 0.453

BCVA: Best corrected visual acuity; IOP: Intraocular pressure.

treatment.

DISCUSSION
In diabetes, the retina is prone to injury due to oxidative stress. A high blood glucose environment can 
increase active oxygen levels as well as oxygen production in the mitochondria, thus impeding balance 
between the deoxidation and neutralization of mitochondrial reactive oxygen species in the body. This 
increased oxidative stress level results in macular edema[13,14]. Research has verified that the excessive 
production of mitochondrial reactive oxygen species and the decrease of antioxidant enzymes promote 
the progression of diabetes.

As a novel anti-VEGF, developed independently in China, Compaq can be used to inhibit the increase 
of vascular wall permeability and neovascularization. The VEGF concentrations in the vitreous chamber 
and perivascular vessels on the retinal surface are abnormally elevated in DME patients, resulting in 
retinal neovascularization and increased vascular wall permeability, finally leading to edema. Our 
study showed that before treatment and 1-mo post-treatment, there was no statistical difference in 
BCVA between the two groups. However, 3 mo post-treatment, BCVA was significantly lower in the 
Compaq group than in the ranibizumab group.

Various kinds of anti-VEGF drugs are commonly used in DME treatment, including imported drugs, 
such as ranibizumab. These drugs bind to and inhibit VEGF receptors to prevent the formation of 
specific receptors of neovascularization, and therefore, blood glucose and its effects such as retinal 
capillary permeability can be reduced to improve vision[15]. Compaq eye injections have a significant 
effect on neovascularization inhibition to reduce VEGF concentration and vascular wall permeability in 
the eyes and reduce the infiltration of blood vessels; therefore, retinal edema can be absorbed and the 
degree of macular edema can be relieved to significantly improve visual performance. At present, 
Compaq is used globally in the field of ophthalmology to reduce macular central retina thickness and 
choroid thickness of the macular fovea to improve vision in DME patients. Compaq treatment has been 
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Table 3 Comparison of estimated values of macular retinal thickness, macular choroidal thickness, foveal no perfusion area between 
the two groups (mean ± SD)

Groups Before treatment 1 mo after treatment 3 mo after treatment

CMT (μm)

Compaq group (n = 48) 445.8 ± 89.6 372.1 ± 76.0 210.6 ± 66.4

Ranibizumab group (n = 48) 452.7 ± 93.2 384.0 ± 80.6 243.1 ± 73.5

t value -0.370 -0.744 -2.273

P value 0.712 0.459 0.025

SFCT (μm)

Compaq group (n = 48) 335.1 ± 55.9 323.4 ± 59.5 281.6 ± 54.0

Ranibizumab group (n = 48) 340.5 ± 58.3 330.5 ± 63.0 306.2 ± 57.3

t value -0.463 -0.568 -2.165

P value 0.644 0.572 0.033

FAZ (mm2)

Compaq group (n = 48) 0.74 ± 0.10 0.72 ± 0.12 0.73 ± 0.11

Ranibizumab group (n = 48) 0.75 ± 0.12 0.74 ± 0.14 0.74 ± 0.11

t value -0.444 -0.751 -0.445

P value 0.658 0.454 0.657

CMT: Macular retinal thickness; SFCT: Macular choroidal thickness; FAZ: Foveal no perfusion area.

Table 4 Comparison of vascular density in the shallow capillary plexus between the two groups (mean ± SD, %)

Groups Before treatment 1 mo after treatment 3 mo after treatment

Fovea

Compaq group (n = 48) 20.64 ± 4.40 20.30 ± 3.95 20.28 ± 3.77

Ranibizumab group (n = 48) 20.90 ± 4.83 20.48 ± 4.20 20.37 ± 4.14

t value -0.276 -0.216 -0.111

P value 0.783 0.829 0.912

Parafovea

Compaq group (n = 48) 38.56 ± 4.82 38.10 ± 4.50 37.73 ± 4.72

Ranibizumab group (n = 48) 39.10 ± 5.57 38.67 ± 5.53 38.38 ± 5.28

t value -0.508 -0.554 -0.636

P value 0.613 0.581 0.526

Overall macular area

Compaq group (n = 48) 35.74 ± 5.10 35.43 ± 4.85 34.92 ± 5.51

Ranibizumab group (n = 48) 36.30 ± 5.34 35.67 ± 5.11 34.58 ± 5.18

t value -0.525 -0.236 0.311

P value 0.601 0.814 0.756

proven to be effective and safe[16].
DME treatment of the retina and choroid can sometimes lead to retinal capillary cell loss and 

degeneration and vascular endothelial cell hyperplasia in diabetes patients, thereby destroying the 
blood-retinal barrier[17]. Meanwhile, VEGF secretion can be increased, leading to retinal tight junction 
dysfunction and pericyte loss, as well as an impaired BRB; thus, vascular wall permeability can be 
increased, causing fluid to leak into retinal tissue and accumulate, resulting in macular edema. Severe 
cases may develop macular edema, thickening, vision loss, or even blindness. Some studies have found 
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Table 5 Comparison of vascular density in the deep capillary plexus between the two groups (mean ± SD, %)

Groups Before treatment 1 mo after treatment 3 mo after treatment

Fovea

Compaq group (n = 48) 18.58 ± 3.80 18.23 ± 3.75 17.86 ± 4.12

Ranibizumab group (n = 48) 19.14 ± 4.00 18.78 ± 4.24 18.47 ± 3.96

t value -0.703 -0.673 -0.740

P value 0.484 0.502 0.461

Parafovea

Compaq group (n = 48) 40.92 ± 5.73 40.51 ± 4.85 40.38 ± 5.22

Ranibizumab group (n = 48) 40.40 ± 5.51 40.10 ± 5.28 39.56 ± 4.87

t value 0.453 0.396 0.796

P value 0.651 0.693 0.428

Overall macular area

Compaq group (n = 48) 39.64 ± 4.85 39.40 ± 4.77 38.78 ± 4.62

Ranibizumab group (n = 48) 40.43 ± 5.18 39.93 ± 5.03 39.52 ± 4.85

t value -0.771 -0.530 -0.765

P value 0.442 0.598 0.446

Table 6 Comparison of clinical efficiency between the two groups, n (%)

Groups Markedly efficiency Efficient Invalid

Compaq group (n = 48) 34 (70.83) 13 (27.08) 1 (2.08)

Ranibizumab group (n = 48) 25 (52.08) 19 (39.58) 4 (8.33)

Z value -1.993

P value 0.046

Table 7 Comparison of incidence of adverse reaction between the two groups, n (%)

Groups Bulbar conjunctival hemorrhage Too high intraocular pressure Adverse reaction

Compaq group (n = 48) 2 1 3 (6.25)

Ranibizumab group (n = 48) 4 2 6 (12.50)

χ2 value 1.333

P value 0.248

that DR patients may have a relatively thin choroid compared to DME patients. Upon OCTA 
examination, the thicknesses and changes in each retinal layer can be clearly observed, and the 
structural image and thickness of the choroid can be distinguished[18]. However, according to our 
study results, before treatment and 1-mo post-treatment, there was no statistical difference in CMT, 
SFCT, or FAZ level between the two groups. Three months post-treatment, the estimated values of CMT 
and SFCT in the Compaq group were significantly lower than those in the ranibizumab group.

Moreover, previous studies have shown that increased total cholesterol, triglycerides, and low-
density lipoprotein is related to DME in diabetic patients. Anti-VEGF administered through vitreal 
cavity injection can improve glucose and lipid levels and decrease levels of oxidative stress throughout 
the body, which significantly reduces VEGF production, thus reducing retinal vein and artery diameter. 
This also reduces the permeability of retinal capillaries, inhibiting neovascularization and reducing the 
extent of damage in the BRB. The thicknesses of the macular central retina and choroid can be reduced 
once macular edema is relieved. After anti-VEGF treatment in DME, the detailed reasons for decreased 
macular central choroid thickness remain unclear, which may be because anti-VEGF drugs such as 
Compaq can inhibit signaling, and the activity of VEGF can be inhibited by binding to VEGF to reduce 
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Figure 1 Histogram of clinical efficiency and incidence of adverse reaction between the two groups. A: Histogram of clinical efficiency; B: 
Incidence of adverse reaction.

Figure 2 The optical coherence tomography test results of before and after patient treatment. A: The test result of optical coherence tomography 
before the treatment, where macular edema was obvious; B: Re-examination after 1 wk of treatment, where the macular edema is slightly relieved; C: Re-examination 
after 1 month of treatment, where the macular edema was significantly reduced; D: The condition of the patient 3 mo post-treatment, where the macular edema has 
nearly disappeared, and the choroid thickness has become significantly thinner.

respiration and edema caused by retinal vascular leakage, resulting in decreased macular central retina 
and choroid thickness for improved vision.

DME is a complex pathologic progress caused by multiple factors. Currently, it is believed that 
microvascular lesion in diabetes can cause blood flow changes in retinal microvasculature, and 
histanoxia can lead to aggravated inflammation, resulting in the release of various inflammatory factors, 
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such as prostaglandins, leukocyte trienes, intercellular adhesion molecule-1, integrin, and tumor 
necrosis factor α. These factors cause vascular endothelial injury and increased VEGF secretion, thus 
promoting macular edema[19]. Conversely, macular edema can aggravate histanoxia, and VEGF can be 
further increased to stimulate the growth of new blood vessels, as well as the formation of a microan-
eurysm, which becomes a negative feedback loop. Our study showed that, before and after treatment, 
there were no statistical differences in vascular density in the SCP and DCP in the overall macular area 
between the two groups. There was also no significant difference in treatment efficacy, indicating that 
the two drugs selected in our study had no influence on microcirculation, and were safe. Compaq can 
directly act on new blood vessels in retinal lesions and reduce the damage caused by laser photocoagu-
lation on the retina, thereby resulting in a decreased inflammatory response rate in retinal tissue.

Some studies have shown that both ranibizumab and Compaq can reduce the macular FAZ area and 
increase vascular density in the SCP to improve microcirculation[20]. With the progression of diabetes, 
VEGF secretion can be abnormally increased and BRB irreversibility can be aggravated, resulting in the 
interrupted integrity of the macular arch, and forming of the microaneurysm. Normal vascular tissue is 
destroyed, and the overall vascular density of the macular area is also reduced. Reports on the 
quantitative observation of the FAZ area and vascular density using OCTA in the treatment of DME 
remain unclear.

Previous studies[21] used Conbercept for treatment and found that it can exert strong affinity and 
multi-target characteristics in the treatment, and can reach the target concentration in a short time. Anti-
VEGF therapy decreased SFCT, which has become a relevant parameter for drug selection and follow-
up evaluation. DME has a very large impact on the choroid and has a very large impact on the patient's 
visual acuity. Anti-VEGF drugs can inhibit the biological activity of abnormal VEGF in new blood 
vessels in the body. From the results of this study, it can be concluded that anti-VEGF drugs can 
effectively improve CMT and SFCT in patients with DME, restore good visual effects, and represent a 
safe and efficient treatment regimen for DME. At present, there is no accurate software for measuring 
choroidal thickness, and the measurement of SFCT is performed by highly qualified physicians. 
Inevitably, there will be some errors. Automatic analysis software may reduce these errors and reduce 
the number of times choroidal thickness is measured.

Previous studies on the effect of anti-VEGF drugs on DME have mostly analyzed the changes in 
visual acuity, central macular retinal thickness, and choroid thickness, while other studies have focused 
on the changes and correlation in eye axis before and after treatment[22]. This study is unique in that it 
observed and analyzed the effects of anti-VEGF drugs on SFCT, FAZ, and microcirculation. Concur-
rently, it also explored the improvements in conventional indicators, such as vision and intraocular 
pressure, which are of high clinical value.

This study was a clinical controlled study on the treatment of DME patients with vitreous injection of 
ranibizumab and Compaq. During the follow-up process, we discovered that both drugs could reduce 
CMT and SFCT to a certain extent and improve the visual acuity of patients. However, this study was a 
preliminary clinical application study with a small sample size and a short follow-up period; hence, 
further studies are warranted to confirm our findings.

CONCLUSION
In summary, anti-VEGF drugs can effectively improve CMT and SFCT, without affecting microcircu-
lation, thus resulting in positive treatment outcomes.

ARTICLE HIGHLIGHTS
Research background
Diabetes is a serious public health concern in China, with 30% of patients developing retinopathy, and 
diabetic macular edema (DME) having the biggest impact on vision.

Research motivation
Compaq as an efficacious DME treatment, but whether it can inhibit neovascularization, reduce the 
perfusion area in the macular area, and improve microcirculation remains unclear.

Research objectives
This study aimed to investigate and compare the efficacy, mechanism, and differences between two 
anti-vascular endothelial growth factor (VEGF) drugs (Compaq and ranibizumab) in DME patients.

Research methods
Total 96 patients with DME were divided into two groups with different treatment modalities.
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Research results
Marked efficient, effective, and invalid rates were 70.83% and 52.08%, 27.08% and 39.58%, and 2.08% 
and 8.33% in the Compaq and ranibizumab groups, respectively.

Research conclusions
Anti-VEGF drugs can effectively improve macular retinal thickness and macular choroidal thickness, 
without affecting microcirculation.

Research perspectives
This study was a preliminary clinical application study with a small sample size and a short follow-up 
period; hence, further studies are warranted to confirm our findings.
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Abstract
BACKGROUND 
The association between blood levels of fructosamine (FMN) and recurrent 
coronavirus disease 2019 (COVID-19) is currently unclear.

AIM 
To investigate a prospective relationship between blood levels of FMN and severe 
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) reinfection.

METHODS 
A total of 146 Chinese hospitalized patients infected with SARS-CoV-2 were 
consecutively collectively recruited and followed from January 2020 to May 2021. 
Diagnosis of COVID-19 and SARS-CoV-2 reinfection was based on the diagnostic 
criteria and treatment protocol in China. The levels of FMN were determined in 
blood and divided into tertiles based on their distribution in the cohort of COVID-
19 patients. Multivariate-adjusted hazard ratios (HRs) with 95% confidence 
intervals (CIs) were estimated for SARS-CoV-2 reinfection across the tertiles of 
FMN levels. A Cox regression model was used to generate the HR for SARS-CoV-
2 reinfection in the participants in the top tertile of FMN levels compared with 
those at the bottom. Disease-free survival was used as the time variable, and 
relapse was used as the state variable, adjusted for age, gender, influencing factors 
such as diabetes mellitus, hypertension, and corticosteroid therapy, and clinical 
indexes such as acute liver failure, acute kidney failure, white blood cell (WBC) 
count, C-reactive protein, prognostic nutritional index (PNI), and blood lipids. 
Kaplan-Meier analysis with log-rank tests was used to compare the survival rate 
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between patients with elevated FMN levels (FMN > 1.93 mmol/L, the top tertile) and those with 
nonelevated levels.

RESULTS 
Clinical data for the 146 patients with confirmed COVID-19 [age 49 (39-55) years; 49% males] were 
analyzed. Eleven patients had SARS-CoV-2 reinfection. The SARS-CoV-2 reinfection rate in 
patients with elevated FMN levels was significantly higher than that in patients with nonelevated 
FMN (17% vs 3%; P = 0.008) at the end of the 12-mo follow-up. After adjustments for gender, age, 
diabetes mellitus, hypertension, corticosteroid therapy, WBC count, PNI, indexes of liver and renal 
function, and blood lipids, patients with nonelevated FMN levels had a lower risk of SARS-CoV-2 
reinfection than those with elevated FMN levels (HR = 6.249, 95%CI: 1.377-28.351; P = 0.018). 
Kaplan-Meier analysis showed that the cumulative survival rate of patients infected with SARS-
CoV-2 was higher in patients with nonelevated FMN levels than in those with elevated FMN 
levels (97% vs 83%; log rank P = 0.002).

CONCLUSION 
Elevated levels of FMN are independently associated with SARS-CoV-2 reinfection, which 
highlights that patients with elevated FMN should be cautiously monitored after hospital 
discharge.

Key Words: Fructosamine; COVID-19; Reinfection; Blood

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Diabetes is a risk factor for coronavirus disease 2019 (COVID-19), which results in increased 
severity and mortality but has no relationship with reinfection. The present study, for the first time, 
reported the relationship between severe acute respiratory syndrome coronavirus 2 reinfection and blood 
levels of fructosamine (FMN), an index reflecting recent glycemic control. Our results demonstrated that 
FMN levels may influence the prognosis of patients with COVID-19, and patients with high FMN levels 
should be followed closely to monitor reinfection.

