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Abstract

Alcohol consumption is one of the leading causes of the global burden of disease
and results in high healthcare and economic costs. Heavy alcohol misuse leads to
alcohol-related liver disease, which is responsible for a significant proportion of
alcohol-attributable deaths globally. Other than reducing alcohol consumption,
there are currently no effective treatments for alcohol-related liver disease.
Oxidative stress refers to an imbalance in the production and elimination of
reactive oxygen species and antioxidants. It plays important roles in several
aspects of alcohol-related liver disease pathogenesis. Here, we review how
chronic alcohol use results in oxidative stress through increased metabolism via
the cytochrome P450 2E1 system producing reactive oxygen species, acetaldehyde
and protein and DNA adducts. These trigger inflammatory signaling pathways
within the liver leading to expression of pro-inflammatory mediators causing
hepatocyte apoptosis and necrosis. Reactive oxygen species exposure also results
in mitochondrial stress within hepatocytes causing structural and functional
dysregulation of mitochondria and upregulating apoptotic signaling. There is also
evidence that oxidative stress as well as the direct effect of alcohol influences
epigenetic regulation. Increased global histone methylation and acetylation and
specific histone acetylation inhibits antioxidant responses and promotes
expression of key pro-inflammatory genes. This review highlights aspects of the
role of oxidative stress in disease pathogenesis that warrant further study
including mitochondrial stress and epigenetic regulation. Improved
understanding of these processes may identify novel targets for therapy.
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Core tip: Alcohol is a global health problem with alcohol-related liver disease forming a
significant proportion of alcohol-attributable deaths. However, there are no effective
treatments for alcohol-related liver disease. Oxidative stress plays multiple roles in disease
pathogenesis, which if better understood may yield new therapeutic targets. Here, we
review the current literature on how alcohol consumption leads to oxidative stress and how
this results in hepatocyte apoptosis and necrosis through its contribution to mitochondrial
stress, dysregulation of cell signalling pathways and epigenetic regulation.

Citation: Tan HK, Yates E, Lilly K, Dhanda AD. Oxidative stress in alcohol-related liver
disease. World J Hepatol 2020; 12(7): 332-349
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INTRODUCTION

Europe has the highest per capita alcohol consumption and alcohol-related loss of
disability adjusted life years globally!l. The European Union is the heaviest drinking
region of the world, with 11 liters of pure alcohol drunk per adult each year!'. In the
last decade, this trend continues to rise in central and northern Europe. Alcohol is a
dose-related risk factor for more than 200 diseases!l. It causes 5.9% of all deaths
globally and more than 25% of deaths in the age group 20-39 years!'.

Heavy alcohol use is the cause of alcohol-related liver disease (ALD). Therefore, it is
not surprising that the incidence of ALD is on a rising trajectory. The scale of ALD is
estimated to burden the United Kingdom national health system with health-related
costs of over £3.5 billion per year”. In Europe, the cost of treating ALD is estimated to
be €17 billion, together with €5bn spent on treatment and prevention of harmful
alcohol use and alcohol dependencel’. Worldwide, alcohol-related liver cirrhosis
deaths account for approximately 10% of all alcohol-attributable deaths resulting in
the loss of 22.2 million disability-adjusted life years annually!*.

The ALD spectrum ranges from simple steatosis to steatohepatitis, fibrosis, and
cirrhosis. While alcohol-related cirrhosis is no longer considered a completely
irreversible condition, no effective anti-fibrotic therapies are currently available.
Cirrhosis can be divided into compensated and decompensated stages, with
differentiating clinical features and prognosis. The median survival of patients with
compensated liver disease is approximately 6.5 years but only 2.5 years in those with
decompensated cirrhosis!*. Once a complication of cirrhosis develops, the 5-year
survival rate decreases to less than 20%".

Alcoholic hepatitis (AH) is an acute inflammatory condition that occurs on the
background of ALD. Severe AH has a mortality rate of 30% within 3 mo!” but even
non-severe AH has a significant 7% mortality within 3 mo!’. The established treatment
for AH is corticosteroids, which improve short-term survival but do not affect long-
term survival®.

The molecular mechanisms underlying ALD pathogenesis are complex and have
not been fully elucidated. However, there is emerging evidence that oxidative stress
plays a role in mediating the inflammatory response and in directly causing liver
damage. Oxidative stress represents the body’s imbalance in the production and the
elimination of reactive species (including reactive oxygen and nitrogen species) as well
as decreased production of antioxidants’l. Here, we review the role of oxidative stress
in ALD focusing on its effect on mitochondrial stress, cell signaling and epigenetic
regulation.

LITERATURE SEARCH

Comprehensive searches of MEDLINE, EMBASE, PubMed and TRIPS from their
commencement to June 2019 were conducted. The search strategy included subject
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headings and keywords related to “alcohol” and “oxidative stress” and “liver”. The
reference list of all included studies was screened for eligibility. This review included
all study types in humans and animals. Studies published in all languages were
considered. One author independently screened titles and abstracts and subsequently
reviewed full-texts of retrieved studies for eligibility.

ALCOHOL METABOLISM

Alcohol (ethanol) is metabolized by three major pathways (Figure 1)/ The primary
pathway is initiated by alcohol dehydrogenase (ADH), a NAD* requiring enzyme
expressed at high levels in hepatocytes, which oxidizes ethanol to acetaldehydel”. In a
normal liver, acetaldehyde enters the mitochondria and is quickly metabolized to
acetate by aldehyde dehydrogenase (ALDH). Acetate is then broken down to carbon
dioxide and water for elimination’. In chronic alcohol users, the ADH/ALDH
pathway becomes saturated and reactive aldehydes are produced from the metabolism
process such as malondialdehyde-acetaldehyde (MAA), 4-hydroxy-2-nonenal (HNE)
and lipid hydroperoxides which can bind to proteins to produce protein adducts!”.

These protein adducts are capable of provoking an immune response. In vitro
experiments showed that the viability of antigen-presenting cells, lymphocytes, and
hepatocytes was decreased on incubation with an MAA hen egg lysosome adduct’..
Circulating antibodies against MAA protein adducts were increased in patients with
ALD and AH and correlated with the severity of liver injury®’l.