Citation: Huang XY, Yang LJ, Hu X, Zhang XX, Gu X, Du LJ, He ZY, Gu XJ. Elevated levels of fructosamine are 
independently associated with SARS-CoV-2 reinfection: A 12-mo follow-up study. World J Diabetes 2022; 13(7): 
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URL: https://www.wjgnet.com/1948-9358/full/v13/i7/543.htm
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INTRODUCTION
Coronavirus disease 2019 (COVID-19) was identified as an infectious disease caused by severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2) in 2019. It is mainly transmitted by droplets, contact, 
and aerosols in confined spaces[1,2]. It is highly infectious and widespread[3,4], with more than 505 
million patients infected globally, with a cumulative mortality rate of 1.2%[5]. Diabetes is a risk factor 
for COVID-19, which results in increased severity and mortality[6-8]. A previous study found that of the 
570 patients who died or were discharged from hospital, the mortality rate was 6.2% (of 386) for patients 
without diabetes or hyperglycemia, compared to 28.8% (of 184) for patients who had diabetes and/or 
uncontrolled hyperglycemia[9]. Hyperglycemia is considered a factor for severity of infection, including 
severe pneumonia, multiple organ failure, and death. In addition, hemoglobin (Hb)A1c level is an 
independent risk factor for death and a predictor of COVID-19 severity in patients with diabetes 
mellitus[10,11].

Fructosamine (FMN) reflects the overall glycemic control for the past 2-3 wk[12] and is strongly 
correlated with glucose and HbA1c levels[13,14]. HbA1c reflects overall glycemic control over the past 
2-3 mo, and general blood glucose monitoring reflects glucose levels at the point. General blood glucose 
monitoring and HbA1c levels cannot accurately contribute to a prediction index for recent glycemic 
control. FMN level can be determined rapidly and better reflects recent glycemic control. It has also 
been associated with diabetic retinopathy, diabetic nephropathy, and long-term cardiovascular 
outcomes[15]. In addition, FMN levels are positively associated with the risk of periprosthetic joint 
infection and negatively associated with cancer risk. A previous study also demonstrated that FMN is a 
valuable marker for predicting adverse outcomes following total hip arthroplasty[16]. Hence, FMN 
correlates with diabetic complications, inflammation, and cancer. However, to date, no studies have 
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Figure 1 Flowchart of the study cohort. FMN: Fructosamine; COVID-19: Coronavirus disease 2019; SARS-CoV-2: Severe acute respiratory syndrome 
coronavirus 2.

demonstrated its association with COVID-19 risk or SARS-CoV-2 reinfection. The objective of the 
present study was to determine whether there is an association between FMN levels and COVID-19 risk 
and SARS-CoV-2 reinfection. This may provide a theoretical basis for the clinical treatment and 
prognosis of SARS-CoV-2 reinfection.

MATERIALS AND METHODS
Study cohort
Between January and May 2020, we enrolled 146 patients from the isolation ward of Yueqing People’s 
Hospital, a designated isolation hospital for COVID-19. All the patients met the diagnostic criteria and 
treatment protocol for COVID-19 (5th edition). Elevated FMN was defined as levels higher than the 
upper tertile value of 1.93 mmol/L. The study cohort was divided into two groups based on FMN levels 
(Figure 1), i.e., elevated FMN group (> 1.93 mmol/L; n = 47) and nonelevated FMN group (≤ 1.93 
mmol/L; n = 99). All patients were followed from January 2020 to May 2021, with an average follow-up 
period of 1 year. The study protocol was approved by the Ethics Committee of Yueqing People’s 
Hospital, Affiliated Hospital of Wenzhou Medical University (No. YQYY202100033).

Laboratory measurements
Venous blood samples were collected after an overnight fast of ≥ 8 h. All laboratory data were obtained 
from the first serum collection during hospitalization. The absolute value of peripheral white blood cells 
(WBCs), lymphocytes, serum creatinine, liver function indexes (alanine and aspartate aminotrans-
ferases), lipid profiles (total cholesterol, triacylglycerol, high-density lipoprotein cholesterol, and low-
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density lipoprotein cholesterol), and albumin were measured using standard methods. FMN levels were 
measured using the Roche automatic biochemical analyzer (Basel, Switzerland) and high performance 
liquid chromatography (Roche). The reference range for FMN was 1.15-2.25 mmol/L. Prognostic 
nutritional index (PNI) reflects the immune-nutritional status of patients and was determined by 
calculating serum albumin levels plus a fivefold total number of lymphocytes. PNI is associated with 
various cancers, such as lung, breast, and gynecological cancers[17].

Diagnostic criteria
The patients were diagnosed according to the Chinese Diagnostic Criteria and Treatment Protocol for 
COVID-19 (5th edition)[18].

Suspected cases: The patients were suspected to have COVID-19 based on a comprehensive analysis in 
combination with epidemiological history and clinical manifestations. The epidemiological history 
included: History of travel or residence in Wuhan and surrounding areas, or other communities where 
cases have been reported within 14 d before onset of illness; history of contact with a SARS-CoV-2-
infected patient (positive for nucleic acid test) within 14 d before onset of illness; history of contact with 
patients with fever or respiratory symptoms from Wuhan and surrounding areas, or from communities 
where cases have been reported, within 14 d before onset of illness; and aggregation onset. Clinical 
manifestations included: Fever and/or respiratory symptoms; imaging features of SARS-CoV-2 
pneumonia; normal or reduced total WBC count, or reduced lymphocyte count during the early stages 
of the disease. An individual with an epidemiological history and any two of the clinical manifestations 
were regarded as a suspected case. If there was no clear epidemiological history, three of the clinical 
manifestations should be satisfied.

Confirmed cases: Suspected cases with one of the following two tests being positive were regarded as 
confirmed cases: SARS-CoV-2 nucleic acid detected by real-time reverse transcription polymerase chain 
reaction in respiratory tract specimens or blood samples, and genomic sequencing of the respiratory or 
blood samples showing high homology with SARS-CoV-2.

Discharge criteria
A patient was discharged from isolation and transferred to other wards if his/her body temperature 
returned to normal and was stable for 3 d, respiratory symptoms improved significantly, lung imaging 
showed obvious improvement, and two nucleic acid tests were negative (sampling interval was at least 
1 d).

Reinfection criteria
SARS-CoV-2 reinfection was defined when a discharged patient had a positive result on the SARS-CoV-
2 nucleic acid test measured using nasopharyngeal swabs, sputum, lower respiratory tract secretions, 
blood, feces, and other samples.

Statistical analysis
IBM SPSS Statistics version 26 (IBM, Armonk, NY, United States) was used for statistical analyses. 
Normality of data distribution was determined by one-sample Kolmogorov-Smirnov test. Normally 
distributed data are expressed as the mean ± SD, and were determined using an independent group t-
test. Non-normally distributed data are expressed as the median and interquartile range and were 
analyzed using the Mann-Whitney U test. The c2 test was used for intergroup comparisons of categorical 
variables. Cox regression was used to determine the hazard ratio (HR) with 95% confidence interval (CI) 
for the positive reinfection across the tertiles of FMN levels, with the bottom tertile group as a reference. 
Kaplan-Meier analysis was used to determine the cumulative survival rate in patients with an FMN 
level higher than the top tertile compared with that in patients with nonelevated levels, tested using log-
rank test. A two-sided P value < 0.05 was considered statistically significant.

RESULTS
Baseline characteristics of the study cohort
Of the 146 patients with COVID-19, 72 were male (49%) and 74 were female (51%), with an average age 
of 49 years. Comparison between the nonelevated FMN and elevated FMN groups showed no 
significant difference in gender, respiratory failure, WBC count, C-reactive protein, PNI, alanine 
transferase, aspartate aminotransferase, serum creatinine, triglyceride, total cholesterol, high-density 
lipoprotein, or low-density lipoprotein (P > 0.05) (Table 1). The average age of patients with elevated 
FMN was higher than that of patients in the nonelevated FMN group [53 (43-58) years vs 47 (35-53) 
years, P = 0.008] (Table 1). There were significant differences in diabetes mellitus, hypertension, and 
corticosteroid therapy between the two groups (P < 0.05) (Table 1).
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Table 1 Baseline characteristics of the study cohort

Variable Total Elevated FMN1 Nonelevated FMN2 P value

Patients, n (%) 146 47 (68) 99 (32)

Gender, n (%) 0.319

Male 72 (49) 26 (36) 46 (64)

Female 74 (51) 21 (28) 53 (72)

Age (yr) 49 (39-55) 53 (43-58) 47 (35-53) 0.008

Diabetes mellitus, n (%) 17 (12) 14 (82) 3 (18) 0.000

Hypertension, n (%) 18 (12) 8 (44) 10 (56) 0.023

Respiratory failure, n (%) 12 (8) 6 (50) 6 (50) 0.291

Corticosteroid therapy, n (%) 30 (21) 5 (17) 25 (83) 0.041

WBC [(4.0 × 109/L)-(10.0 × 109/L)] 4.64 (3.63-5.82) 5.06 (3.85-6.45) 4.58 (3.45-5.40) 0.067

CRP (< 5 mg/L) 7.30 (5.0-25.60) 6.80 (5.0-34.90) 7.80 (5.0-23.60) 0.320

PNI 47.80 (44.26-50.58) 49.55 (46.05-50.95) 47.05 (44.05-49.55) 0.061

ALT (0-55 U/L) 20.50 (14.0-29.0) 22.00 (15.0-31.0) 19.00 (13.0-28.0) 0.138

AST (0-55 U/L) 23.00 (18.0-31.0) 25.00 (19.0-32.0) 22.00 (18.0-30.0) 0.016

SCR (45-84 μmol/L) 62 (50-74) 64 (55-73) 61 (50-75) 0.460

TC (3.60-5.70 mmol/L) 4.24 ± 0.77 4.11 ± 0.79 4.30 ± 0.76 0.176

TG (0.60-1.70 mmol/L) 1.16 (0.86-1.69) 1.22 (0.88-1.77) 1.14 (0.86-1.66) 0.239

HDL-C (1.09-2.27 mmol/L) 0.95 (0.80-1.16) 0.92 (0.76-1.16) 0.98 (0.83-1.16) 0.314

LDL-C (1.30-3.37 mmol/L) 2.30 (1.94-2.91) 2.22 (1.90-2.78) 2.32 (1.98-2.92) 0.242

Reinfection case, n (%) 11 (7.5) 8 (73) 3 (17) 0.008

1Upper third of fructosamine levels.
2Lower two-thirds of fructosamine levels.
Data are presented as the mean (SD) for normally distributed data and median (interquartile range) for non-normal distributed data. PNI = serum albumin 
(g/L) + 5 × lymphocyte count (× 109/L). P value was calculated using one-sample Kolmogorov-Smirnov test or t-test. WBC: White blood cell count; FMN: 
Fructosamine; CRP: C-reactive protein; PNI: Prognostic nutritional index; ALT: Alanine aminotransferase; AST: Aspartate aminotransferase; SCR: Serum 
creatinine; TG: Triglyceride; TC: Total cholesterol; HDL-C: High-density lipoprotein cholesterol; LDL-C: Low-density lipoprotein cholesterol.

Association of FMN levels with SARS-CoV-2 reinfection
The SARS-CoV-2 reinfection rate was significantly higher in patients in the elevated FMN group than in 
those in the nonelevated FMN group (17% vs 3%, P = 0.008) (Table 1). In the Cox regression model, 
disease-free survival (DFS) was used as the time variable, and reinfection was used as the state variable. 
After full adjustment, the elevated FMN group showed an increased risk of reinfection (HR = 6.249, 
95%CI: 1.377-28.351, P = 0.018; P for trend < 0.05) (Table 2).

Association of FMN with cumulative DFS rate
Kaplan-Meier survival analysis showed that the cumulative DFS rate in the elevated FMN group was 
lower compared to that of the nonelevated FMN group (83% vs 97%, P = 0.002) (Figure 2). The survival 
rate was determined using the log-rank test, and the P for trend was < 0.05.

DISCUSSION
We found that patients with elevated FMN levels were older compared to patients in the nonelevated 
FMN group. Elevated FMN levels were positively associated with reinfection rate as well as HR for 
reinfection, while the cumulative DFS rate was lower in patients in the elevated FMN group. These 
results demonstrate that FMN levels may influence the prognosis of patients with COVID-19. COVID-19 
is an acute inflammatory disease. Previous studies have demonstrated that patients with diabetes and 
severe disease were less likely to experience recurrence of SARS-CoV-2 infection[19]; however, patients 
with uncontrolled diabetes had an increased risk of reinfection[20]. Blood glucose monitoring reflects 
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Table 2 Association of fructosamine levels with SARS-CoV-2 reinfection

FMN dichotomy B SE HR 95%CI P value

Model 1 1.827 0.677 6.214 1.647-23.438 0.007

Model 2 1.898 0.759 6.674 1.507-29.544 0.012

Model 3 1.832 0.772 6.249 1.377-28.351 0.018

Model 1: Unadjusted. Model 2: Adjusted for age, gender, diabetes mellitus, corticosteroid therapy, and hypertension. Model 3: Adjusted for Model 2 and 
acute liver failure, acute kidney failure, white blood cell count, C-reactive protein, prognostic nutritional index, and blood lipids. P value for hazard ratio 
with 95% confidence interval was calculated using Cox regression models to indicate a significant association. FMN: Fructosamine; HR: Hazard ratio; CI: 
Confidence interval.

Figure 2 Association of fructosamine levels with cumulative disease-free survival rate. FMN: Fructosamine.

glucose levels at the point of testing and does not reflect overall blood glucose control. Compared to 
HbA1c, FMN can reflect blood glucose changes more recently. Previous studies have demonstrated that 
FMN is a good predictor of adverse events following total knee arthroplasty. Patients with high FMN 
levels were more likely to develop prosthetic joint infections compared to patients with low FMN levels. 
Unlike FMN, HbA1c does not show a significant association with complications[6]. FMN but not HbA1c 
is a significant predictor of infection in hemodialysis and diabetes patients with acute infections[21]. In 
our study, we found that FMN was associated with SARS-CoV-2 reinfection. Compared to patients with 
low FMN levels, patients with high FMN levels were found to have a higher reinfection rate. Patients 
with high FMN levels had a higher HR for reinfection, while patients with low FMN levels had higher 
cumulative DFS rates. It appears that FMN levels may predispose individuals to reinfection. Thus, the 
clinical focus should be on maintaining consistent euglycemia, using standard point-of-care glucose 
checks.

FMNs are advanced glycation end products (AGEs) generated when glucose reacts reversibly with 
amino groups in proteins. Reversible aldehyde imine intermediate is formed by the aldehyde group of 
carbohydrates and the N-terminal amino acids of proteins. However, irreversible AGEs are generated 
through a Maillard reaction[22]. Maillard reactions have been shown to impair cellular function[23]. 
FMN-3 kinase-related protein, designated as a potential longevity protein[24], can catalyze deglycation 
of Maillard intermediates directly downstream from FMN, thereby reducing AGE levels[25,26]. Several 
studies have demonstrated that AGE levels increase with age[27]. In our study, we found that older 
patients had higher FMN levels.

High FMN levels usually reflect hyperglycemia, which may lead to poor outcomes. Hyperglycemia 
enhances the expression of angiotensin-converting enzyme (ACE)2, which is the major cell entry 
receptor for SARS-CoV-2. ACE2 is widely expressed in the kidneys, lungs, and intestinal mucosal cells. 
SARS-CoV-2 can replicate abundantly in these sites and may contribute to reinfection[28] (Figure 3). 
Physiologically, hyperglycemia leads to a significant decrease in lymphocyte count, i.e., CD3+ and CD4+ 
T cells, which in turn reduces humoral immunity mediated by macrophages and dendritic cells, and 
induces interleukin-6, tumor necrosis factor α, etc. to induce a cytokine storm[29]. This immunological 
disorder may increase the occurrence of antibody-dependent enhancement (ADE). In patients who are 
positive for coronavirus-specific antibodies or are infected by different virus strains, their antibodies 
may not neutralize the infection, but instead trigger FCγ receptor-mediated uptake of the virus, leading 
to an increase in virus numbers in the body[30,31] (Figure 4). Hence, ADE may be another pathological 
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Figure 3 Potential pathways for reinfection in patients with high fructosamine levels and increased angiotensin-converting enzyme 2 
expression. FMN: Fructosamine; ACE2: Angiotensin-converting enzyme 2; SARS-CoV-2: Severe acute respiratory syndrome coronavirus 2.

Figure 4 Potential pathways of reinfection in patients with high fructosamine levels with immunological disorders. FMN: Fructosamine; 
ACE2: Angiotensin-converting enzyme 2; SARS-CoV-2: Severe acute respiratory syndrome coronavirus 2; INF: Interferon; IL: Interleukin; ADE: Antibody-dependent 
enhancement.

mechanism of positive securement of SARS-CoV-2.
There were some limitations to the present study, which may have introduced potential bias. First, 

the study was a prospective, single center, small cohort study. Additional multicenter studies using 
larger patient cohorts should be performed to validate our findings. Second, HbA1c data for some of the 
patients were not available, which affected our comparative analysis of HbA1c and FMN levels. Third, 
diabetes was not excluded in the inclusion criteria, but we adjusted for diabetes.
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CONCLUSION
Elevated FMN levels were found to predispose COVID-19 patients to reinfection and hence should be 
followed closely to monitor reinfection.

ARTICLE HIGHLIGHTS
Research background
Diabetes is a risk factor for coronavirus disease 2019 (COVID-19) which results in increased severity and 
mortality but has no relationship with COVID-19 reinfection. No study has reported the relationship 
between COVID-19 reinfection and blood levels of fructosamine (FMN). The present study for the first 
time reported this relationship.

Research motivation
We mainly investigate the relationship between blood levels of FMN and COVID-19 reinfection.

Research objectives
We found that FMN levels may influence the prognosis of patients infected with COVID-19, which 
highlight that the hospitalization patients with elevated levels of FMN should be cautiously monitored 
at post discharge.

Research methods
A total of 146 inpatients from the designated isolation hospital for COVID-19 patients, who were 
satisfied based on the diagnostic criteria and treatment protocol of COVID-19 (Fifth edition). The study 
cohort was divided into two groups based on FMN levels, elevated FMN was defined as levels higher 
than its upper tertile value, with the average follow-up period being one year. Cox regression was used 
to determine the hazard ratios (HRs) with 95% confidence intervals for the positive reinfection across 
the tertiles of FMN levels. Kaplan-Meier analysis was used to determine the cumulative survival rate in 
the patients with higher than the top tertiles of FMN levels compared with those with non-elevated 
levels, tested using log-rank.

Research results
We found that patients with elevated FMN levels were older than the non-elevated FMN group. 
Elevated FMN levels were positively associated with reinfection rate as well as HR for reinfection, while 
the cumulative disease-free survival rate was lower for patients in the elevated FMN group. These 
results demonstrate that FMN levels may influence the prognosis of patients infected with COVID-19.

Research conclusions
Elevated levels of FMN are independently associated with COVID-19 reinfection, which highlight that 
the COVID-19 patients with elevated levels of FMN should be followed up closely to monitor 
reinfection.

Research perspectives
Additional multicenter, hemoglobin A1c data available studies using larger patient cohorts should be 
performed to validate our findings.
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Abstract
BACKGROUND 
Osteoporosis and type 2 diabetes (T2D) have been recognized as a widespread 
comorbidity leading to excess mortality and an enormous healthcare burden. In 
T2D, bone mineral density (BMD) may underestimate the risk of low-energy 
fractures as bone quality is reduced. It was hypothesized that a decrease in the 
trabecular bone score (TBS), a parameter assessing bone microarchitecture, may 
be an early marker of impaired bone health in women with T2D.

AIM 
To identify clinical and body composition parameters that affect TBS in postmeno-
pausal women with T2D and normal BMD.

METHODS 
A non-interventional cross-sectional comparative study was conducted. 
Potentially eligible subjects were screened at tertiary referral center. Postmeno-
pausal women with T2D, aged 50-75 years, with no established risk factors for 
secondary osteoporosis, were included. BMD, TBS and body composition 
parameters were assessed by dual-energy X-ray absorptiometry. In women with 
normal BMD, a wide range of anthropometric, general and diabetes-related 
clinical and laboratory parameters were evaluated as risk factors for TBS decrease 
using univariate and multivariate regression analysis and analysis of receiver 
operating characteristic (ROC) curves.

RESULTS 
Three hundred twelve women were initially screened, 176 of them met the 
inclusion criteria and underwent dual X-ray absorptiometry. Those with reduced 
BMD were subsequently excluded; 96 women with normal BMD were included in 
final analysis. Among them, 43 women (44.8%) showed decreased TBS values (≤ 
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1.31). Women with TBS ≤ 1.31 were taller and had a lower body mass index (BMI) when compared 
to those with normal TBS (Р = 0.008 and P = 0.007 respectively). No significant differences in 
HbA1c, renal function, calcium, phosphorus, alkaline phosphatase, PTH and 25(ОН)D levels were 
found. In a model of multivariate linear regression analysis, TBS was positively associated with 
gynoid fat mass, whereas the height and androgen fat mass were associated negatively (all P < 
0.001). In a multiple logistic regression, TBS ≤ 1.31 was associated with lower gynoid fat mass 
(adjusted odd ratio [OR], 0.9, 95% confidence interval [CI], 0.85-0.94, P < 0.001), higher android fat 
mass (adjusted OR, 1.13, 95%CI, 1.03-1.24, P = 0.008) and height (adjusted OR, 1.13, 95%CI, 1.05-
1.20, P < 0.001). In ROC-curve analysis, height ≥ 162.5 cm (P = 0.04), body mass index ≤ 33.85 
kg/m2 (P = 0.002), gynoid fat mass ≤ 5.41 kg (P = 0.03) and android/gynoid fat mass ratio ≥ 1.145 (
P < 0.001) were identified as the risk factors for TBS reduction.

CONCLUSION 
In postmenopausal women with T2D and normal BMD, greater height and central adiposity are 
associated with impaired bone microarchitecture.

Key Words: Diabetes; Osteoporosis; Bone mineral density; Trabecular bone score; Obesity; Body 
composition

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: In this study, we assessed the impact of a wide range of general and diabetes-related parameters 
on trabecular bone score (TBS) in postmenopausal women with type 2 diabetes (T2D) and normal bone 
mineral density (BMD). A decrease in TBS was revealed in 44.8% of study participants. These data 
indicate that a substantial proportion of postmenopausal women with T2D and normal BMD may have 
impaired bone microarchitecture. Greater height and central adiposity turned out to be the risk factors for 
decreased TBS in these women.

Citation: Fazullina ON, Korbut AI, Klimontov VV. Factors associated with trabecular bone score in 
postmenopausal women with type 2 diabetes and normal bone mineral density. World J Diabetes 2022; 13(7): 553-
565
URL: https://www.wjgnet.com/1948-9358/full/v13/i7/553.htm
DOI: https://dx.doi.org/10.4239/wjd.v13.i7.553

INTRODUCTION
Type 2 diabetes (T2D) and bone fractures have been recognized as a widespread comorbidity leading to 
excess mortality and an enormous healthcare burden[1,2]. Recent data from the Continuous National 
Health and Nutrition Examination Survey (NHANES) indicate an increasing prevalence of osteoporosis 
and osteopenia in the US among T2D patients[3]. People with T2D have higher risk of vertebral and 
some non-vertebral fractures than non-diabetic individuals[4,5], regardless of normal or even increased 
bone mineral density (BMD)[6,7]. This “diabetic paradox” has been attributed to the modified effect of 
hyperglycemia, obesity and related factors on BMD[8]. As BMD assessment may lead to underes-
timation of a fracture risk in T2D, additional parameters of bone health should be taken into consid-
eration.

In recent years, the Trabecular Bone Score (TBS) on lumbar spine dual X-ray absorptiometry (DXA) 
images is increasingly applied for the assessment of bone microarchitecture. It had been demonstrated 
that low TBS is associated with both prevalent and incident fractures; therefore, TBS was incorporated 
in the Fracture Risk Assessment tool (FRAX) algorithm[9]. The impaired bone microarchitecture is 
considered as a major contributor to fracture risk in T2D[10]. Accordingly, the utility of TBS for 
osteoporotic fracture risk assessment was shown in postmenopausal women with T2D[11,12]. 
Individuals with diabetes as compared to those without have significantly lower TBS[13,14]; the 
difference is greater in women[13]. It could be speculated that the reduction of TBS is an earlier event in 
the deterioration of bone health in T2D than BMD decrease. However, at present, data on TBS in 
postmenopausal women with T2D and normal BMD is limited, and predictors of the TBS decrease in 
these women need to be refined.

A growing body of evidence indicates the pivotal role of hyperglycemia-related biochemical 
abnormalities, as well as obesity and dysregulated adipokine production, in the pathogenesis of 
increased bone fragility in T2D[15,16]. Nevertheless, the role of diabetes-related factors and fat accumu-
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lation at early stages of bone metabolic disease in T2D needs further research.
Therefore, in this study we aimed to identify clinical and body composition parameters that affect 

TBS in postmenopausal women with T2D and normal BMD.

MATERIALS AND METHODS
Design
A non-interventional cross-sectional comparative study was conducted.

To be included in the study, women had to meet the following criteria: (1) Caucasian origin; (2) Age 
50-75 years; (3) Time since menopause ≥ 1 year; (4) Known T2D duration ≥ 1 year; and (5) Normal BMD 
assessed by DXA.

The following list of exclusion criteria was applied: Endocrine diseases other than T2D 
(hyperthyroidism, hypothyroidism, hyperparathyroidism, hypopituitarism, acromegaly, and Cushing 
syndrome); Rheumatic diseases (rheumatoid arthritis, psoriatic arthritis, spondyloarthritis, systemic 
lupus erythematosus, systemic sclerosis, vasculitis, and crystal-induced arthritis); Inflammatory bowel 
diseases, celiac disease, malabsorption or bariatric surgery in medical history; Chronic kidney disease 
with an estimated glomerular filtration rate (eGFR) less than 45 mL/min/1.73 m2; Ever diagnosed with 
any kind of malignancy; Immobilization for more than one month in medical history; Treatment with 
thiazolidinediones, glucocorticoids, anticonvulsants or immunosuppressive drugs, postmenopausal 
hormonal replacement therapy, anti-osteoporotic therapy at the time of the study or in the past.

Potentially eligible subjects were screened at the clinic of Research Institute of Clinical and Experi-
mental Lymphology - Branch of the Institute of Cytology and Genetics, Siberian Branch of Russian 
Academy of Sciences (Novosibirsk, Russa), a tertiary referral center. All women underwent a detailed 
clinical  examination, which included the assessment of glycemic control,  in-depth 
screening/monitoring of diabetic complications and associated diseases. Women who met the inclusion 
criteria (1-4) and did not have the exclusion criteria underwent DXA to determine body composition, 
BMD and TBS. Those with abnormal BMD (T-score ≤ -1 SD) were excluded. The rest of the participants 
were divided into 2 groups: 1) women with normal TBS (>1.31); 2) women with TBS reduction (≤1.31). 
The cut-off TBS value was chosen according to the results of meta-analysis [17]. The risk factors for TBS 
reduction were estimated by univariate and multivariate regression analysis and analysis of receiver 
operating characteristic (ROC)-curves.

Ethical issues
The study protocol was approved by the Ethical Committee of the clinic of Research Institute of Clinical 
and Experimental Lymphology - Branch of the Institute of Cytology and Genetics, Siberian Branch of 
Russian Academy of Sciences (protocol N. 104 from 20 December 2014). All study participants provided 
informed written consent prior to study enrollment.

Methods 
DXA and fracture risk assessment: The BMD and T-score at the lumbar spine (L1–L4), femur, femoral 
neck and forearm were assessed by DXA (Lunar Prodigy Advance bone densitometer, GE healthcare, 
Madison, WI, United States; database NHANES III; the Least significant change is 0.028 g/cm2 for L1-L4, 
0.033 g/cm2 for femur, and 0.055 g/cm2 for radius 33%). The TBS was estimated with the use of TBS 
iNsight software (version 3.0.2.0, GE healthcare). The Body Composition software (GE healthcare) was 
applied for assessment of body composition parameters, including bone mineral component, fat mass 
and lean mass, and fat distribution. Fat distribution patterns were differentiated based on the ratio of fat 
mass in the abdominal and hip areas (android and gynoid fat mass respectively)[18].

The FRAX tool (web version 4.3, country-specific algorithm, https://www.sheffield.ac.uk/FRAX/to
ol.aspx?country=13) was used to determine the ten-year risk of low-energy fractures. Both TBS-
unadjusted and TBS-adjusted FRAX scores were calculated.

Laboratory investigations: The measurements of the levels of glycated hemoglobin A1с (HbA1c), total 
cholesterol, low-density lipoprotein cholesterol, high-density lipoprotein cholesterol, triglycerides, uric 
acid, creatinine, calcium, phosphorus and alkaline phosphatase were performed with a biochemical 
analyzer AU480 (Beckman Coulter, Minneapolis, MN, United States). eGFR was calculated using the 
CKD-EPI formula (2009). Albumin concentrations were determined in the morning urine samples by 
immunoturbidimetric method with a fully automated chemistry analyzer BS-120 (Mindray, Shenzhen, 
China); the result was adjusted to excreted creatinine. Serum levels of PTH and 25(OH)D were 
measured by ELISA with the use of Access 2 Immunoassay System analyzer (Beckman Coulter) and 
Access Intact PHT, Access 25(OH) Vitamin D Total kits (Beckman Coulter).

Statistical analysis
Dell Statistica 13.0 (Dell Software, Aliso Viejo, CA, United States) was used for most of the applied 
statistical procedures. The sample size was calculated with a predetermined Type I error rate α = 0.05, 
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power goal 1–β = 80% and standardized size effect 0.5 for clinical characteristics (age, duration of 
diabetes, age and duration of menopause, height, body weight, body mass index [BMI], waist-to-hip 
circumference), laboratory parameters (HbA1c, eGFR, calcium, phosphorus, 25(OH)D, PTH) and body 
composition (fat and lean mass, android and gynoid fat mass and percentage, android/gynoid fat mass 
ratio). The minimal number of participants in each group was defined as 34 persons. Assuming the 
prevalence of osteoporosis[19,20] and decreased TBS[21,22] in patients with T2D and using principles 
described previously[23,24], we estimated the minimal number of study participants as 150 individuals.

Quantitative data are presented as medians (lower quartiles; upper quartiles), frequencies are 
presented as percentages (%). The Kolmogorov–Smirnov (KS) test was applied to test the normality. As 
the majority of the quantitative parameters were not distributed normally, the non-parametric 
Mann–Whitney U-test was used for the group comparisons. The differences in discrete parameters were 
assessed using the χ2 test. P values below 0.05 were considered as significant.

Spearman rank correlation analysis was applied to test associations between variables. Multiple linear 
regression analysis with backward elimination was used to reveal factors affecting TBS. The description 
of the model included beta coefficients with standard errors and P values, adjusted coefficient of 
determination (R2), standard error of estimate and P value of the model.

Multiple logistic regression analysis with backward elimination was used to identify predictors of 
decreased TBS. The models with lower KS statistics p value and higher area under the curve (AUC), 
selectivity (Se), and specificity (Sp) were selected. Crude and adjusted odd ratio (OR), 95% confidence 
interval (CI) and P value were calculated for parameters included in the models.

To assess the parameters associated with decreased TBS, ROC-curve analysis was performed with 
IBM SPSS Statistics for Windows, Version 26.0 (International Business Machines Corporation, Armonk, 
NY, USA). The AUC with 95%CI and P value were calculated. The results were considered significant if 
the AUC with a lower border of 95%CI was above 0.5 and P value was below 0.05. The cut-off values 
were found with both Se and Sp above 0.55.

RESULTS
Study participants 
Three hundred twelve women were initially screened, 176 of them met the inclusion criteria (1-4). These 
subjects underwent DXA with BMD and TBS assessment. According to DXA results, 17 women had 
osteoporosis and 63 had osteopenia; these individuals were excluded. Ultimately, 96 women with 
normal BMD were included in the final analysis.

The mean age of women was 64 years (range: 50-75 years) and mean time since menopause was 16 
years (range: 1-37 years). Thirteen women were overweight, 79 were obese and four had a normal BMI. 
The BMI ranged from 19.1 to 50.2 kg/m2 (median 33.6 kg/m2). The duration of T2D varied from 1 to 48 
years (median 15 years). All patients received antihyperglycemic therapy, including metformin (n = 80), 
sulfonylurea (n = 34), sodium glucose cotransporter 2 inhibitors (n = 26), dipeptidyl peptidase-4 
inhibitors (n = 9), and insulin (n = 70), mostly in combinations. The mean level of HbA1c was 8.76% 
(72.2 mmol/mol), ranging from 5.61 to 13.64% (37.7 to 125.6 mmol/mol).

Characteristics of women with T2D depending on TBS values
The clinical characteristics of women with preserved and decreased TBS are presented in Table 1. 
Women with TBS ≤ 1.31 were taller and had a lower BMI when compared to those with normal TBS (Р = 
0.008 and P = 0.007 respectively). There was a trend towards greater age and longer diabetes duration in 
women with TBS ≤ 1.31 (P = 0.09 and P = 0.052 respectively). The levels of HbA1c were slightly higher 
in women with TBS ≤ 1.31, but the difference with women with TBS > 1.31 were not statistically 
significant (P = 0.13). No differences in HbA1c, eGFR, calcium, phosphorus, alkaline phosphatase, PTH 
and 25(ОН)D levels were found between the groups. Most women, including 45 (84.9%) with TBS > 1.31 
and 38 women (88.4%) with TBS ≤ 1.31, had 25(OH)D concentrations < 30 ng/mL. The prevalence of 
diabetic complications and diabetes-associated conditions, as well as antihyperglycemic therapy, did not 
differ between the groups.