The second major pathway to metabolise ethanol is the microsomal ethanol
oxidizing system (MEOS), which involves an NADPH-requiring enzyme, the
cytochrome P450 enzyme CYP2E1'), which is induced by chronic alcohol
exposurel?, The increase of CYP2E1 after alcohol intake is due to stabilization of
CYP2EL1 rather than to a de novo synthesis!""l. The MEOS pathway metabolises ethanol
to acetaldehyde by converting NADPH" and O, to NADP and H,O resulting in the
generation of reactive oxygen species (ROS). CYP2E1 plays a role in lipid peroxidation,
protein oxidation, and protein nitration (Figure 1)I". It is also known to promote
hepatic carcinogenesis by oxidizing DNA in alcohol-exposed rodents!"’.

Ethanol metabolism through CYP2E1 not only produces acetaldehyde but also
generates ROS including H,0,, hydroxyl (OH") and carbon centered OH- (Figure 1),
These ROS may be neutralized by a potent antioxidant defense system"). However,
chronic alcohol consumption disrupts this system; depletion of mitochondrial
glutathione (GSH) is observed in patients with alcohol dependence!"”), which impairs
hepatocyte tolerance to tumour necrosis factor alpha (TNF-a) resulting in an increased
likelihood of cell death!"l. ROS increases and activates c-Jun N-terminal kinase (JNK)
with consecutive expression of the activator protein 1 (AP-1) transcription factor
leading to cellular hyper-regeneration, and lipid peroxidation. Lipid peroxidation
products such as malondialdehyde and HNE are generated. HNE can bind to
adenosine and cytosine forming highly carcinogenic exocyclic etheno DNA adducts!'”.
These DNA adducts have been identified in the livers of patients with ALD and other
types of liver disease associated with inflammation and oxidative stress like viral
hepatitis!*l.

The other two most prevalent DNA adducts are N2-ethyldeoxyguanosine (N2-Et-
dG), and 1,N(2)-propano-2'-deoxyguanosine (PdG). N2-Et-dG is detectable in livers of
alcohol-exposed mice and leukocytes of human alcohol misusers!”. PdG, on the other
hand, is distinguished by its genotoxic and mutagenic effects which impair DNA
replication, thereby triggering cell death. These two major acetaldehyde-DNA adducts
also promote carcinogenesis by initiating replication errors and mutations in
oncogenes/ onco-suppressor genes!'”).

A third minor pathway for ethanol metabolism involves catalase, a peroxisomal
enzyme (Figure 1)), which requires the presence of H,0,, a breakdown product of
fatty acids. Catalase located in the peroxisomes of the hepatocyte plays only a minimal
role in alcohol metabolism due to low hepatic production of H,O,. Under normal
conditions, ADH metabolizes about 75%-80% of the ethanol entering the liver and
MEOQOS the remainder. Hepatic ADH and hepatic catalase activities remain unchanged
following chronic alcohol consumption, whereas hepatic MEOS activity strikingly
increases and is responsible for the enhanced alcohol metabolism found after chronic
alcohol consumption!"""?.
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Figure 1 The three major pathways of alcohol metabolism. The primary pathway is initiated by alcohol dehydrogenase, a NAD* requiring enzyme
expressed at high levels in hepatocytes, which oxidizes ethanol to acetaldehyde. The second major pathway, the microsomal ethanol oxidizing system pathway,
involves the NADPH-requiring enzyme cytochrome P450 enzyme 2E1, which is induced by chronic alcohol exposure. The third pathway for ethanol metabolism is
carried out by catalase, a peroxisomal enzyme. ADH: Alcohol dehydrogenase; ALDH2: Aldehyde dehydrogenase; CYP2E1: Cytochrome P450 enzyme 2E1; HNE: 4-
hydroxy-2-nonenal; LOOH: Lipid hydroperoxides; MDA: Malondialdehyde; MEOS: Microsomal ethanol oxidizing system; ROS: Reactive oxygen species.
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MITOCHONDRIAL STRESS

Chronic alcohol consumption results in structural and functional abnormalities in
hepatic mitochondria, including enlarged morphology!”*?, mitochondrial DNA
(mtDNA) damagel*), reductions in hepatic ATP levels*! and mitochondrial protein
synthesis”! (Figure 2). This can result in hepatocellular apoptosis and associated
necrosis™!. Chronic alcohol metabolism and associated mitochondrial dysfunction has
been implicated in increasing ROS production and accumulation in hepatic
mitochondria.

In humans, in vivo measurement of ROS is complicated due to their rapid reactions
with surrounding molecules”. Surrogate measures of mitochondrial-derived ROS
include urinary isoprostane levels”*!, NADH delivery to the respiratory chain™, lipid
peroxidation” "l and HNE levels and associated adducts!"*". The greatest indicator of
ROS overproduction is the increase in hepatic CYP2E1 levels™ 1. The respiratory
chain has also been implicated in mitochondrial ROS overproduction in response to
chronic alcohol consumption. Excessive levels of reducing equivalents (e.g.,, NADH),
produced by alcohol and ADH entering the mitochondrial respiratory chain, lead to
electron transport chain reduction, facilitating superoxide anion formation!™*1.

Cell death can be triggered through ROS-induced release of apoptosis signal-
regulating kinase 1 (ASK1) (a member of the mitogen-activated protein kinase [MAPK]
family), resulting in the cleavage of pro-caspase-3 to active caspase-3, which promotes
cellular apoptosist*!. Additionally, cytosolic ASK1 activates MAPK kinase 4 and JNK
resulting in increased mitochondrial permeability, mediated by SAB protein, and thus
hepatocyte cell death!**!I(Figure 2).

Reactive nitrogen species (RNS) also contribute to mitochondrial damage!™ ™.
Alcohol-mediated overproduction of the superoxide anion can result in the generation
of RNS, such as peroxynitrite, via interaction with nitric oxide, culminating in
mitochondrial protein damage™. Numerous mitochondrial-localized enzymes
involved in respiration and cellular energetic processes are inactivated in this way,
including NADH dehydrogenase, succinate dehydrogenase, cytochrome c reductase
and ATP synthaset*.

To limit oxidative damage following alcohol consumption, hepatic mitochondria
have various adaptive mechanisms to prevent functional and structural impairments.
Uncoupling proteins (UCPs), specifically UCPs 1-3, reduce ROS production by the
uncoupling of mitochondrial oxidative phosphorylation'*’, a process observed in
patients with non-alcoholic fatty liver disease (NAFLD)™. Furthermore, there is
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Figure 2 Pathways involved in mediating mitochondrial oxidative stress. Alcohol elevates mitochondrial cytochrome p450 2E1 and NADH levels
facilitating reactive oxygen species (ROS) upregulation. Elevated ROS damages mitochondrial DNA, proteins and cristae and causes a reduction in mitochondrial
ATP and glutathione. ROS-activated thioredoxin-interacting protein translocates to mitochondria binding thioredoxin 2, indirectly producing further ROS through
inhibiting its antioxidant activity. Apoptosis signal-regulating kinase 1 liberated from thioredoxin 2, facilitates cleavage of pro-caspase 3 to caspase 3 leading to
hepatocellular apoptosis. Mitochondrial ROS activates cytosolic apoptosis signal-regulating kinase 1 leading to downstream opening of the mitochondrial transition
pore through mitogen-activated protein kinase kinase 4 and c-Jun N-terminal kinase activation. ROS form reactive nitrogen species which inhibit mitochondrial
enzymes. ASK1: Apoptosis signal-regulating kinase 1; BAX: Bcl-2-associated X protein; CYP2E1: Cytochrome p450 2E1; ETC: Electron transport chain; GSH:
Glutathione; JNK: C-Jun N-terminal kinase; MKK4: Mitogen-activated protein kinase kinase 4; mtDNA: Mitochondrial DNA; ROS: Reactive oxygen species; RNS:
Reactive nitrogen species; SAB: SH3 domain-binding protein that preferentially associates with Btk; TRX2: Thioredoxin 2; TXNIP: Thioredoxin-interacting protein.
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mitochondrial upregulation of enzymatic antioxidants catalase, glutathione transferase
and heme oxygenase-1 and a marked increase in GSH**l. However, mitochondrial
GSH depletion was observed in patients with alcohol dependence and ALD!''
suggesting that chronic alcohol exposure downregulates GSH expression.

Manganese-dependent superoxide dismutase (MnSOD) detoxifies mitochondrial
superoxide!, but its response to alcohol is poorly documented. Increased
mitochondrial localization of MnSOD was associated with more severe forms of
ALDM"|, which may be mediated by increased hydroxyl radical generation”. Thus,
overexpression of MnSOD may be hepatotoxic rather than hepatoprotective.

S-adenosylmethionine (SAMe) has been implicated in regulating mitochondrial
function, following alcohol consumption in a variety of animal modelsl. SAMe binds
and inactivates the catalytic activity of CYP2E1F", limiting alcohol-dependent
increases in mitochondrial production of superoxide!*). SAMe also increases synthesis
and availability of glutathione! and maintains mitochondprial respiration rate and
mtDNA integrity"™l. Although greater SAMe levels have been observed in the serum of
ALD patients compared to healthy subjects, a reduction in hepatic SAMe levels was
observed in patients with AH™, suggesting the acute inflammatory state leads to
hepatic SAMe depletion. SAMe has been evaluated as a treatment for AH in a recent
phase 2 randomized controlled clinical trial. SAMe with prednisolone improved 6-mo
survival compared to prednisolone treatment alone™l. Although these preliminary
results are encouraging, a definitive study has yet to be undertaken.

CELL SIGNALING PATHWAYS

Lipopolysaccharide (LPS) plays a key role in the pathogenesis of ALD, with higher
circulating LPS levels in alcohol dependent patients*. In AH, LPS predicts organ
failure, mortality®™ and infection. Alcohol exposure increases gut permeability,
mediating translocation of LPS from the lumen of the intestine to the portal vein into
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the liver™. LPS binds to Toll-like receptor 4 (TLR4) expressed on a wide variety of
immune and parenchymal cells including Kupffer cells, hepatocytes, endothelial cells
and hepatic stellate cells, initiating one of the primary signaling cascades associated

with liver damagel™*l. LPS-mediated cell signaling results in transcription of pro-
inflammatory genes through nuclear factor-«B (NF-xB) and interferon regulatory
factor 3 DNA binding*!l.

Upon LPS stimulation of the TLR4 complex, NADPH oxidase (NOX) 4 interacts
with the COOH-terminal region of TLR4 resulting in ROS generation in neutrophils
and monocytes®*], which directly activates NF-xB*>*l. ROS-mediated activation and
potential regulation of NF-«xB activity occurs by several mechanisms: IxBa
phosphorylation; S-glutathionylation of IKKp; disruption of IxB ubiquitination and
degradation; NF-xB inducing kinase (NIK) activation and phosphoinositide 3-kinase
(PI3K)/protein kinase B (Akt) stimulation! (Figure 3). ROS both negatively and
positively regulates NF-xB, with oxidative stress in the early phase being a positive
regulator, compared to a negative regulator in the late phasel®!. Diphenyliodonium
(DPI), an inhibitor of NOX, used as a pre-treatment in alcohol-fed rats, results in
normalized ROS production, and inhibition of TNF-a production in Kupffer cells® .,
Treatment of alcohol-fed rats with the antioxidant dilinoleoyl-phosphatidylcholine,
also inhibited TNF-a production in Kupffer cells and LPS-induced NF-«B activation!*.

Diphenyliodonium and dilinoleoyl-phosphatidylcholine reduce extracellular signal-
regulated protein kinase (ERK)1/2 activation"*l. LPS-induced activation of ERK1/2
results in transcription of early growth response protein 1 (Egr-1), involved in binding
to the TNF-a promoter and increasing TNF-a expression. Egr-1 deficient mice are
protected from chronic alcohol-induced liver injury in association with decreased
TNF-a messenger RNA (mRNA) levels!*.