Six women with TBS > 1.31 and 14 women with TBS ≤ 1.31 had at least one fracture in their medical 
history (χ2 = 5.64, P = 0.02). Two women with TBS > 1.31 had a low-energy fracture (humerus, tibia) in 
anamnesis. In the group of patients with TBS ≤ 1.31, nine women reported low-energy fractures of spine 
(n = 2), radius (n = 4), femur neck (n = 1) and humerus (n = 2). A difference in the prevalence of low-
energy fractures was statistically significant (χ2=6.05, P = 0.01). At the same time, there were no 
differences in BMD and T-score between two groups (Table 2). The 10-year risk of low-grade hip 
fractures was higher in those with TBS ≤ 1.31 (all P < 0.0001). The inclusion of TBS data in the FRAX 
algorithm exacerbated the differences between the groups.

Women with reduced TBS had lower gynoid fat mass and higher android/gynoid fat mass ratio (P = 
0.004 and P < 0.0001 respectively). No differences in trunk fat mass, lean mass and BMC were found 
(Table 3).
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Table 1 Clinical characteristics of postmenopausal women with type 2 diabetes depending on trabecular bone score values

Parameter Women with TBS > 1.31 (n = 53) Women with TBS ≤ 1.31 (n = 43) P value

Age (yr) 62 (59; 68) 65 (59; 72) 0.09

Age at menopause (yr) 50 (46; 53) 50 (45; 52.5) 0.6

Time since menopause (yr) 14 (10; 19) 17 (9; 21.5) 0.72

Diabetes duration (yr) 14 (10; 20) 19 (12; 23) 0.052

Height (cm) 160 (156; 165) 164 (160; 167) 0.008

Body weight (kg) 90 (81; 101) 84 (80; 93) 0.2

BMI (kg/m2) 35.3 (32.5; 37.2) 32 (29.7; 34.9) 0.007

WHR 0.95 (0.93; 1.0) 1.02 (0.9; 1.05) 0.37

HbA1c (%) 8.5 (7.1; 9.3) 8.9 (7.7; 10.1) 0.13

Total cholesterol (mmol/L) 4.4 (4.1; 5.6) 5.1 (3.9; 5.7) 0.44

LDL-cholesterol (mmol/L) 2.9 (2.6; 3.7) 3.4 (2.7; 3.9) 0.21

HDL-cholesterol (mmol/L) 1.3 (1.1; 1.5) 1.2 (1.1; 1.5) 0.67

Triglycerides (mmol/L) 1.8 (1.1; 2.5) 2.1 (1.4; 2.7) 0.31

hsCRP (mmol/L) 3.1 (1.8; 8.3) 3.3 (1.5; 7.3) 0.71

Calcium (mmol/L) 2.4 (2.4; 2.5) 2.4 (2.4; 2.5) 0.96

Phosphorus (mmol/L) 1.2 (1.1; 1.4) 1.3 (1.2; 1.4) 0.11

Alkaline phosphatase (IU/L) 84.6 (67.3; 107.3) 81.1 (64.8; 98.5) 0.66

PTH (pg/mL) 32.4 (24; 45.4) 31.2 (15.3; 39.0) 0.36

25(OH)D (ng/mL) 21.3 (15.8; 26.5) 18.7 (12.4; 24.2) 0.07 

eGFR (mL/min/1.73 m2) 76 (55; 93) 72 (57; 92) 0.7

UACR (mg/mmoL) 0.6 (0.3; 1.1) 0.5 (0.3; 1.0) 0.18

Diabetic retinopathy, n (%) 24 (45.3%) 24 (55.8%) 0.38

CKD, n (%) 22 (41.5%) 20 (46.5%) 0.89

Diabetic neuropathy, n (%) 53 (100%) 43 (100%) 0.76

Peripheral artery disease, n (%) 19 (35.8%) 19 (48.3%) 0.42

Coronary artery disease, n (%) 17 (32.1%) 11 (27.6%) 0.59

Metformin, n (%) 43 (81.1%) 37 (86%) 0.68

Sulfonylurea, n (%) 20 (37.7%) 14 (32.6%) 0.67

DPP4 inhibitor, n (%) 3 (5.7%) 6 (14%) 0.49

SGLT2 inhibitor, n (%) 16 (30.2%) 10 (23.3%) 0.56

Insulin, n (%) 38 (71.7%) 32 (74.4%) 0.82

Fracture in medical history, n (%) 6 (11.3%) 14 (32.6%) 0.02

Low-energy fracture in medical history, n 
(%)

2 (3.8%) 9 (20.9%) 0.01

Data are presented as medians (25; 75 percentiles). TBS: Trabecular bone score; BMI: Body mass index; WHR: Waist-to-hip ratio; HbA1c: Hemoglobin A1c; 
LDL: Low-density lipoprotein; HDL: High-density lipoprotein; hsCRP: High-sensitivity C-reactive protein; PTH: Parathyroid hormone; 25(ОН)D: 25-
hydroxyvitamin D; eGFR: Estimated glomerular filtration rate; UACR: Urinary albumin-to-creatitine ratio; CKD: Chronic kidney disease; DPP4: Dipeptidyl 
peptidase-4; SGLT2: Sodium glucose cotransporter 2.

Associations of TBS with clinical and laboratory parameters 
In observed women, TBS correlated positively with BMI (r = 0.33, P = 0.001), total fat mass (r = 0.26, P = 
0.01) and gynoid fat mass (r = 0.39, P = 0.001). Height and android/gynoid fat mass ratio demonstrated 
inverse correlations with TBS (r = -0.26, P = 0.01 and r = -0.44, P = 0.00001 respectively), meanwhile, all 
assessed laboratory parameters, with the exception of 25(OH)D, did not show significant relationships. 
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Table 2 Dual X-ray absorptiometry parameters and Fracture Risk Assessment tool scores in postmenopausal women with type 2 
diabetes depending on trabecular bone score values

Parameter Women with TBS > 1.31 (n = 53) Women with TBS ≤ 1.31 (n = 43) P value

TBS 1.465 (1.39; 1.514) 1.206 (1.127; 1.271) < 0.001

T-score, minimal 0.0 (-0.5; 0.5) -0.2 (-0.6; 0.3) 0.42

T-score, L1-L4 0.9 (0.1; 1.7) 1.0 (0.1; 1.7) 0.84

T-score, femoral neck 0.1 (-0.2; 0.7) -0.05 (-0.5; 0.5) 0.42

T-score, total femur 1.3 (0.85; 1.6) 1.3 (0.6; 1.8) 0.97

T-score, radius 0.3 (-0.3; 0.7) -0.05 (-0.7; 0.7) 0.27

BMD, L1-L4 (g/cm2) 1.278 (1.197; 1.387) 1.317 (1.205; 1.39) 0.86

BMD, neck (g/cm2) 1.044 (1.011; 1.129) 1.045 (0.968; 1.105) 0.45

BMD, total femur (g/cm2) 1.173 (1.099; 1.210) 1.178 (1.088; 1.237) 0.85

BMD, radius, (g/cm2) 0.897 (0.849; 0.939) 0.873 (0.816; 0.938) 0.27

FRAX major (%) 6.1 (5.7; 6.8) 6.4 (5.7; 7.1) 0.38

FRAX hip (%) 0.1 (0.1; 0.3) 0.3 (0.1; 0.4) 0.08 

FRAX major, TBS-adjusted (%) 5.1 (4.6; 6.0) 7.8 (6.9; 9.2) < 0.001

FRAX hip, TBS-adjusted (%) 0.1 (0.0; 0.2) 0.4 (0.2; 0.6) < 0.001

Data are presented as medians (25; 75 percentiles). TBS: Trabecular bone score; BMD: Bone mineral density; FRAX: The Fracture Risk Assessment Tool; 
FRAX hip: 10-year risk of hip low-energy fractures; FRAX major: 10-year risk of major low-energy fractures.

Table 3 Body composition parameters in postmenopausal women with type 2 diabetes depending on trabecular bone score values

Parameter Women with TBS > 1.31 (n = 53) Women with TBS ≤ 1.31 (n = 43) P value

Total fat mass (%) 45.1 (41.7; 48.3) 43.7 (40.2; 46.2) 0.1

Total fat mass (kg) 40.4 (33.0; 40.4) 36.8 (32.4; 39.5) 0.12

Trunk fat mass (kg) 23.0 (18.8; 25.9) 21.9 (20.2; 25.1) 0.89

Android fat mass (kg) 4.0 (2.9; 4.6) 3.9 (3.5; 4.7) 0.47

Gynoid fat mass (kg) 5.8 (4.9; 6.9) 4.9 (4.3; 5.9) 0.004

Android/gynoid fat mass ratio 1.07 (0.99; 1.17) 1.18 (1.12; 1.29) < 0.001

Lean mass (kg) 48.2 (44.4; 52.0) 47.7 (44.0; 52.1) 0.83

Bone mineral component (kg) 2.5 (2.4; 2.6) 2.5 (2.3; 2.7) 0.8

Data are presented as medians (25; 75 percentiles). TBS: trabecular bone score.

The levels of 25(OH)D demonstrated weak positive correlation with TBS (r = 0.21, P = 0.042). In 
addition, 25(OH)D correlated negatively with android fat mass (r = -0.20, P = 0.048), waist circum-
ference (r = -0.24, P = 0.024), PTH (r = -0.34, P = 0.006), and alkaline phosphatase (r = -0.28, P = 0.007).

In a model of multivariate linear regression analysis, TBS was positively associated with gynoid fat 
mass (+0.007 per each 100 g), whereas the influence of height and androgen fat mass was negative (-
0.008 per each cm and and -0.007 per each 100 g, respectively, Table 4). The same factors were identified 
in a multiple logistic regression model (Table 5). Thus, gynoid fat mass turned out to be a protective 
factor for TBS (-10% per each 100 g), while height and android fat mass were the risk factors for TBS 
reduction (+13% per each cm and each 100 g). However, the influence of android fat mass became 
significant only after being adjusted on height and gynoid fat mass. Moreover, the influence of all 
factors included in the logistic regression model increased after adjustment.

We have used ROC-analysis to estimate the cut-off values of the factors associated with TBS (Table 6). 
The height ≥ 162.5 cm, BMI ≤ 33.85 kg/m2, gynoid fat mass ≤ 5.4 kg (≤ 43.2%), and android/gynoid fat 
mass ratio ≥ 1.15 were identified as the risk factors of decreased TBS.
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Table 4 Factors associated with trabecular bone score in postmenopausal women with type 2 diabetes

Parameter Coefficient β ± SE P value

Height (cm) -0.008 ± 0.002 < 0.001

Android fat (100 g) -0.007 ± 0.002 < 0.001

Gynoid fat (100 g) 0.007 ± 0.002 < 0.001

The linear regression models with backward stepwise selection. Parameters of the model: Intercept 2.54 ± 0.39, adjusted R2 0.31, SE of estimate 0.14, P value 
< 0.001.

Table 5 Factors associated with decreased trabecular bone score in postmenopausal women with type 2 diabetes

Parameter Crude OR, 95%CI, P value Adjusted OR, 95%CI, P value

Height, cm 1.10 (1.02-1.19), P = 0.01 1.13 (1.03-1.24), P = 0.008

Android fat, 100 g 1.02 (0.98-1.05), P = 0.38 1.13 (1.05-1.20), P < 0.001

Gynoid fat, 100 g 0.96 (0.93-0.99), P = 0.01 0.90 (0.85-0.94), P < 0.001

The logistic regression models with forward stepwise selection. Parameters of the model: Intercept 19.0, Kolmogorov–Smirnov test P value < 0.001, area 
under the curve 0.82, Selectivity 0.74, Specificity 0.77, OR 7.69, 95%CI (3.08-19.2), P < 0.001 for cut-off value of logistic function = 0.47. 95%CI: 95% 
confidence interval; OR: Odd ratio.

Table 6 Risk factors of decreased trabecular bone score in postmenopausal women with type 2 diabetes estimated by receiver 
operating characteristic-analysis

Parameter Cut-off points Se Sp AUC ± SE (95%CI), P value OR (95%CI), P value

Height (cm) ≥ 162.5 0.605 0.604 0.66 ± 0.06 (0.55-0.77), P = 0.009 2.33 (1.02-5.31), P = 0.04

BMI (kg/m2) ≤ 33.85 0.70 0.62 0.66 ± 0.06 (0.55-0.77), P = 0.008 3.81 (1.62-8.96), P = 0.002

Gynoid fat (kg) ≤ 5.41 0.63 0.60 0.67 ± 0.06 (0.56-0.78), P = 0.004 2.49 (1.09-5.71), P = 0.03

Android fat mass (kg) ≥ 3.95 0.49 0.48 0.54 ± 0.06 (0.43-0.66), P = 0.46 0.88 (0.39-1.98), P = 0.76

Android/gynoid fat ≥ 1.145 0.70 0.71 0.75 ± 0.05 (0.66-0.85), P < 0.001 5.69 (2.35-13.79), P < 0.001

Sp: Specificity; Se: Sensitivity; AUC: Area under the curve; SE: Standard error; OR: Odd ratio; 95%CI: 95% Confidence interval; BMI: Body mass index.

DISCUSSION
In this study, we investigated the effects of a number of anthropometric parameters, general and 
diabetes-related clinical characteristics and body composition on bone microarchitecture, assessed by 
TBS, in postmenopausal women with T2D and normal BMD.

To date, several imaging modalities, including DXA, radiography, micro-computed tomography, 
high-resolution peripheral quantitative computed tomography (HR-pQCT), and high-resolution 
magnetic resonance imaging, have been proposed for bone quality assessment[25]. Among these 
methods, HR-pQCT and TBS are the most used tools to study the bone microarchitecture in diabetes
[26]. HR-pQCT is a non-invasive three-dimensional imaging modality for assessment of bone microar-
chitecture and bone strength in the appendicular skeleton (i.e., distal radius and tibia)[27]. In the 
Framingham-HR-pQCT study a modest deterioration in cortical bone and reductions in bone area in 
patients with T2D were revealed[28]. At the same time, in another population-based study by Nilsson et 
al[29] more favorable bone microarchitecture was observed in elderly women with T2D compared to 
non-diabetic subjects. TBS is a gray-level textural metric that can be extracted from the two-dimensional 
lumbar spine DXA image[30]. This analytical method for bone microarchitecture assessment is more 
available and less expensive than HRpQCT.

The normal range for TBS remains a matter of debate. In 2012, an international working group of TBS 
users proposed the following criteria: TBS ≥ 1.35 is considered to be normal; TBS between 1.20 and 1.35 
indicates partially degraded microarchitecture; finally, TBS ≤ 1.20 defines degraded microarchitecture
[31]. Later, based on the results of meta-analysis of 14 population cohort studies from North America, 
Asia, Australia, and Europe (n = 17809) estimated relationship between TBS and fracture risk, slightly 
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different criteria for assessing TBS have been proposed[17]. TBS > 1.31 was attributed to normal 
microarchitecture, TBS values between 1.23 and 1.31 were associated with partially degraded microar-
chitecture, and TBS < 1.23 was considered as an indicator of degraded microarchitecture. Taken into 
account that fractures are the most important clinical events related to the bone health, in this study we 
also used the cut-off value 1.31 to differentiate women with normal and degrade microarchitecture. This 
cut-off point has been also applied in recent osteoporosis studies[32,33]. Given the relatively small 
sample size, we did not distinguish a subgroup of patients with borderline TBS (1.23–1.31).

A significant proportion (44.8%) of women in our study showed TBS values less than 1.31. Earlier it 
was found that T2D women 50 years old and over had lower TBS but higher BMD when compared to 
non-diabetic women[11]. Postmenopausal women with newly diagnosed T2D showed a decrease in TBS 
and bone formation markers[34]. A recent study has demonstrated a negative association between TBS 
and pre-diabetes in subjects aged over 60 years and discordance between TBS and BMD in these subjects
[35]. Therefore, the reduction of TBS may reflect an early stage of the impairment of bone health in 
diabetes. Previously an inverse association between age and TBS was observed in population studies in 
French and non-Hispanic white US women[36,37]. In this study we were unable to identify age as an 
independent risk factor for TBS reduction. This can be explained by the relatively small sample size, the 
upper age limit of 75 years, and the greater influence of other risk factors.