LPS activates other MAPKs including p38 and JNKP), involved in TNF-a
production”. p38 has been implicated in maintaining the stability of TNF-a
mRNAP71 In response to acute alcohol exposure, the JNK pathway has been
associated with increased hepatic mitochondrial ROS production”, increased JNK
phosphorylation and AP-1 binding in monocytes”l. ROS is likely to activate JNK
through interaction with upstream MEKK1"! and by inactivating JNK inhibitor dual
specificity protein phosphatase 11/*l. ROS have also been associated with activation of
cytosolic ASK1M! (Figure 3). Clinical trials of ASK1 inhibitors as a treatment for
inflammatory liver disease are ongoing with a suggestion of reduced fibrosis in
patients with NAFLDV! but no efficacy seen in AHU.

ROS-mediated S-glutathionylation results in decreased expression of downstream
antioxidants such as MnSOD, catalase and Sestrin3 via the PI3K/ AKT pathway"l. Akt
has also been implicated in increasing oxygen consumption, resulting in elevated
mitochondrial generation of H,0, facilitating further oxidative damage™*".

The net result of these alcohol-induced cell signaling pathways is the increased
production of pro-inflammatory cytokines through upregulation of transcription
factors such as AP-1 and NFxB. TNF-q, a key pro-inflammatory cytokine, is highly
elevated in patients with ALD and AH"*, with observed TNF-a gene expression
increasing in ALD patients™!. TNF-a induces apoptosis through interaction with TNE-
a receptor 1 (TNFR1), initiating a cell-death cascade via activation of caspases™. In
ALD, TNF-a-induces mitochondrial peroxidation™, which is worsened following
depletion of GSHI"**1.

TNF-a exacerbates oxidative damage and inflammation via a positive feedback loop.
Through association with TNFR1, TNF-a stimulates the association of complex I*],
which culminates in MAPK activation (JNK, p38 and ERK). Complex I also directly
contributes to ROS accumulation through generation of superoxide, capable of causing
further oxidative damage and eventual TNF-a, perpetuating the cyclel***"#1,

Soluble inflammatory mediators including interleukins have been implicated in
ALDI#1 and are associated with outcome in patients with AH"'.. Elevated serum IL-
6 levels have recently been identified as a predictor of mortality in severe AH
patientsl. Hepatic upregulation of IL-6 and IL-1p in ALD, results in the
differentiation of naive CD4" cells into IL-17-producing T-helper 17 cells (Th17)
(Figure 4), resulting in elevated hepatic and serum levels of IL-17 observed in ALD
patients®?l. IL-17 has a multitude of pro-inflammatory downstream effects, including
inducing neutrophil recruitment to the liver; stimulating IL-8 and CXCL1 production
by hepatic stellate cells®”™ and CXCL4, 5 and 6 expression>”!. IL-6 and interferon
(IFN)-y are involved in JAK/STAT activation promoting hepatic regeneration .
Conversely, despite upregulation of IL-6 in ALD patients, downregulation of STAT
activation has been observed in human monocytes with chronic alcohol exposure!™.

Inflammasomes propagate IL-13 and IL-18 signals, important in the regulation of
hepatic inflammation. ROS mediates IL-1p and IL-18 signaling via inflammasome
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Figure 3 Signaling pathways involved in exacerbating oxidative damage and liver injury. Lipopolysaccharide, alcohol and extracellular reactive
oxygen species (ROS) are all capable of activating toll-like receptor 4 leading to myeloid differentiation primary response 88 (MyD88) activation. MyD88 association
with interleukin-1 receptor-associated kinase 1-4 results in activation of the tumor necrosis factor receptor-associated factor 6/transforming growth factor beta-
activated kinase 1 complex, which activates MAPKs c-Jun N-terminal kinase, p38 and extracellular signal-regulated protein kinase, facilitating transcription factors
activator protein 1 and early growth response protein 1 to translocate to the nucleus and upregulate pro-inflammatory mediators. Tumor necrosis factor receptor-
associated factor 6/transforming growth factor beta-activated kinase 1-mediated phosphorylation of the IKKa-B-y complex leads to IKB phosphorylation and nuclear
factor kB (NF-KB) translocation to the nucleus to upregulate pro-inflammatory cytokines. MyD88 signaling also activates NADPH oxidase 4 to produces ROS. ROS
are also produced by the NADPH oxidase 1/ras-related C3 botulinum toxin substrate 1 complex which is activated upstream by tumour necrosis factor alpha
interacting with tumour necrosis factor alpha receptor type 1, at the cell surface, which activates complex I. ROS upregulate NF-kB translocation to the nucleus
through KB phosphorylation, nuclear factor KB inducing kinase activation and indirect protein kinase B activation. At high concentrations, ROS inhibit NF-kB
activation through inhibition of IKB phosphorylation and S-glutathionylation of IKKB. ROS inhibit dual specificity protein phosphatase 1 and thioredoxin to further
upregulate the c-Jun N-terminal kinase pathway. ROS inactivation of phosphatase and tensin homolog facilitates phosphoinositide 3-kinase to produce protein kinase
B, which elevates ROS levels via increased oxygen consumption, and inactivates forkhead box protein O and downstream antioxidant expression. AKT: Protein
kinase B; AP-1: Activator protein 1; ASK1: Apoptosis signal-regulating kinase 1; DUSP1: Dual specificity protein phosphatase 1; Egr-1: Early growth response protein
1; ERK: Extracellular signal-regulated protein kinase; FOXO: Forkhead box protein O; IAP: Inhibitor of apoptosis; IFN: Interferon; IL: Interleukin; IRAK: Interleukin-1
receptor-associated kinase 1; JNK: C-Jun N-terminal kinase; LPS: Lipopolysaccharide; MEKK1: Mitogen-activated protein kinase kinase kinase 1; MyD88: Myeloid
differentiation primary response 88; NF-kB: Nuclear factor kB; NIK: Nuclear factor kB inducing kinase; NOX: NADPH oxidase; MnSOD: Manganese-dependent
superoxide dismutase; PI3K: Phosphoinositide 3-kinase; PTEN: Phosphatase and tensin homolog; Rac1: Ras-related C3 botulinum toxin substrate 1; ROS: Reactive
oxygen species; TAK1: Transforming growth factor beta-activated kinase 1; TLR4: Toll-like receptor 4; TNF-a: Tumour necrosis factor alpha; TNFR1: Tumour
necrosis factor alpha receptor 1; TRADD: Tumour necrosis factor alpha receptor 1-associated death domain protein; TRAF: Tumor necrosis factor receptor-
associated factor; TRIF: TIR-domain-containing adapter-inducing interferon-; TRX: Thioredoxin; TXNIP: Thioredoxin-interacting protein.
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NLRP3 activation” 1 and inhibition of antioxidant molecules®! (Figure 4). Increased
production of IL-1 is critical in Th17 differentiation®*>*], while IL-18 activates natural
killer T-cells (NKTs) to produce IFN-y™. Anti-IL-18 antibodies reduce activation of
NF-«B and AP-1, inflammation, liver damage and mortality in animal models!”'"l. IL-
1P has also been identified as an activator of MAPKs, including p38, JNK, MEKK1 and
IKKp, involved in mediating upregulation of itself and other pro-inflammatory
cytokines!'"), creating another positive feedback loop.