Our results indicate that greater height, lower BMI and gynoid fat mass, but higher android fat mass 
and android/gynoid fat mass ratio contribute to TBS decrease in women with T2D. A favorable effect of 
BMI and fat mass on BMD in postmenopausal women with T2D was documented in previous studies
[38,39]. However, data on the effect of obesity on the bone metabolism, TBS and fracture risk are not so 
optimistic[40-42]. In disagreement with previously reported data[43], we observed a positive association 
between BMI and TBS. At the same time, we found negative association between android/gynoid fat 
mass ratio and TBS. Moreover, gynoid fat turned out to be a protective factor and android fat was a risk 
factor for TBS reduction. These findings provide further support to notion that not only fat mass, but 
also fat distribution, is important for bone health. Previously, inverse association between android fat 
and TBS was found in Chinese men[44]. Moon et al[40] have shown that TBS increase as visceral fat 
mass decrease in men and women with T2D. In the Newcastle Thousand Families Study an increase in 
total and, especially, visceral fat mass was associated with prevalent vertebral fracture irrespective of 
BMD in women aged about 62 years[41]. It was shown that abdominal fat is related to retarded bone 
formation and impaired bone quality in premenopausal women[42]. Therefore, central adiposity can be 
considered as a risk factor of bone fragility in T2D.

The association between abdominal obesity and impaired bone microarchitecture can be mediated via 
insulin resistance[43]. Increased bone marrow adiposity, the changes in adipokine production and low-
grade inflammation are considered as the relevant mechanisms also[45]. In addition, vitamin D 
deficiency can worsen bone microarchitecture in women with T2D and abdominal obesity. In our 
cohort, 25(OH)D demonstrated negative correlation with waist circumference and abdominal fat mass. 
This data is in agreement with findings from recent meta-analysis of epidemiologic studies indicating an 
association between vitamin D deficiency and abdominal obesity[46]. Vitamin D deficiency in obese 
people is attributed to lower dietary intake of vitamin D, lesser skin exposure to sunlight, decreased 
vitamin absorption, impaired hydroxylation in adipose tissue and 25(OH)D accumulation in fat[47]. At 
the same time, it is believed that vitamin D deficiency can be associated with insulin resistance and 
related disorders[48,49].

The role of hyperglycemia as a factor contributing to the degradation of bone microarchitecture is 
widely discussed. The mechanisms of bone fragility in hyperglycemia include the accumulation of 
advanced glycation end products and collagen cross-linking, suppressed osteoid mineralization, 
reduced osteoblastogenesis, and retarded bone turnover[50]. Ho-Pham et al[13] reported that subjects 
with pre-diabetes have a decrease in TBS when compared with normal individuals. At the same time, 
Holloway et al[14] found no difference in TBS between subjects with normoglycaemia and impaired 
fasting glucose. A negative association between TBS and HbA1c has been reported in subjects with 
diabetes[51]. In the Maasticht study a negative association was found between HbA1c and parameters 
of bone health estimated by HR-pQCT in individuals with well-controlled T2D[52]. In our study, HbA1c 
was only slightly higher in patients with TBS ≤ 1.31. Even though we did not identify HbA1c as a risk 
factor for a decrease TBS, we cannot exclude the role of hyperglycemia in the deterioration of bone 
microarchitecture. Most of the patients had long-term diabetes and non-target glycemic control 
parameters on combined antidiabetic therapy. These factors could modify the effect of hyperglycemia 
on ТBS. Besides, single HbA1c measurements were included in the analysis. Therefore, the effect of 
metabolic memory on bone structure cannot be ruled out.

The value of TBS as a predictor of low-energy fractures is a matter of increasing interest. It was 
demonstrated that in postmenopausal women with T2D TBS rather than BMD is associated with 
vertebral[53] and major osteoporotic fractures[11]. The FRAX score, being unadjusted to TBS, underes-
timates fracture risk in these women[54]. In our study, women with normal and reduced TBS 
demonstrated no differences in the unadjusted FRAX scores, although they were different in the 
prevalent fractures. As expected, incorporation of TBS values into the FRAX algorithm increased 
probability of the fractures in women with lower TBS. Therefore, TBS can help to improve the 
assessment of the risk of fractures in women with T2D and normal BMD. However, even after TBS 
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adjustment the risk of fractures may be underestimated. A recent population-based prospective study 
by Leslie et al[55] (the Manitoba BMD Registry) showed that a residual effect of diabetes on major 
osteoporotic fractures estimated with FRAX persists even after TBS adjustment, though the adjustment 
attenuated the effect of the disease. Adjustment for diabetes further improves the quality of fracture 
prediction.

The cross-sectional design and relatively small sample size are the limitations of our study. The 
recruitment of patients in one clinical center could lead to some sample bias. We could not differentiate 
visceral and subcutaneous adipose tissue with the applied DXA technique. As the used version of TBS 
iNsight software does not correct for extremes of BMI, we cannot exclude some underestimation of TBS 
in patients with obesity class 2 and 3[56].

At the same time, as far as we know, this is the first study estimating the risk factors for impaired 
bone microarchitecture assessed by TBS in postmenopausal women with T2D and normal BMD. Further 
studies of a larger size and prospective design are needed to establish the role of the identified factors as 
predictors of TBS reduction in these women. The value of TBS in the prediction of osteoporosis-related 
fractures in postmenopausal women with T2D and normal BMD is another challenge for future 
research.

CONCLUSION
In this study, we have revealed a decrease in the TBS values in 44.8% of postmenopausal women with 
T2D and normal BMD. These data indicate that a substantial proportion of postmenopausal women 
with T2D have impaired bone microarchitecture despite the normal BMD parameters. Greater height 
and central adiposity turned out to be the risk factors for impaired bone microarchitecture in these 
women. The results give further support to notion that estimation of TBS should be an essential element 
of DXA protocol in postmenopausal women with T2D.

ARTICLE HIGHLIGHTS
Research background
People with type 2 diabetes (T2D) have higher risk of vertebral and some non-vertebral fractures than 
non-diabetic individuals, regardless of normal or even increased bone mineral density (BMD). As BMD 
assessment may lead to underestimation of a fracture risk in T2D, additional parameters of bone health 
should be taken into consideration. The impaired bone microarchitecture is considered as a major 
contributor to fracture risk in T2D. Trabecular Bone Score (TBS) on lumbar spine dual X-ray absorp-
tiometry (DXA) images is increasingly applied for the assessment of bone microarchitecture. Individuals 
with diabetes as compared to those without have significantly lower TBS.

Research motivation
At present, data on TBS in postmenopausal women with T2D and normal BMD is limited, and 
predictors of TBS decrease in these women need to be refined. In particular, the role of body 
composition and diabetes-related parameters as risk factors for deterioration of bone microarchitecture 
needs further research.

Research objectives
To identify clinical and body composition parameters that affect TBS in postmenopausal women with 
T2D and normal BMD.

Research methods
A non-interventional cross-sectional comparative study was conducted. Postmenopausal women with 
T2D, aged 50-75 years, with no established risk factors for secondary osteoporosis, were included. BMD, 
TBS and body composition parameters were assessed by DXA. In women with normal BMD, a wide 
range of anthropometric, general and diabetes-related clinical and laboratory parameters were 
evaluated as risk factors for TBS decrease using univariate and multivariate regression analysis and 
analysis of receiver operating characteristic (ROC) curves.

Research results
Among women with normal BMD, 44.8% showed decreased TBS values (≤ 1.31). Women with 
decreased TBS were taller and had a lower BMI when compared to those with normal TBS. No 
significant differences in HbA1c, renal function, calcium, phosphorus, alkaline phosphatase, PTH and 
25(ОН)D levels were found. In the models of multivariate regression analysis, TBS was positively 
associated with gynoid fat mass, whereas the height and androgen fat mass were associated negatively. 
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In the ROC-curve analysis, height ≥ 162.5 cm, body mass index < 33.85 kg/m2, gynoid fat mass ≤ 5.41 kg 
and android/gynoid fat mass ratio ≥ 1.145 were identified as the risk factors for TBS reduction.

Research conclusions
The obtained results indicate that a substantial proportion of postmenopausal women with T2D and 
normal BMD may have impaired bone microarchitecture. Greater height and central adiposity turned 
out to be the risk factors for decreased TBS in these women. The results give further support to notion 
that estimation of TBS should be an essential element of DXA protocol in postmenopausal women with 
T2D.

Research perspectives
The prognostic value of TBS as a risk factor for fractures in patients with T2D and normal BMD needs 
further research. Prospective studies should determine the effect of changes in body weight and body 
composition on bone microarchitecture in these patients. The impact of hyperglycemia, glucose 
variability and metabolic memory, as well as various antihyperglycemic drugs, also needs to be 
clarified.
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Abstract
BACKGROUND 
The prevalence of glucolipid metabolic disorders (GLMDs) in children and 
adolescents has a recognized association with cardiovascular diseases and type 2 
diabetes mellitus in adulthood. Therefore, it is important to enhance our under-
standing of the risk factors for GLMD in childhood and adolescence.

AIM 
To explore the relationship between quality of life (QoL) and adolescent GLMD.

METHODS 
This study included 1956 samples in 2019 from a cohort study established in 2014. 
The QoL scale and glycolipid indexes were collected during follow-up; other 
covariates of perinatal factors, physical measures, and socioeconomic indicators 
were collected and adjusted. A generalized linear regression model and logistic 
regression model were used to analyse the correlation between QoL and GLMD.

RESULTS 
Higher scores of QoL activity opportunity, learning ability and attitude, attitude 
towards doing homework, and living convenience domains correlated negatively 
with insulin and homeostasis model assessment insulin resistance (IR) levels. 
Psychosocial factors, QoL satisfaction factors, and total QoL scores had significant 
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protective effects on insulin and IR levels. Activity opportunity, learning ability and attitude, 
attitude towards doing homework domains of QoL, psychosocial factor, and total score of QoL 
correlated positively with high density lipoprotein. In addition, the attitude towards doing 
homework domain was a protective factor for dyslipidaemia, IR > 3, and increased fasting blood 
glucose; four factors, QoL and total QoL score correlated significantly negatively with IR > 3. In 
subgroup analyses of sex, more domains of QoL correlated with insulin and triglyceride levels, 
dyslipidaemia, and IR > 3 in females. Poor QoL was associated with an increased prevalence of 
GLMD, and the effect was more pronounced in males than in females. Measures to improve the 
QoL of adolescents are essential to reduce rates of GLMD.

CONCLUSION 
Our study revealed that QoL scores mainly correlate negatively with the prevalence of GLMD in 
adolescents of the healthy population. The independent relationship between QoL and GLMD can 
be illustrated by adjusting for multiple covariates that may be associated with glycaemic index. In 
addition, among females, more QoL domains are associated with glycaemic index.

Key Words: Quality of life; Insulin resistance; Lipids; Metabolic abnormality

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Persistent abnormalities of glucose and lipid metabolism in childhood have a well-established 
association with adulthood cardiovascular diseases. Previous conclusions about the association between 
quality of life (QoL) and glycolipid metabolism disorder (GLMD) were almost all based on adults with 
type 2 diabetes or dyslipidaemia, whereas there is limited evidence for the association between QoL and 
GLMD in healthy children and adolescents. This study found that a poor QoL score was associated with 
increased insulin, triglyceride, and IR levels, and the association was more significant in males than in 
females. In addition, seven domains, four factors, and total QoL score were negatively associated with 
abnormalities in glucose and lipid metabolism. Measures to improve the QoL of adolescents are essential 
to reduce the prevalence of GLMD.

Citation: Liang XH, Ren YL, Liang XY, Chen JY, Qu P, Tang X. Relationship between quality of life and 
adolescent glycolipid metabolism disorder: A cohort study. World J Diabetes 2022; 13(7): 566-580
URL: https://www.wjgnet.com/1948-9358/full/v13/i7/566.htm
DOI: https://dx.doi.org/10.4239/wjd.v13.i7.566

INTRODUCTION
The increased prevalence of glucolipid metabolic disorders (GLMDs) in children and adolescents has a 
well-established association with cardiovascular diseases (CVDs) and type 2 diabetes (T2D) in 
adulthood[1]. Therefore, it is important to increase our understanding of the risk factors for GLMD 
during childhood and adolescence. Previous studies have illustrated that risk factors for GLMD in 
children include unhealthy dietary habits[2], genetic factors[3,4], poor prenatal exposure to high 
maternal fasting blood glucose (FBG) levels[5], and gestational diabetes. Overall, conclusions about 
insulin resistance (IR) and quality of life (QoL) are controversial. The results of Schlotz et al[6] showed 
that IR is associated with lower health-related QoL only in physical health domains[6]. However, a 
cohort study reported that participants with IR had deteriorated health-related QoL involving physical 
functioning, emotional role limitations, social functioning, pain, and general health perception, and a 
more significant correlation was found in males[7]. Several previous studies[8,9] have found that limited 
trials have reported health-related QoL (HRQoL) in diabetes mellitus, and diabetes affects several 
dimensions of QoL, such as physical, social well-being, and emotional, compared with a control group
[10,11]. Additionally, the primary intervention of pravastatin plus intensive dietary advice might 
improve the QoL of patients with hyperlipidaemia[12,13]. Several intervention trials[10,14,15] of 
patients with T2D found disease special-QoL and HRQoL to be improved after treatment, accompanied 
by decreased FPG, triglyceride (TG), and insulin levels. A systematic review also illustrated that 
diabetes self-management education may improve the QoL of diabetes by decreasing glycosylated 
haemoglobin (HbA1c) levels[11]. Therefore, previous conclusions suggest that hyperlipidaemia and 
impaired fasting glycaemia may impact QoL. Moreover, a study showed that lower QoL impacts the 
ability to achieve a good HbA1c level[16]. Diverse QoL survey tools have been used in previous studies, 
with most of these assessment tools being focused on disease-specific QoL[11,17], whereas there are few 
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scales for measuring the global health or general health of healthy subjects[7]. QoL includes multidi-
mensional terms, which represent satisfaction with life status and describe a subject’s functioning in 
physical, emotional, and social domains. Little evidence about the relationship between QoL and GLMD 
has been reported, especially in children and adolescents, which is an important stage of growth.

To our knowledge, there are no studies exploring the correlation between QoL and GLMD in healthy 
children aged 10-14 years from a rural-urban cohort study. The hypothesis of this study is that QoL 
affect GLMD in children and adolescents. The aim of this cohort study was to explore the correlation of 
QoL scores with GLMD in adolescents, providing an excellent opportunity to identify independent risk 
factors for GLMD after adjusting for multiple variables, such as perinatal variables, socioeconomic 
status (SES), anthropometric measures, and other biochemical indexes.

MATERIALS AND METHODS
Subjects
Two-stage stratified cluster sampling was used to select children from urban and rural areas of 
Chongqing; then, two regions per county were randomly chosen; and finally, all children living in the 
selected region were informed and included if they were satisfied the inclusion criteria. In addition, a 
bidirectional cohort in which retrospective and prospective variables were adjusted was used to 
evaluate the relationship between QoL and GLMD. At baseline, children who met all the following 
criteria were recruited: (1) Aged 6-9 years in 2014; (2) Resided in the selected areas for more than 6 mo; 
(3) Did not have serious diseases (e.g., nephropathy, CVD, or cancer); and (4) Consent both from the 
parents and children for participation. At baseline, all participants in grades 1 and 2 were recruited 
mainly from two elementary schools. The class head teacher delivered questionnaires to children who 
signed informed consent forms, and the children took the questionnaires home and completed them 
with their parents, after which the teacher collected the questionnaires. Two thousand one hundred and 
thirty-six children with venous blood samples were analysed in this study. After excluding 117 children 
without FBG or insulin data and 60 children without QoL information, 1959 children with complete data 
were analysed (Figure 1). This study was approved by the Institutional Review Board of the Children’s 
Hospital of Chongqing Medical University, and all subjects and their parents/guardians signed 
informed consent forms.

Demographic variables
Demographic information and SES (parents' occupation and education level, and family income) were 
collected. Bachelor’s and master’s degrees were combined, as there were few parents with the latter. 
Therefore, parental education level was measured on a four-point scale [≤ 9 years (elementary and 
middle school), 9-12, 12-15, and > 15 years]. Perinatal variables included maternal obesity and maternal 
increased weight during pregnancy. Family history of obesity or CVD was investigated using a self-
filled questionnaire. In addition, sleeping quality and dietary intake of vegetables, red meat, and salt 
were surveyed; the detailed protocol was published in a previous paper[18,19].

The questionnaire is valid and reliable, has been used in more than 20000 children, has been modified 
several times after each survey, and has been described in detail in our previous publications[19-21]. 
The questionnaire included information on demographics, perinatal status, SES, dietary intake, physical 
activity, and sleep quality; it was completed both by the children and their parents or guardians 
according to the protocol.

Physical examination
Anthropometric indexes of height, weight, and waist circumference were measured by well-trained 
paediatric nurses, and the detailed protocol for these measurements has been introduced in our 
previous papers[19,22,23].

Biochemical indexes
Venous blood (3 mL) was drawn in the morning after at least 12 h of fasting from subjects who provided 
informed consent[24]. FBG, total cholesterol (TC), high density lipoprotein cholesterol (HDL-C), low 
density lipoprotein cholesterol (LDL-C), TGs, fasting insulin (FI), and glycosylated haemoglobin were 
measured within 2 h after blood draw; details are provided in other publications[19]. In 2019, FI was 
measured using a Siemens Centaur XP.

QoL questionnaire
The QoL Scale for Children and Adolescents (QLSCA) with 49 items, which is suitable for children aged 
7-18 years old, was used to investigate the QoL of children[25]. QLSCA includes four factors and 13 
domains, which have been introduced in our previous publication[25]. A four-point scale was used with 
the QLSCA, with a randomized bidirectional response (positive or negative) item by item to limit the 
bias of the response. Individual item values were recorded in the same direction prior to analysis. 
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Table 1 General characteristics of glycolipid metabolism study in adolescents (mean ± SD)

Variable Male Female F P value
Anthropometric measures

Age, yr 11.21 ± 0.64 11.13 ± 0.68 7.55 0.006

Height, cm 151.52 ± 8.53 152.08 ± 7.30 2.41 0.121

Weight, kg 45.31 ± 11.87 43.46 ± 10.00 13.81 < 0.001

Waist circumference, cm 68.17 ± 11.07 63.76 ± 8.52 96.30 < 0.001

FBG, mmol/L 4.49 ± 0.45 4.42 ± 0.41 14.81 < 0.001

HbA1c, % 5.37 ± 0.20 5.37 ± 0.19 0.04 0.843

Insulin, pmol/L 82.91 ± 81.09 85.30 ± 70.01 0.48 0.486

Insulin resistance index 2.42 ± 2.65 2.41 ± 2.13 0.01 0.952

Creatinine, mmol/L 52.86 ± 10.60 53.96 ± 28.20 1.26 0.261

Uric acid, μmol/L 333.51 ± 83.13 305.13 ± 66.72 65.16 < 0.001

TG, mean, mmol/L 1.04 ± 0.52 1.09 ± 0.49 4.41 0.036

HDL-C, mmol/L 1.43 ± 0.32 1.43 ± 0.30 0.00 0.994

LDL-C, mmol/L 1.84 ± 0.43 1.84 ± 0.44 0.02 0.893

Physical activity, min/day 3.52 ± 0.62 3.52 ± 0.57 0.01 0.939

Sleep score 45.08 ± 5.85 45.97± 6.38 10.36 0.001

Dietary intake, g/day

Cereals and potatoes 183.48 ± 173.6 160.72 ± 164.5 8.86 0.003

Vegetables 207.71 ± 197.7 216.41 ± 213.8 0.88 0.349

Red meat 159.26 ± 199.9 152.11 ± 204.2 0.61 0.434

Nutritional supplements 20.05 ± 32.04 19.29 ± 32.57 0.27 0.603

Increased BMI during pregnancy, kg/m2 1.82 ± 0.75 1.82 ± 0.75 0.05 0.829

13 domains of QoL

Self-satisfaction 50.83 ± 11.09 49.33 ± 11.48 8.60 0.003

Relationship of teacher and pupil 53.62 ± 10.20 53.81 ± 9.64 0.19 0.665

Physical feeling 50.32 ± 10.53 49.60 ± 11.00 2.16 0.142

Companionship 54.34 ± 9.88 53.14 ± 10.96 6.49 0.011

Parenthood 52.13 ± 10.83 50.73 ± 11.76 7.43 0.007

Physical activity ability 50.11 ± 10.96 50.13 ± 10.23 0.01 0.966

Learning ability and attitude 52.34 ± 9.92 51.41 ± 10.33 4.14 0.042

Self-esteem 51.18 ± 11.20 49.75 ± 10.84 8.21 0.004

Negative emotion 48.23 ± 10.79 47.14 ± 11.57 4.61 0.032

Attitude towards doing homework 51.44 ± 9.23 51.59 ± 9.00 0.13 0.716

Activity opportunity 54.99 ± 9.40 54.39 ± 9.64 1.88 0.170

Living convenience 54.41 ± 7.88 54.54 ± 7.47 0.14 0.704

Other 50.99 ± 10.01 50.60 ± 10.13 0.71 0.401

Four factors of QoL

Psychosocial factor 64.71 ± 10.26 65.25 ± 10.17 1.36 0.244

Physical and mental health factor 36.00 ± 6.02 35.77 ± 5.90 0.73 0.393

Living environment factor 24.36 ± 4.20 23.73 ± 4.28 10.58 0.001

Quality of life satisfaction factor 25.13 ± 4.31 24.72 ± 4.42 4.38 0.037



Liang XH et al. Relationship between QoL and GLMD

WJD https://www.wjgnet.com 570 July 15, 2022 Volume 13 Issue 7

Mother’s education, yr, n (%)

Approximately 9 314 (31.15) 325 (34.17) 2.35 0.308

Approximately 12 360 (35.71) 315 (33.12)

≥ 15 334 (33.13) 311 (32.70)

Father’s education, yr, n (%)

Approximately 9 277 (27.48) 250 (26.29) 6.22 0.045

Approximately 12 338 (33.53) 369 (38.80)

≥ 15 393 (38.99) 332 (34.91)

Income, Yuan/year, n (%)

Approximately 25000 155 (15.38) 141 (14.83) 2.74 0.741

Approximately 50000 166 (16.47) 168 (17.67)

Approximately 100000 236 (23.41) 245 (25.76)

Approximately 150000 190 (18.85) 163 (17.14)

Approximately 200000 117 (11.61) 106 (11.15)

> 200000 144 (14.29) 128 (13.46)

Region

Urban, n (%) 764 (75.79) 728 (76.55) 0.16 0.694

Rural, n (%) 244 (24.21) 223 (23.45)

IR: Insulin resistance; FBG: Fasting blood glucose; HbA1c: Glycosylated haemoglobin; TG: Triglyceride; HDL-C: High density lipoprotein cholesterol; LDL-
C: Low density lipoprotein cholesterol; QoL: Quality of life; BMI: Body mass index.

Figure 1 Flow chart of participants analyzed in this study.

Response values were summed and normalized to the age-, sex-, and urban-rural-specific norms of 
Chinese individuals into a score ranging from 0-100 (normalized with a mean of 50 and SD of 10), 
whereby higher scores represent better QoL[26]. The domain scores and factor scores between males 
and females are displayed in Table 1.

Diagnostic criteria
Children were diagnosed with increased blood glucose if their FBG was ≥ 5.6 mmol/L[27]. Dyslip-
idaemia was indicated if any one of the following criteria were met[28]: (1) TC ≥ 200 mg/dL; (2) TG ≥ 
130 mg/dL; (3) LDL-C ≥ 130 mg/dL; and (4) HDL-C ≤ 40 mg/dL. Moreover, IR was defined by 
homeostasis model assessment (HOMA)-IR > 3.0[29], which was calculated by the formula (FI mU/L) × 
(FBG mmol/L)/22.5. Maternal overweight/obesity was defined as a body mass index greater than 24 
kg/m2[30]. Maternal pregnancy weight gain was defined by the guidelines of the institute of medicine
[31], as gaining 12.5-18.0 kg, 11.5-16.0 kg, 7.0-11.5 kg, and 5.0-9.0 kg for underweight, normal weight, 
overweight, and obesity, respectively.
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Table 2 Effect of dimensions of quality of life on glycolipid metabolism disorder

FI IR TG HDL
Variable

β (95%CI) P value β (95%CI) P value β (95%CI) P value β (95%CI) P value

Self-satisfaction -0.399 (-0.696, 
-0.102)

0.009 -0.011 (-0.021, 
-0.001)

0.028 -0.003 (-0.005, 
-0.001)

0.004 0.000 (-0.001, 
0.002)

0.509

Relationship of 
teacher and pupil

-0.272 (-0.607, 
0.063)

0.112 -0.006 (-0.017, 
0.005)

0.252 -0.004 (-0.006, 
-0.001)

0.002 0.001 (-0.000, 
0.002)

0.177

Activity 
opportunity

-0.452 (-0.761, 
-0.143)

0.004 -0.013 (-0.023, 
-0.003)

0.014 -0.003 (-0.005, 
-0.000)

0.017 0.001 (-0.000, 
0.002)

0.098

Physical activity 
ability

-0.608 (-0.920, 
-0.295)

< 0.001 -0.014 (-0.024, 
-0.004)

0.008 -0.004 (-0.007, 
-0.002)

< 0.001 0.002 (0.001, 
0.003)

0.098

Learning ability and 
attitude

-0.391 (-0.721, 
-0.061)

0.020 -0.010 (-0.021, 
0.001)

0.075 -0.002 (-0.004, 
0.000)

0.109 0.002 (0.001, 
0.003)

0.002

Attitude towards 
doing homework

-0.684 (-1.05, 
-0.319)

<0.001 -0.018 (-0.030, 
-0.006)

0.003 -0.005 (-0.008, 
-0.003)

< 0.001 0.002 (0.000, 
0.003)

0.033

Model 1 
(domains of 
QoL)

Living convenience -0.469 (-0.905, 
-0.034)

0.035 -0.016 (-0.030, 
-0.001)

0.030 -0.003 (-0.005, 
0.000)

0.093 0.001 (-0.001, 
0.003)

0.311

Self-satisfaction -0.352 (-0.641, 
-0.063)

0.017 -0.009 (-0.019, 
0.000)

0.054 -0.003 (-0.005, 
-0.001)

0.006 0.001 (-0.001, 
0.002)

0.330

Relationship of 
teacher and pupil

-0.327 (-0.646, 
-0.007)

0.045 -0.008 (-0.019, 
0.002)

0.127 -0.003 (-0.006, 
-0.001)

0.003 0.001 (-0.000, 
0.002)

0.203

Activity 
opportunity

-0.421 (-0.719, 
-0.123)

0.006 -0.012 (-0.022, 
-0.002)

0.018 -0.003 (-0.005, 
-0.001)

0.011 0.001 (0.000, 
0.003)

0.027

Physical activity 
ability

-0.394 (-0.696, 
-0.091)

0.011 -0.008 (-0.018, 
0.002)

0.113 -0.003 (-0.005, 
-0.001)

0.005 0.001 (-0.000, 
0.002)

0.192

Learning ability and 
attitude

-0.442 (-0.758, 
-0.126)

0.006 -0.011 (-0.021, 
-0.000)

0.046 -0.001 (-0.004, 
0.001)

0.190 0.002 (0.001, 
0.004)

0.001

Attitude towards 
doing homework

-0.720 (-1.07, 
-0.373)

< 0.001 -0.019 (-0.031, 
-0.008)

0.001 -0.005 (-0.008, 
-0.003)

< 0.001 0.002 (0.001, 
0.004)

0.005

Model 2 
(domains of 
QoL)

Living convenience -0.413 (-0.825, 
-0.001)

0.049 -0.014 (-0.028, 
-0.000)

0.043 -0.002 (-0.005, 
0.001)

0.127 0.001 (-0.001, 
0.003)

0.186

Model 1: Adjusted for age and sex. Model 2: Adjusted for age, sex, height, weight, vegetable intaking, red meat intaking, salt intake, sleeping quality, 
father's education, mother's education, household income, urban-rural areas, maternal increased weight during pregnancy, and maternal obesity. FI: 
Fasting insulin; IR: Insulin resistance; TG: Triglyceride; HDL: High density lipoprotein cholesterol; QoL: Quality of life.

Statistical analysis
Continuous variables, such as insulin, HOMA-IR, and TG, which did not conform to a normal distri-
bution, were subjected to natural logarithmic transformation before analyses. The relationship between 
QoL and GLMD was analysed with a generalized linear model. Two models were used to adjust for 
covariates: Model 1 adjusted for age and sex, and Model 2 adjusted for covariates of height, weight, 
vegetable intake, red meat intake, salt intake, sleeping quality, father's education, mother's education, 
household income, urban-rural areas, maternal increased weight during pregnancy, and maternal 
obesity, which may reflect the independent effect of QoL on blood glucose and lipid indexes. In 
addition, a logistic regression model was used to analyse the relationship between QoL and GLMD with 
two models to adjust for covariates.

The results were analysed with SAS 9.4 software (Copyright© 2020 SAS Institute Inc. Cary, NC, 
United States). An α level of 0.05 was defined as a significant difference.

RESULTS
General characteristics
The general characteristics of the subjects are presented in Table 1. A total of 1956 samples were 
included. The mean age was 11.21 ± 0.64 years, and 51.53% (1008/1956) were males. The 13 domains, 
four factors, and total score of QoL, biochemical indexes, and anthropometric, perinatal, and SES 
variables between males and females are shown in Table 1.
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Table 3 Effect of four factors of quality of life on glycolipid metabolism disorder

FI IR TG HDL
Variable

β (95%CI) P value β (95%CI) P value β (95%CI) P value β (95%CI) P value

Physical and mental 
health factor

-0.222 (-0.547, 
0.104)

0.181 -0.005 (-0.016, 
0.006)

0.364 -0.003 (-0.005, -
0.000)

0.017 0.001 (-0.000, 
0.003)

0.064

Psychosocial factor -0.835 (-1.390, -
0.278)

0.003 -0.021 (-0.039, -
0.002)

0.026 -0.006 (-0.010, -
0.002)

0.002 0.002 (-0.000, 
0.005)

0.052

Living environment 
factor

-0.821 (-1.610, -
0.036)

0.040 -0.014 (-0.039, 
0.012)

0.298 -0.007 (-0.012, -
0.002)

0.012 0.004 (0.001, 
0.008)

0.008

Quality of life 
satisfaction factor

-0.848 (-1.610, -
0.082)

0.030 -0.023 (-0.048, 
0.002)

0.074 -0.006 (-0.011, -
0.001)

0.031 0.001 (-0.002, 
0.004)

0.507

Model 1 (four 
factors of 
QoL)

Total score of QoL -0.440 (-0.710, -
0.169)

0.002 -0.012 (-0.020, -
0.003)

0.011 -0.004 (-0.006, -
0.002)

< 0.001 0.001 (0.000, 
0.002)

0.040

Physical and mental 
health factor

-0.272 (-0.588, 
0.044)

0.092 -0.006 (-0.017, 
0.004)

0.229 -0.002 (-0.005, -
0.000)

0.039 0.001 (-0.000, 
0.002)

0.122

Psychosocial factor -0.906 (-1.450, -
0.367)

0.001 -0.023 (-0.041, -
0.005)

0.011 -0.007 (-0.010, -
0.003)

0.001 0.003 (0.001, 
0.005)

0.008

Living environment 
factor

-0.916 (-1.690, -
0.143)

0.020 -0.018 (-0.044, 
0.008)

0.172 -0.005 (-0.011, 
0.000)

0.067 0.003 (-0.001, 
0.006)

0.126

Quality of life 
satisfaction factor

-0.965 (-1.710, -
0.217)

0.012 -0.027 (-0.052, -
0.002)

0.035 -0.006 (-0.011, -
0.001)

0.027 0.002 (-0.001, 
0.005)

0.239

Model 2 (four 
factors of 
QoL)

Total score of QoL -0.441 (-0.705, -
0.177)

0.001 -0.011 (-0.020, -
0.003)

0.010 -0.004 (-0.006, -
0.002)

0.001 0.001 (0.000, 
0.002)

0.021

Model 1: Adjusted for age and sex. Model 2: Adjusted for age, sex, height, weight, vegetable intaking, red meat intaking, salt intake, sleeping quality, 
father's education, mother's education, household income, urban-rural areas, maternal increased weight during pregnancy, and maternal obesity. FI: 
Fasting insulin; IR: Insulin resistance; TG: Triglyceride; HDL: High density lipoprotein cholesterol; QoL: Quality of life.

Association between QoL and glycolipid indexes
Tables 2 and 3 display the effect of QoL on glycolipid metabolism in adolescents. Adolescents with 
higher domain scores of living convenience had lower FBG than their counterparts (P < 0.05). TG and 
HDL-C were higher in adolescents who had a negative attitude towards doing homework (P < 0.05), 
and the impact of living convenience and attitude towards doing homework on glycolipid indexes (TG 
and HDL-C) was also significant after adjusting for multiple factors. However, the impact of QoL factors 
on LDL-C and TC was not significant (P > 0.05) (Supplementary Tables 1 and 2). Levels of insulin and IR 
were lower in adolescents with a higher factor score of psychosocial, living environment, and QoL 
satisfaction than their counterparts (P < 0.05). Moreover, adolescents with higher psychosocial factor 
scores and total QoL scores had decreased TGs and increased HDL-C compared with their counterparts 
after adjusting for covariates (P < 0.05).