TRACE ELEMENTS

Trace elements are a group of naturally occurring minerals that are nutritionally
fundamental to basic cellular and immunological functions!'””. An essential role of the
these molecules, including zinc, copper, selenium and manganese, is to act as cofactors
of anti-oxidant enzymes, making their role imperative in the context of oxidative
stress!'™'™l. Manganese, copper and zinc are part of the SOD enzyme group that
catalyze the breakdown of highly reactive superoxide radicals to H,O, or O, Selenium
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downstream signaling. Reactive oxygen species (ROS) activate thioredoxin-interacting protein via inhibition of oxidoreductase thioredoxin. Thioredoxin-
interacting protein both binds and activates nucleotide-binding domain, leucine-rich-containing family, pyrin domain-containing-3 inflammasomes and interacts with
thioredoxin 1 and 2 to indirectly promote further ROS generation through inhibiting their antioxidant activity. Activated nucleotide-binding domain, leucine-rich-
containing family, pyrin domain-containing-3 inflammasomes facilitate pro-caspase 1 cleavage to caspase 1, which facilitates pro- interleukin (IL)-18 and pro-IL-18
cleavage to IL-1B and IL-18 respectively. IL-18 induces interferon-y production by natural killer T-cells. IL-1f induces generation of T-helper 17 cells in addition to
nuclear factor kKB and activator protein 1 activation through IKKB, p38, c-Jun N-terminal kinase and mitogen-activated protein kinase kinase kinase 1 stimulation.
Activating nuclear factor kB and activator protein 1 results in pro-inflammatory cytokine release, indirectly inducing further ROS accumulation. AP-1: Activator protein
1; IFN: Interferon; IL: Interleukin; JNK: C-Jun N-terminal kinase; MEKK1: Mitogen-activated protein kinase kinase kinase 1; NF-kB: Nuclear factor kB; NKT: Natural
killer T-cell; NLRP3: Nucleotide-binding domain, leucine-rich-containing family, pyrin domain-containing-3; NOX: NADPH oxidase; Rac1: Ras-related C3 botulinum
toxin substrate 1; ROS: Reactive oxygen species; Th17: T-helper 17 cells; TNF-a: Tumour necrosis factor alpha; TNFR1: Tumour necrosis factor alpha receptor 1;
TRX: Thioredoxin; TXNIP: Thioredoxin-interacting protein.
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is a component of the active site of glutathione peroxides (GPx), the main function of
which is the neutralization of hydrogen peroxide!'”. These enzyme systems are crucial
in counterbalancing the oxidative stress state and are impaired in chronic liver

diseasel'*l.
Reduced serum levels of trace elements have been confirmed in patients with liver
disease, including ALD, and correlate with severity!"”"'"l. Decreased zinc is associated

with liver cirrhosis in alcohol dependent individuals!"'"! and reduced serum levels of
zing, copper and iron have been observed when compared with healthy controls!*?
Zinc is a crucial trace element involved in multiple cellular and metabolic pathways!'"!
as well as acting as a cofactor for ALDH. Deficiency or abnormality in zinc function is
implicated multiple pathologies, including liver disease (both acute and chronic)!****!
and is associated with immune dysfunction evidenced by increased inflammation and
aberrant immune cell activation!". Zinc deficiency in endothelial cells results in
increased oxidative stress and decreased inflammatory regulation which is corrected
or partially ameliorated by zinc supplementation!"”"*l. In alcohol-fed mice, zinc
deficiency worsens the balance between hepatic pro- and antioxidant enzymes!'”! and
is associated with accumulation of ROS in gut epithelial cells and disruption of tight
junctions!”l. Given zinc’s influence on antioxidant responses, gut integrity and
immune function, a trial of zinc supplementation to improve clinical outcomes in
patients with ALD cirrhosis is ongoing (NCT02072746). Preliminary reports suggest
zinc supplementation is associated with a reduction in liver inflammation and
improvement in immune function*'.

Antioxidant therapy may also have a benefit in the treatment of AH. An antioxidant
cocktail (including zinc and selenium) in combination with steroids for the treatment
of severe AH correlated with a significant reduction in serum biomarkers, improved
short-term prognosis and reduced length of stay in hospital’*. However, a subsequent
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study of a complex regimen of N-acetylcysteine (NAC) followed by antioxidant
therapy, alone or in conjunction with steroids, reduced renal injury but resulted in no
survival benefit over 6 mo!"*l. Another clinical trial of steroids combined with NAC in
AH showed reduced infection rate but not mortality at 6 mol"*. Antioxidants have also
been shown to have a protective effect in patients with NAFLD by reducing serum
levels of alanine transaminase (ALT) and spleen size, a finding that likely correlates
with an improvement of fatty infiltration!"*. These findings suggest that targeting or
counterbalancing oxidative stress in ALD patients may improve patient outcomes.