The effect of QoL on glycolipid metabolism indexes by sex is shown in Supplementary Tables. The 
results in Supplementary Tables 3 and 4 illustrate the relationship between QoL and indexes (FI, IR, TG, 
and HDL). Scores of attitude towards doing homework and living convenience were negative for FI, IR, 
and TG (P < 0.05 or P < 0.001), and the association of attitude towards doing homework with IR/TG 
was also significant after adjusting for covariates in Model 2 (P < 0.05). Moreover, the relationship 
between total QoL score and FI/TG was negative (P < 0.05). Higher scores of activity opportunity, 
physical activity ability, learning ability, and attitude and lower levels of FI, TG, and HDL were found 
for females (P < 0.05); in Model 2, the score of attitude towards doing homework correlated negatively 
with IR level (P = 0.018).

The results showed that the total score of QoL was a negative factor for FI [β (95%CI): -0.441 (-0.705, -
0.177)], IR [β (95%CI): -0.011 (-0.020, -0.003)], and TG [β (95%CI): -0.004 (-0.006, -0.002)] but a positive 
factor for HDL [β (95%CI): 0.001 (0.000, 0.002)].

In addition, the association between the four factors of QoL and the prevalence of glycolipid 
metabolism indexes by sex is shown in Supplementary Tables 5 and 6. The relationship between the 
living convenience score and FBG was negative (P < 0.05). However, significant relationships for 
females were only found in Model 1.

Association between QoL and GLMD prevalence
The results in Tables 4 and 5 indicated the relationship between QoL and GLMD in adolescents. The 
attitude towards doing homework domain score was a protective factor for dyslipidaemia [OR (95%CI): 
0.984 (0.972, 0.995); P = 0.004], and the relationship was significant even after adjusting for covariates 

https://f6publishing.blob.core.windows.net/9c6ceb79-051e-421b-b37e-fec840edae97/WJD-13-566-supplementary-material.pdf
http://f6publishing.blob.core.windows.net/9c6ceb79-051e-421b-b37e-fec840edae97/WJD-13-566-supplementary-material.pdf
http://f6publishing.blob.core.windows.net/9c6ceb79-051e-421b-b37e-fec840edae97/WJD-13-566-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/9c6ceb79-051e-421b-b37e-fec840edae97/WJD-13-566-supplementary-material.pdf
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Table 4 Logistic regression analysis of dimensions of quality of life and glycolipid metabolism disorder

Dyslipidemia IR > 3 Increased FBG
Variable

OR (95%CI) P value OR (95%CI) P value OR (95%CI) P value
Total 

Self-satisfaction 0.994 (0.984, 1.003) 0.177 0.987 (0.978, 0.997) 0.009 1.009 (0.991, 1.027) 0.344

Relationship of 
teacher and pupil

0.991 (0.981, 1.002) 0.095 0.987 (0.977, 0.998) 0.025 1.012 (0.991, 1.032) 0.264

Activity opportunity 0.989 (0.980, 0.999) 0.031 0.988 (0.978, 0.998) 0.023 1.006 (0.988, 1.025) 0.527

Physical activity 
ability

0.988 (0.978, 0.998) 0.020 0.981 (0.971, 0.992) 0.001 1.013 (0.994, 1.031) 0.184

Learning ability and 
attitude

0.990 (0.979, 1.000) 0.057 0.989 (0.978, 1.000) 0.047 1.003 (0.984, 1.023) 0.736

Attitude towards 
doing homework

0.984 (0.972, 0.995) 0.004 0.986 (0.974, 0.998) 0.026 0.978 (0.959, 0.997) 0.022

Model 1 
(domains of 
QoL)

Living convenience 0.997(0.984,1.011) 0.712 0.990(0.976,1.004) 0.158 0.993(0.970,1.018) 0.587

Self-satisfaction 0.993 (0.984, 1.003) 0.183 0.986 (0.975, 0.996) 0.007 1.008 (0.989, 1.026) 0.408

Relationship of 
teacher and pupil

0.992 (0.981, 1.003) 0.154 0.984 (0.972, 0.996) 0.008 1.007 (0.987, 1.029) 0.480

Activity opportunity 0.988 (0.978, 0.998) 0.017 0.986 (0.975, 0.997) 0.016 1.007 (0.988, 1.026) 0.497

Physical activity 
ability

0.994 (0.984, 1.005) 0.268 0.985 (0.973, 0.997) 0.012 1.013 (0.994, 1.033) 0.184

Learning ability and 
attitude

0.990 (0.979, 1.001) 0.072 0.986 (0.974, 0.998) 0.018 1.003 (0.983, 1.023) 0.770

Attitude towards 
doing homework

0.982 (0.970, 0.994) 0.003 0.983 (0.971, 0.996) 0.012 0.978 (0.958, 0.997) 0.024

Model 2 
(domains of 
QoL)

Living convenience 0.997 (0.983, 1.011) 0.685 0.990 (0.975, 1.005) 0.195 0.996 (0.972, 1.021) 0.765

Male

Self-satisfaction 0.996 (0.983, 1.009) 0.538 0.990 (0.977, 1.004) 0.173 1.001 (0.980, 1.023) 0.927

Relationship of 
teacher and pupil

0.998 (0.983, 1.012) 0.759 0.994 (0.978, 1.009) 0.414 1.003 (0.979, 1.027) 0.836

Activity opportunity 0.995 (0.981, 1.009) 0.478 0.993 (0.978, 1.008) 0.370 0.999 (0.977, 1.022) 0.942

Physical activity 
ability

0.993 (0.980, 1.007) 0.341 0.984 (0.970, 0.999) 0.037 1.006 (0.984, 1.028) 0.623

Learning ability and 
attitude

0.996 (0.981, 1.011) 0.597 0.999 (0.983, 1.016) 0.915 0.992 (0.969, 1.016) 0.503

Attitude towards 
doing homework

0.983 (0.968, 0.998) 0.031 0.996 (0.979, 1.013) 0.636 0.980 (0.957, 1.004) 0.102

Model 1 
(domains of 
QoL)

Living convenience 1.008 (0.988, 1.027) 0.444 0.988 (0.968, 1.008) 0.229 0.982 (0.955, 1.010) 0.211

Self-satisfaction 0.996 (0.982, 1.010) 0.570 0.991 (0.976, 1.006) 0.241 1.003 (0.981, 1.026) 0.766

Relationship of 
teacher and pupil

0.999 (0.984, 1.014) 0.888 0.991 (0.975, 1.008) 0.313 1.000 (0.976, 1.025) 0.982

Activity opportunity 0.993 (0.978, 1.008) 0.365 0.992 (0.976, 1.008) 0.332 1.004 (0.981, 1.027) 0.762

Physical activity 
ability

1.002 (0.988, 1.017) 0.745 0.991 (0.975, 1.007) 0.282 1.009 (0.986, 1.033) 0.438

Learning ability and 
attitude

0.996 (0.981, 1.012) 0.645 0.998 (0.980, 1.015) 0.793 0.994 (0.970, 1.018) 0.604

Attitude towards 
doing homework

0.980 (0.964, 0.996) 0.017 0.996 (0.977, 1.014) 0.650 0.983 (0.959, 1.008) 0.180

Model 2 
(domains of 
QoL)

Living convenience 1.013 (0.992, 1.034) 0.222 0.994 (0.973, 1.016) 0.603 0.987 (0.958, 1.016) 0.363

Female
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Self-satisfaction 0.991 (0.978, 1.004) 0.195 0.985 (0.972, 0.998) 0.022 1.024 (0.992, 1.056) 0.146

Relationship of 
teacher and pupil

0.983 (0.968, 0.999) 0.035 0.980 (0.965, 0.996) 0.012 1.029 (0.991, 1.068) 0.139

Activity opportunity 0.984 (0.971, 0.998) 0.021 0.984 (0.970, 0.998) 0.021 1.017 (0.986, 1.050) 0.292

Physical activity 
ability

0.982 (0.967, 0.997) 0.016 0.977 (0.962, 0.993) 0.004 1.025 (0.993, 1.058) 0.133

Learning ability and 
attitude

0.984 (0.969, 0.999) 0.032 0.980 (0.965, 0.995) 0.009 1.023 (0.991, 1.057) 0.164

Attitude towards 
doing homework

0.984 (0.968, 1.001) 0.062 0.977 (0.960, 0.994) 0.007 0.972 (0.942, 1.004) 0.084

Model 1 
(domains of 
QoL)

Living convenience 0.986 (0.967, 1.006) 0.174 0.991 (0.971, 1.012) 0.387 1.018 (0.972, 1.067) 0.448

Self-satisfaction 0.991 (0.978, 1.005) 0.230 0.981 (0.966, 0.996) 0.011 1.014 (0.981, 1.049) 0.404

Relationship of 
teacher and pupil

0.985 (0.969, 1.001) 0.060 0.975 (0.958, 0.992) 0.005 1.017 (0.977, 1.058) 0.420

Activity opportunity 0.984 (0.970, 0.998) 0.026 0.982 (0.967, 0.997) 0.022 1.009 (0.977, 1.043) 0.573

Physical activity 
ability

0.986 (0.971, 1.002) 0.097 0.976 (0.959, 0.994) 0.007 1.019 (0.983, 1.056) 0.307

Learning ability and 
attitude

0.984 (0.969, 1.000) 0.046 0.974 (0.958, 0.991) 0.003 1.016 (0.982, 1.051) 0.362

Attitude towards 
doing homework

0.983 (0.966, 1.000) 0.052 0.972 (0.954, 0.991) 0.003 0.965 (0.934, 0.997) 0.031

Model 2 
(domains of 
QoL)

Living convenience 0.983 (0.963, 1.004) 0.106 0.984 (0.963, 1.007) 0.167 1.013 (0.964, 1.064) 0.613

Model 1: Adjusted for age and sex. Model 2: Adjusted for age, sex, height, weight, vegetable intaking, red meat intaking, salt intake, sleeping quality, 
father's education, mother's education, household income, urban-rural areas, maternal increased weight during pregnancy, and maternal obesity. IR: 
Insulin resistance; FBG: Fasting blood glucose; QoL: Quality of life.

[OR (95%CI): 0.982 (0.970, 0.994); P = 0.003]. This relationship was also statistically significant in males 
[OR (95%CI): 0.983 (0.968, 0.998); P = 0.031]. However, among females, there were other factors of 
significance, such as relationship of teacher and pupil [OR (95%CI): 0.985 (0.969, 1.001); P = 0.060], 
activity opportunity [OR (95%CI): 0.984 (0.970, 0.998); P = 0.026], and learning ability and attitude [OR 
(95%CI): 0.984 (0.969, 1.000); P = 0.046]. After adjusting for covariates in Model 1 and Model 2, self-
satisfaction, the relationship of teacher and pupil, activity opportunity, physical activity ability, learning 
ability and attitude, and attitude towards doing homework were protective factors for IR > 3 in all 
participants and in females, but only the physical activity ability domain score was significant in males 
[OR (95%CI): 0.984 (0.970, 0.999); P = 0.037] in Model 1. Attitude towards the homework domain was a 
protective factor for FBG in Model 2 for all subjects and females (P < 0.05) (Table 4).

The relationship between the four factors of QoL and the prevalence of GLMD was not significant in 
males (P > 0.05). Psychosocial factor [OR (95%CI): 0.976 (0.959, 0.994); P = 0.008] [OR (95%CI): 0.980 
(0.962, 0.998); P = 0.034] and total score of QoL [OR (95%CI): 0.990 (0.982, 0.999); P = 0.025] [OR (95%CI): 
0.988 (0.979, 0.997); P = 0.007] were protective factors for dyslipidaemia and IR > 3, respectively, with 
statistical significance in the total cohort in Model 1. In addition, higher score of psychosocial factor [OR 
(95%CI): 0.971 (0.946, 0.996); P = 0.024], living environment factor [OR (95%CI): 0.952 (0.919, 0.987); P = 
0.008], and total score of QoL [OR (95%CI): 0.985 (0.973, 0.997); P = 0.014] in females was related to a 
lower prevalence of dyslipidaemia in Model 2. In Model 2, adjusted for covariates, all factors of QoL 
were protective factors for IR > 3 (P < 0.05) (Table 5).

DISCUSSION
The association between QoL and the prevalence of GLMD was illustrated using a large-sample-size 
childhood health cohort study. By adjusting for multiple covariates that may correlate with glycolipid 
indexes, the independent relationship between QoL and GLMD was demonstrated. In addition, more 
domains of QoL correlated with glycolipid indexes in females.

Our study revealed that QoL scores mainly correlate negatively with the prevalence of GLMD in 
adolescents. Research on the relationship between QoL and GLMD in the healthy population is limited. 
According to a previous cross-sectional study that included 74 diabetic adolescents[32], no significant 
relationship between QoL and HbA1c levels was observed. However, a cross-sectional study found that 
QoL scores correlated with an increase in the components of MS, with the physical health domain of 



Liang XH et al. Relationship between QoL and GLMD

WJD https://www.wjgnet.com 575 July 15, 2022 Volume 13 Issue 7

Table 5 Logistic regression analysis of four factors of quality of life and glycolipid metabolism disorder

Dyslipidemia IR Increased FBG
Variables

OR (95%CI) P value OR (95%CI) P value OR (95%CI) P value
Total

Physical and mental 
health factor

0.992 (0.982, 
1.002)

0.120 0.991 (0.980, 
1.002)

0.113 1.020 (1.000, 
1.041)

0.049

Psychosocial factor 0.976 (0.959, 
0.994)

0.008 0.980 (0.962, 
0.998)

0.034 0.995 (0.964, 
1.027)

0.767

Living environment 
factor

0.977 (0.952, 
1.001)

0.065 0.979 (0.954, 
1.006)

0.121 1.077 (1.026, 
1.130)

0.003

Quality of life 
satisfaction factor

0.992 (0.968, 
1.017)

0.531 0.972 (0.948, 
0.997)

0.028 1.033 (0.986, 
1.082)

0.168

Model 1 (four 
factors of QoL)

Total score of QoL 0.990 (0.982, 
0.999)

0.025 0.988 (0.979, 
0.997)

0.007 1.009 (0.993, 
1.025)

0.267

Physical and mental 
health factor

0.994 (0.983, 
1.005)

0.296 0.988 (0.976, 
1.000)

0.047 1.015 (0.994, 
1.036)

0.154

Psychosocial factor 0.973 (0.953, 
0.993)

0.010 0.973 (0.953, 
0.993)

0.010 0.992 (0.960, 
1.025)

0.620

Living environment 
factor

0.988 (0.962, 
1.015)

0.387 0.971 (0.942, 
1.000)

0.053 1.060 (1.008, 
1.115)

0.024

Quality of life 
satisfaction factor

0.992 (0.966, 
1.017)

0.520 0.961 (0.934, 
0.988)

0.005 1.024 (0.977, 
1.074)

0.320

Model 2 (four 
factors of QoL)

Total score of QoL 0.991 (0.982, 
1.000)

0.043 0.985 (0.976, 
0.995)

0.004 1.009 (0.992, 
1.026)

0.317

Male

Physical and mental 
health factor

0.999 (0.985, 
1.014)

0.899 0.999 (0.983, 
1.015)

0.913 1.016 (0.992, 
1.042)

0.196

Psychosocial factor 0.981 (0.957, 
1.005)

0.124 0.998 (0.972, 
1.025)

0.889 0.982 (0.945, 
1.021)

0.355

Living environment 
factor

1.001 (0.966, 
1.038)

0.935 0.987 (0.950, 
1.026)

0.514 1.060 (0.998, 
1.125)

0.057

Quality of life 
satisfaction factor

1.002 (0.968, 
1.037)

0.916 0.986 (0.950, 
1.023)

0.459 1.018 (0.962, 
1.077)

0.537

Model 1 (four 
factors of QoL)

Total score of QoL 0.995 (0.983, 
1.008)

0.470 0.995 (0.982, 
1.009)

0.482 1.003 (0.983, 
1.023)

0.799

Physical and mental 
health factor

1.002 (0.986, 
1.017)

0.824 0.999 (0.982, 
1.016)

0.895 1.013 (0.988, 
1.039)

0.301

Psychosocial factor 0.994 (0.965, 
1.024)

0.686 0.994 (0.965, 
1.024)

0.686 0.983 (0.945, 
1.024)

0.414

Living environment 
factor

1.021 (0.982, 
1.062)

0.299 0.989 (0.947, 
1.033)

0.633 1.047 (0.983, 
1.114)

0.154

Quality of life 
satisfaction factor

1.001 (0.964, 
1.039)

0.969 0.982 (0.943, 
1.022)

0.374 1.016 (0.959, 
1.077)

0.580

Model 2 (four 
factors of QoL)

Total score of QoL 0.997 (0.984, 
1.010)

0.645 0.996 (0.982, 
1.011)

0.601 1.005 (0.984, 
1.026)

0.631

Female

Physical and mental 
health factor

0.984 (0.970, 
0.999)

0.037 0.983 (0.968, 
0.998)

0.026 1.025 (0.990, 
1.061)

0.160

Psychosocial factor 0.971 (0.946, 
0.996)

0.024 0.962 (0.936, 
0.988)

0.004 1.020 (0.965, 
1.079)

0.477

Living environment 
factor

0.952 (0.919, 
0.987)

0.008 0.970 (0.935, 
1.006)

0.105 1.102 (1.016, 
1.195)

0.019

Quality of life 
satisfaction factor

0.983 (0.950, 
1.017)

0.329 0.958 (0.925, 
0.992)

0.016 1.056 (0.976, 
1.143)

0.173

Model 1 (four 
factors of QoL)
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Total score of QoL 0.985 (0.973, 
0.997)

0.014 0.980 (0.968, 
0.993)

0.002 1.020 (0.992, 
1.049)

0.156

Physical and mental 
health factor

0.987 (0.971, 
1.003)

0.103 0.976 (0.960, 
0.993)

0.007 1.011 (0.974, 
1.049)

0.565

Psychosocial factor 0.956 (0.929, 
0.984)

0.003 0.956 (0.929, 
0.984)

0.003 1.006 (0.950, 
1.065)

0.846

Living environment 
factor

0.962 (0.925, 
1.000)

0.048 0.951 (0.912, 
0.992)

0.019 1.072 (0.982, 
1.171)

0.120

Quality of life 
satisfaction factor

0.984 (0.948, 
1.021)

0.393 0.941 (0.905, 
0.978)

0.002 1.025 (0.942, 
1.115)

0.568

Model 2 (four 
factors of QoL)

Total score of QoL 0.985 (0.972, 
0.998)

0.024 0.975 (0.961, 
0.989)

0.001 1.012 (0.982, 
1.043)

0.445

Model 1: Adjusted for age and sex. >Model 2: Adjusted for age, sex, height, weight, vegetable intaking, red meat intaking, salt intake, sleeping quality, 
father's education, mother's education, household income, urban-rural areas, maternal increased weight during pregnancy, and maternal obesity. IR: 
Insulin resistance; FBG: Fasting blood glucose; QoL: Quality of life.

QoL having the most significant association[33]. In our study, six domains, four factors, and the total 
QoL score were correlated significantly negatively with glycolipid indexes, and the effect was 
independent of obesity. To our knowledge, this is the first cohort study with a large sample size to 
explore the relationship of QoL with GLMD in adolescents.

The association between QoL and GLMD may be impacted by sex. Scores on several domains of QoL 
are reportedly lower in females than in males[34-37]. Longitudinal studies have shown a significant 
relationship between weight and QoL only in females[38]. However, one study found that females and 
males have similar psychological characteristics[39]. Overall, numerous studies have detected 
significant sex differences in awareness and mental health[40,41]. For instance, in terms of personality, 
males score higher than females in self-acceptance and autonomy, whereas females score higher than 
males in personal growth and positive relationships with others[42]. Our study adds more evidence 
about the sex difference in the association between QoL and GLMD; overall, more domains of QoL 
correlated with GLMD in females.

Several mechanisms may explain why QoL may impact GLMD. Physical and psychological health 
and social well-being are encompassed in HRQoL[43]. Previous study results show that an increase in 
total HbA1c is related to a decrease in QoL[44]. In addition, research has found that better QoL is 
associated with better healthy dietary patterns and behaviours in children and adolescents[45]. 
Irrational diets may induce FBG increases. For example, a high-fat diet induces IR, triggering accumu-
lation of diacylglycerol and ceramide levels in the liver and inhibiting the insulin signalling pathway
[46]. Some studies have suggested that physical activity and mental health are positively associated with 
QoL[44]; it is well known that exercise enhances insulin signalling independent of PI3K and that glucose 
transport and GLUT4 translocation are enhanced as skeletal muscle contraction is stimulated by insulin
[47]. Similarly, better education may lead to greater confidence, a sense of security, and building better 
relationships with others, contributing to mental health[48]. The mechanisms through which IR 
influences emotional regulation are being revealed by animal and human studies, and the brain requires 
glucose as an essential energy source[49,50].

In conclusion, GLMD prevalence and high glycolipid levels are elevated in adolescents with low QoL 
scores. To our knowledge, this is the first study to explore the relationship of QoL with glycolipid 
indexes from a large-sample-size cohort study of adolescents, and the correlation was significant after 
adjusting for multiple covariates. Our study emphasizes the importance of improving QoL in children 
and adolescents and provides scientific evidence for educational institutions to improve the educational 
model to enhance the QoL of school-age children. However, our study illustrates the relationship 
between QoL and glycolipid indexes from a nearly cross-sectional perspective, and a further well-
designed large-sample-size cohort study or randomized controlled trial study should be conducted to 
examine the causal relationships.

CONCLUSION
Our study reveals that QoL scores mainly correlate negatively with the prevalence of GLMD in 
adolescents of the healthy population. The independent relationship between QoL and GLMD can be 
illustrated by adjusting for multiple covariates that may be associated with glycaemic index. In addition, 
more QoL domains are associated with glycaemic index in females.
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ARTICLE HIGHLIGHTS
Research background
The prevalence of glucolipid metabolic disorders (GLMDs) in children and adolescents has a recognized 
association with cardiovascular diseases and type 2 diabetes mellitus in adulthood. Therefore, it is 
important to increase our understanding of the risk factors for GLMD in childhood and adolescence.

Research motivation
Quality of life (QoL) includes multidimensional terms, which represent satisfaction with life status and 
describe a subject’s functioning in physical, emotional, and social domains. Little evidence about the 
relationship between QoL and GLMD has been reported, especially in children and adolescents, which 
is an important stage of growth.

Research objectives
The aim of this cohort study was to explore the correlation of QoL scores and personality traits with 
GLMD in adolescents, providing an excellent opportunity to identify independent risk factors for 
GLMD after adjusting for multiple variables, such as perinatal variables, socioeconomic status, anthro-
pometric measures, and other biochemical indexes.

Research methods
Two-stage stratified cluster sampling was used to select children from urban and rural areas of 
Chongqing; two regions per county were randomly chosen; and finally, all children living in the selected 
region were informed and included if they met the inclusion criteria.

Research results
Our study revealed that QoL scores mainly correlate negatively with the prevalence of GLMD in 
adolescents.

Research conclusions
The prevalence of GLMD and high glycolipid levels are increased in adolescents with features of low 
QoL scores. Our study adds more evidence about sex difference in the association between QoL and 
GLMD, and more domains of QoL correlate with GLMD in females.

Research perspectives
Our study illustrates the relationship between QoL and glycolipid indexes from a nearly cross-sectional 
perspective, and a further well-designed cohort study with a large sample size or randomized 
controlled trial should be conducted to explore the causal relationships.
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Abstract
Diabetes mellitus is a common global public health problem that can cause serious 
illness and premature death. Diabetic foot ulcer, one of the complications of 
diabetes, is a major cause of morbidity and mortality and is associated with many 
other devastating complications. Previous study found that a group of traditional 
Chinese medicine (TCM) can be used for treating diabetic foot ulcers. More and 
more attention is being paid to the use of Chinese medicine to heal diabetic feet. 
Under the guidance of relevant theories of traditional Chinese medicine, more 
studies are needed to reveal the key active components and related signal 
pathways of TCM in the treatment of diabetic foot ulcer. One clinical study 
explored the treatment of diabetic foot with infection combined moist exposed 
burn ointment with Jinhuang powder. However, large-scale multi-center, double 
blind, randomized, placebo-controlled clinical trials and animal studies are 
necessary to establish the effectiveness of Jinhuang powder in the treatment of 
diabetic foot.

Key Words: Diabetic foot; Jinhuang powder; Traditional Chinese medicine

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: In recent years, most diabetic foot patients in China are adopting traditional 
Chinese medicine and western medicine. The short duration of clinical follow-up was 
not sufficient to explain the efficacy of the treatment, and the safety of the treatment was 
not mentioned. Large multicenter, double-blind, randomized, placebo controlled clinical 
trials and animal studies are necessary to determine Jinhuang powder as supplement 
combined with other Chinese medicine or western medicine as an effective and safe 
therapy for diabetic foot.
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TO THE EDITOR
This is a comment on “This is a comment on “Clinical Study of moist exposed burn ointment (MEBO) 
Combined with Jinhuang powder for Diabetic Foot with Infection”[1]. We were pleased that read the 
research article by Hong-Bo Zhan, et al[1]. Their work highlights that the use of Jinhuang powder as 
supplement combined with MEBO as an effective and safe therapy for diabetic foot. This study provides 
important clues to the treatment of foot infection, ulcer.

Diabetic foot ulcers are one of the most challenging complications of diabetes[2-4]. Previous study 
found that a group of traditional Chinese medicine (TCM) (e.g., herbal medicine foot bath decoction[5], 
TCM injections[6,7], Chinese herbal medicine ulcer oil[8], moxibustion[9], Astragali Radix and 
Rehmanniae Radix Mixture[10], the peptide compounds of Wuguchong[11], Astragali Radix and 
Rehmanniae Radix[12,13]) played an important role in the treatment of the disease. Some study also 
found that interventional radiology plays a crucial role in the treatment of diabetic foot disease[14]. 
However, the study only focuses on Jinhuang powder has improved the efficacy and safety of MEBO in 
the treatment of diabetic foot. Thus, some questions still need further be discussed.

In recent years, most diabetic foot patients in China are adopting TCM and western medicine[5,15]. A 
series of systematic review articles showed that TCM can increase the clinical effective rate of conven-
tional therapies by 27%[6], regulate the signaling pathways to promote diabetic wound healing[16]. An 
experiment on albino Wistar rats found that Astragali Radix and Rehmanniae Radix in the ratio of 2:1 
significantly enhance the circulating CD34+/VEGFR2+/CD45-EPCs levels in diabetic foot ulcer[17]. 
Another study confirmed the effect of the peptide compounds of Wuguchong in treating diabetic ulcers 
to a certain extent[11]. However, therapeutic effect criterion is observing wound surface and assessing 
degree of pain. The research evaluation index was single and lacked objective evaluation.

Another problem of this study was research design. It was only a single-center trial, no double 
blindness, no placebo group. The short duration of clinical follow-up was not sufficient to explain the 
efficacy of the treatment, and the safety of the treatment was not mentioned. Large multicenter, double-
blind, randomized, placebo controlled clinical trials and animal studies are necessary to determine 
Jinhuang powder as supplement combined with other Chinese medicine or western medicine as an 
effective and safe therapy for diabetic foot.

Increasing attention is being given to the use of Chinese medicine for healing diabetic foot. Under the 
guidance of relevant theories of TCM, more studies are needed to reveal the key active components and 
related signal pathways of TCM in the treatment of diabetic foot ulcer, so as to promote the further 
research and clinical application of TCM[16].

Overall, MEBO combined with Jinhuang powder is more effective than MEBO alone in treating 
diabetic foot. However, large-scale multi-center, double blind, randomized, placebo-controlled clinical 
trials and animal studies are also necessary to establish the effectiveness of Jinhuang powder in the 
treatment of diabetic foot.
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Abstract
Spatial epidemiology is the description and analysis of geographic patterns and 
variations in disease risk factors, morbidity and mortality with respect to their 
distributions associated with demographic, socioeconomic, environmental, health 
behavior, and genetic risk factors, and time-varying changes. In the Letter to 
Editor, we had a brief description of the practice for the mortality and the space-
time patterns of John Snow's map of cholera epidemic in London, United 
Kingdom in 1854. This map is one of the earliest public heath practices of 
developing and applying spatial epidemiology. In the early history, spatial 
epidemiology was predominantly applied in infectious disease and risk factor 
studies. However, since the recent decades, noncommunicable diseases have 
become the leading cause of death in both developing and developed countries, 
spatial epidemiology has been used in the study of noncommunicable disease. In 
the Letter, we addressed two examples that applied spatial epidemiology to 
cluster and identify stroke belt and diabetes belt across the states and counties in 
the United States. Similar to any other epidemiological study design and analysis 
approaches, spatial epidemiology has its limitations. We should keep in mind 
when applying spatial epidemiology in research and in public health practice.

Key Words: Diabetes mellitus; Spatial epidemiology; Diabetes belt; Public health practice
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Core Tip: This is a Letter to the Editor on the article published in World Journal of Diabetes 2021; 12: 
1042, entitled: Spatial epidemiology of diabetes: Methods and Insights. Spatial epidemiology is a new sub-
field of epidemiology. We read with great interest this paper, and would like to further address the 
application of spatial epidemiology for public health practice.

Citation: Liu L, Nagar G, Diarra O, Shosanya S, Sharma G, Afesumeh D, Krishna A. Epidemiology for public 
health practice: The application of spatial epidemiology. World J Diabetes 2022; 13(7): 584-586
URL: https://www.wjgnet.com/1948-9358/full/v13/i7/584.htm
DOI: https://dx.doi.org/10.4239/wjd.v13.i7.584

TO THE EDITOR
Dear Editor, we read with great interest the recently published review paper, entitled “Spatial 
epidemiology of diabetes: Methods and Insights” by Cuadros et al[1], in World Journal of Diabetes 2021. 
The investigators reviewed spatial methods used to understand the spatial structure of the disease and 
identify the potential geographical drivers of the spatial distribution of diabetes mellitus. Their report 
serves as a good review on the concepts and methods of spatial epidemiology. In this letter we aimed to 
briefly address few examples of the historical public health practice in the United Kingdom and the 
application of spatial epidemiology in the recent decades in the United States, and to address the 
potential limitations when applying this technique in research and in public health practice.

The method used in “analysis of geographic variation in disease” could be tracked back to more than 150 
years ago, for example, the renowned study of cholera epidemic in London, United Kingdom In 1854. 
John Snow, a physician, used mapping approach to trace the source of the Broad Street cholera outbreak 
(or Golden Square outbreak) in central London[1]. In the United States, an example is that a “stroke 
belt” or “stroke alley” was identified in early 1980s using spatial analysis approach and to define a 11-
state region, where the states had age-adjusted stroke mortality rates more than 10% above the national 
average[2,3]. In 2011, a study by Barker et al[4] identified a geographically coherent region of the United 
States, where the prevalence of diagnosed diabetes mellitus is especially high. This area is also known as 
the “diabetes belt”. The “diabetes belt” consisted of 644 counties in 15 mostly southern states. A further 
analysis indicated that the prevalence of obesity and sedentary lifestyle (two modifiable risk factors for 
diabetes) was significantly higher in the diabetes belt than in the rest of the United States[5].

However, it should be noted that similar to the other analytical techniques, spatial epidemiology also 
has potential limitations[5,6]. First, the basic analysis approach of spatial epidemiology is based on 
ecological analysis design. Exposures and responses are measured only for aggregates rath than 
individuals. Therefore, findings from the analysis are subject to have ecological fallacy[5-8]. For 
example, results from an ecological analysis suggested that there was a significant correlation between 
increased state-level stroke prevalence and state-level stroke mortality. However, of the study states, 
several states that had higher state-level stroke prevalence rates did not have high stroke mortality rates, 
which led to a relatively weaker association than results from analyses using individual-level data[2]. 
Second, most spatial epidemiological studies apply age-adjusted rates to examine and map the 
variations in disease rates across geographic areas, such as neighborhoods, communities, districts, 
counties, states and countries at a global level. However, the calculation of age-adjusted rate is based on 
the proportion of age distributions across the geographics defined areas. If the proportions of age distri-
butions vary widely between the comparison areas or regions, a simple weighted age-adjusted rate may 
be meaningless and may lead to an inappropriate comparison[5]. Third, data from disease registries, 
such as a small regional cancer registry, disease surveillance, or data from hospital electronic health 
records in a specific township is susceptible to information bias as a result of limited sources. Fourth, 
data protection and confidentiality should be kept in mind, specifically if mapping disease across small 
areas, such as small neighborhoods. It is likely that the number of persons at risk (i.e., denominators) 
and the number of cases (i.e., numerators) are too small to be used[8,9]. In the situation, a combined 
sample should be considered[10]. Lastly, confounding effects on the study association between 
exposures and outcomes should be considered and controlled appropriately in spatial epidemiological 
study.

In conclusion, the application of spatial epidemiology plays a pivotal role in advancing our 
understanding of the geographic distributions of specific disease and disease risk factors, which 
significantly contributes to disease control and prevention at population and community levels. 
However, the limitations of the study design and analysis approaches should be kept in mind when 
applying it in research and in public health practice.
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