EPIGENETICS

Lifestyle and environmental factors can modify gene expression without altering the
DNA sequence, which gets transmitted to the next generation of cells after mitotic
division, termed epigenetics!'*l. Epigenetic regulation includes both DNA and histone
protein modifications as well as action through non-coding micro RNAs!'”l. DNA
methylation is the most abundant epigenetic modification that directly affects the
function of a gene in eukaryotes!'*l. Acetylation and deacetylation are modifications in
histone proteins carried out by two enzyme families, histone deacetylases (HDACs)
and histone acetyl transferase (HAT)!"*. Histone modifying enzymes contribute to the
activation or inactivation of transcription by catalyzing the unfolding or further
compaction, respectively, of chromatin structurel'*.

Excessive ROS is involved in epigenetic gene activation or silencing by changing
DNA methylation levels!*!. ROS production induces alterations in DNA methylation
patterns and global histone acetylation, which then lead to aberrant gene expression,
and may contribute to the process of carcinogenesis!'*l. The reduction of global histone
acetylation in short term oxidative stress might be due to an immediate increase of
class I/1I HDAC activity by an unknown mechanism!"*'*1. Class III HDAC (Sirtuin
NAD*-dependent family of protein deacetylases) has been hypothesized to be
upregulated under oxidative stress because NAD" levels increase in the mitochondria
under oxidative stress conditions but direct evidence is lacking!"*l.

Alcohol consumption increases gene-selective acetylation of histone H3 at lysine 9
(H3KD9), levels of enzymes mediating histone acetylation, and results in a generalized
increase in DNA methylation!*'”l. These epigenetic-mediated effects of alcohol
consumption regulate the inflammatory response, through key pro-inflammatory
cytokines, such as TNF-a, which is silenced by H3K9 methylation and activated by
H3KO9 acetylation!”l. In a macrophage cell line, alcohol treatment resulted in global
increased histone H3 and H4 acetylation and specifically increased acetylation of pro-
inflammatory gene histones!'*’l.

Oxidative stress itself is an important regulator of epigenetic processes by inhibition
of HDAC expression!"*’. This takes place via activation of PI3K9, a signalling molecule
controlling many inflammatory signalling pathways!"*l. Drugs that inhibit PI3K®6 (e.g.,
theophylline, nortriptyline and specific inhibitors) reduce oxidative stress in in vitro
and in vivo models of lung diseasel*”. In patients with AH, there is in vitro evidence
that theophylline can enhance response to corticosteroid treatment, which may be
mediated by its epigenetic effects!'”’l. Targeting epigenetic regulation has recently been
shown to have a beneficial effect in patients with AH; a novel sulphated oxysterol,
DUR-928, was well tolerated and improved liver biochemistry in a small phase 2
clinical trial in AH™".

Activation of the transcription factor Nrf2 is central to cellular defence against
ROS!"™I, Tts negative regulator, kelch-like ECM-associated protein 1 (Keapl), promotes
proteasomal degradation of Nrf2. ROS decouples Nrf2 from Keapl, allowing it to
translocate to the nucleus to bind to antioxidant response elements (AREs), initiating a
range of antioxidant processes!'*>'*l. Both Nrf2 and Keap1 expression are influenced by
epigenetics with evidence of DNA hypermethylation in the Nrf2 promoter!*"**! and
Keapl promoter!'”l. Histone acetylation and deacetylation also modify ARE-
dependent gene expression with Class 1 HDACs reducing Nrf2!**l. Conversely, HDAC
inhibitors restore Nrf2 expression and antioxidant responses. Targeting epigenetic
regulation of Nrf2/Keapl to ameliorate oxidative stress induced inhibition of
antioxidant responses is an appealing strategy!"". However, much of this work has
been performed in cancer cell lines and needs further investigation in the context of
ALD.
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IMPLICATIONS FOR THERAPY OF ALD

An improved understanding of the detailed mechanisms by which oxidative stress
influences liver damage in patients with ALD may yield new targets for therapy.
Current data from pre-clinical and clinical studies suggest potential new avenues for
therapy of ALD.

MITOCHONDRIAL STRESS

Chronic alcohol consumption results in significant mitochondrial ROS generation
leading to morphological and functional changes. Preventing ROS generation may
ameliorate this process. Pre-clinical and early phase clinical studies have shown
promise of this approach with SAMe. A systematic review and meta-analysis of 11
randomized controlled trials of SAMe treatment for chronic liver disease concluded
that it improved liver biochemistry (bilirubin and AST) and had a good safety profile
but did not affect mortality”*’l. Long term SAMe treatment in patients with ALD does
not appear to be clinically effective with no reduction in adverse events or mortality in
the two included studies performed in patients with ALD!""*l, However, short term
treatment of the acute mitochondrial stress seen in AH may be a better strategy for the
use of SAMe. A phase 2 clinical trial of SAMe with prednisolone for the treatment of
severe AH demonstrated improved response rate measured by Lille score and a
reduction in hepatorenal syndrome!™. However, there was no statistically significant
difference in 28-d mortality. It may yet prove to be an effective adjunct to anti-
inflammatory therapy for AH.

UCPs are strongly associated with mitochondrial stress in ALD. Overexpression of
UCP2 reduces apoptosis and oxidative stress in vitro!*J. Hepatocellular downregulated
mitochondrial carrier protein (HDMCP) expression induced uncoupling and reduced
steatosis in an animal model of NAFLD!'’l. However, such an approach may promote
hepatocyte necrosis and increase the risk of hepatocellular carcinoma!*l. Further
studies in this area are required to determine whether targeting UCPs would be a
beneficial therapeutic strategy.

ANTIOXIDANT THERAPY

NAC, an antioxidant therapy that provides cysteine for glutathione synthesis, has been
tested in patients with AH. Although initial trials did not demonstrate a survival
benefit!*'“l. a more recent study of NAC in combination with prednisolone, showed a
reduction in infective events and 1-month mortality!"”.. Therefore, NAC has been
suggested for the treatment of AH in clinical practice guidelines, with the caveat that a
definitive randomized controlled trial is still required!*!.

Deficiency of key trace elements is associated with oxidative stress, which is
ameliorated by supplementation. Antioxidant therapy including zinc and other trace
elements has shown clinical benefit in patients with AH!'*’l. However, interpretation is
hampered by use of a variety of antioxidants at differing concentrations and
durations!>'*l. A trial of long-term zinc supplementation in ALD patients has
demonstrated improvements in short-term immune function!*! with long-term clinical
outcomes due to be reported shortly. Improved understanding of the role of trace
elements in ALD and the optimal formulation and duration of treatment is required.

EPIGENETIC REGULATION

Oxidative stress reduces HDAC expression via PI3Kd activation resulting in increased
expression of pro-inflammatory genes. Studies targeting HDACs have yet to be
performed in patients with ALD. Although in vitro studies suggest an antioxidant
effect of HDAC inhibition with upregulation of Nrf2 expression*!, HDAC inhibitors
approved for use in the treatment of cancer induce cell cycle arrest, apoptosis and
oxidative stress in cancer cells which overexpress HDAC!I". The effect of HDAC
inhibitors in the context of ALD requires careful in vitro confirmation before clinical
translation. However, targeting PI3K0 is a more appealing strategy with evidence
from the respiratory field that specific inhibitors reduce oxidative stress in vitro and in
vivol'™,
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CONCLUSION

Alcohol is a major global healthcare and economic burden and is a growing cause of
chronic liver disease. However, there are currently no effective therapies to treat ALD.
Oxidative stress is involved in multiple aspects of ALD pathogenesis (Figure 5).
Chronic alcohol consumption results in the saturation of the ADH pathway and
increased CYP2E1-mediated alcohol metabolism. This leads to the generation of
reactive species including MAA, HNE, lipid hydroperoxides, RNS and ROS, which
cause hepatic damage via lipid and protein peroxidation, adduct formation and
cellular hyper-regulation. Similar damage occurs in hepatic mitochondria with ROS
inducing structural and functional damage. ROS cause oxidative damage through
multiple mechanisms: Promoting cell death via protein mediators, increasing and
sustaining the upregulation of pro-inflammatory mediators, as well as inducing
multiple epigenetic modifications.
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Figure 5 Reactive oxygen species-mediated oxidative damage in the liver. Increased cytochrome p450 2E1-mediated alcohol breakdown and electron
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disruption and an excess of lipopolysaccharide translocation from the gut to the liver. Lipopolysaccharide activates NADPH oxidase Via toll-like receptor 4 activation
resulting in further ROS production. Excess ROS produce RNS and reduce antioxidant cofactors such as Mn and Zn. ROS induce hepatocyte damage through
activation of apoptosis signal-regulating kinase 1. Nucleotide-binding domain, leucine-rich-containing family, pyrin domain-containing-3 inflammasomes are activated
by ROS, inducing T-helper 17 generation and natural killer T cell-mediated interferon-y production through interleukin expression. ROS upregulate transcription
factors activator protein 1 and nuclear factor KB resulting in pro-inflammatory cytokine expression causing downstream liver inflammation. Tumour necrosis factor
alpha further upregulates ROS through activating NADPH oxidase via tumour necrosis factor alpha receptor 1. ROS cause an array of functional and structural
mitochondrial damage, which is initially impeded by uncoupling proteins and SAMe expression. ROS mediates epigenetic alterations through interacting with HDACs
which mediate histone acetylation. Ac: Acetylation; ADH: Alcohol dehydrogenase; AP-1: Activator protein 1; ASK1: Apoptosis signal-regulating kinase 1; Cu: Copper;
CYP2E1: Cytochrome p450 2E1; ETC: Electron transport chain; HDAC: Histone deacetylases; IFN: Interferon; IL: Interleukin; LPS: Lipopolysaccharide; Mn:
Manganese; NF-kB: Nuclear factor kB; NKT: Natural killer T-cell; NOX: NADPH oxidase; ROS: Reactive oxygen species; SAMe: S-adenosylmethionine; Se:
Selenium; Th17: T-helper 17 cells; TLR4: Toll-like receptor 4; TNF-a: Tumour necrosis factor alpha; TNFR1: Tumour necrosis factor alpha receptor 1; UCP:
Uncoupling protein; Zn: Zinc.
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Abstract

BACKGROUND

Sodium glucose cotransporter 2 (SGLT2) inhibitors are newly developed oral
antidiabetic drugs. SGLT2 is primarily expressed in the kidneys and reabsorbs
approximately 90% of the glucose filtered by the renal glomeruli. SGLT2
inhibitors lower glucose levels independently of insulin action by facilitating
urinary glucose excretion. The SGLT2 inhibitor ipragliflozin has reportedly
improved liver steatosis in animal models and clinical studies. However, the
mechanisms by which SGLT2 inhibitors improve liver steatosis are not fully
understood.

AIM

To investigate the ameliorative effects of ipragliflozin on liver steatosis and the
mechanisms of these effects in obese mice.

METHODS

We analyzed 8-wk-old male obese (0b/ob) mice that were randomly divided into a
group receiving a normal chow diet and a group receiving a normal chow diet
supplemented with ipragliflozin (3 mg/kg or 10 mg/kg) for 4 wk. We also
analyzed their lean sex-matched littermates receiving a normal chow diet as
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another control group. Body weight and liver weight were evaluated, and liver
histology, immunoblotting, and reverse transcription-polymerase chain reaction
analyses were performed.

RESULTS

Hepatic lipid accumulation was significantly ameliorated in ob/ob mice treated
with 10 mg/kg ipragliflozin compared to untreated ob/ob mice irrespective of
body weight changes. Ipragliflozin had no appreciable effects on hepatic oxidative
stress-related gene expression levels or macrophage infiltration, but significantly
reduced hepatic interleukin-1p (IL-1p) mRNA expression levels. Ipragliflozin
increased both the mRNA and protein expression levels of sirtuin 1 (SIRT1) in the
liver. The hepatic mRNA levels of peroxisome proliferator-activated receptor y
coactivator 1a (PGC-1a), peroxisome proliferator-activated receptor a (PPARa),
and fibroblast growth factor-21 (FGF21) were also significantly higher in
ipragliflozin-treated ob/ob mice than in untreated ob/ob mice.

CONCLUSION

Our study suggests that the liver steatosis-ameliorating effects of ipragliflozin in
ob/ob mice may be mediated partly by hepatic SIRT1 signaling, possibly through
the PGC-1a/PPARa-FGF21 pathway.

Key words: Selective sodium glucose cotransporter 2; Nonalcoholic fatty liver disease;
Sirtuin 1; Peroxisome proliferator-activated receptor y coactivator 1a; Peroxisome
proliferator-activated receptor a; Fibroblast growth factor-21

©The Author(s) 2020. Published by Baishideng Publishing Group Inc. All rights reserved.

Core tip: The selective sodium glucose cotransporter 2 inhibitor ipragliflozin significantly
ameliorated hepatic lipid accumulation in genetically obese (0b/0b) mice and increased
both the mRNA and protein expression levels of sirtuin 1 (SIRT1), a NAD-+-dependent
protein deacetylase with numerous substrates, in the liver. Ipragliflozin also significantly
increased the hepatic mRNA levels of peroxisome proliferator-activated receptor y
coactivator la (PGC-1a), peroxisome proliferator-activated receptor o (PPARa), and
fibroblast growth factor-21 (FGF21). The liver steatosis-attenuating effects of ipragliflozin
in ob/ob mice may have been mediated partly by hepatic SIRT1 signaling, possibly
through the PGC-10/PPARa-FGF21 pathway.

Citation: Suga T, Sato K, Ohyama T, Matsui S, Kobayashi T, Tojima H, Horiguchi N,
Yamazaki Y, Kakizaki S, Nishikido A, Okamura T, Yamada M, Kitamura T, Uraoka T.
Ipragliflozin-induced improvement of liver steatosis in obese mice may involve sirtuin
signaling. World J Hepatol 2020; 12(7): 350-362

URL: https://www.wjgnet.com/1948-5182/full/v12/i7/350.htm

DOI: https://dx.doi.org/10.4254/wjh.v12.i7.350

INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD), a hepatic manifestation of metabolic
syndrome, is a common chronic liver disease. It includes isolated fatty liver and
nonalcoholic steatohepatitis (NASH), the latter of which can progress to cirrhosis and
liver cancer in some individuals!'. This disease is associated with obesity, insulin
resistance, and type 2 diabetes mellitus (T2DM). As lifestyles have become
increasingly sedentary and dietary patterns have changed, the worldwide prevalence
of NAFLD has dramatically increased™. The most challenging problem is that no
pharmacological therapies have been established for NAFLD so fart’.

Sodium glucose cotransporter 2 (SGLT2) inhibitors are newly developed oral
antidiabetic drugs. SGLT2 is primarily expressed in the kidneys and reabsorbs
approximately 90% of the glucose filtered by the renal glomeruli. SGLT2 inhibitors,
which lower glucose levels independently of insulin action by facilitating the excretion
of glucose in urine, are expected to become candidate therapeutic agents not only for
T2DM but also for NASH/NAFLD!. Ipragliflozin is a selective SGLT2 inhibitor that
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is orally administered. Previous reports have shown that ipragliflozin improves liver
steatosis in animal models**! and clinical settings"”'’l. However, the mechanisms by
which SGLT?2 inhibitors improve liver steatosis are not fully understood.

Recently, chronic administration of an SGLT2 inhibitor was reported to drive a fuel
shift, decreasing tissue glucose disposal and increasing lipid use!"l. Therefore, we
hypothesized that sirtuin 1 (SIRT1), a NAD*-dependent protein deacetylase with
numerous substrates, might be associated with the amelioration of liver steatosis by
SGLT2 inhibitors. SIRT1 plays important roles in controlling energy homeostasis and
longevity in mammals!'>"’l. For example, SIRT1 improves sensitivity to both leptin and
insulin, which act on proopiomelanocortin neurons to increase sympathetic activity
toward adipose tissues and to promote the browning of white fat, and is involved in
energy and glucose homeostasis!"l. Pharmacological activation of SIRT1 signaling
reportedly ameliorates fatty liver!"”'l. In contrast, hepatocyte-specific deletion of SIRT1
impairs peroxisome proliferator-activated receptor a (PPARa) signaling, decreases
fatty acid p-oxidation, and results in liver steatosis and inflammation!”. Peroxisome
proliferator-activated receptor y coactivator 1a (PGC-1a), a key coactivator for PPARa
signaling!"l, is known to be a direct substrate of SIRT1". PGC-1a interacts with
multiple transcription factors to enhance mitochondrial metabolic capacity™.
Moreover, hepatic SIRT1 attenuates liver steatosis and controls energy balance by
inducing the activation of fibroblast growth factor-21 (FGF21)"*!. Hepatic FGF21 is
regulated by PPARa and is a key mediator of hepatic metabolism™. All of the above
findings suggest that the SIRT1-PGC-1a/PPARa-FGF21 pathway is important in lipid
homeostasis in the liver.

It has not been fully elucidated whether the amelioration of liver steatosis mediated
by the SGLT2 inhibitor ipragliflozin is associated with SIRT1 signaling. The objectives
of our study were thus to evaluate the in vivo effects of the selective SGLT2 inhibitor
ipragliflozin on liver steatosis and to investigate the mechanisms by which this SGLT2
inhibitor improves liver steatosis in obese (ob/ob) mice. In particular, the primary
experimental aim was to clarify the role of SIRT1 signaling in ipragliflozin-mediated
attenuation of liver steatosis in ob/ob mice.

MATERIALS AND METHODS

Animals and animal treatment protocol

We purchased 6-wk-old male ob/ob mice and their lean sex-matched littermates from
Charles River Co., Ltd. (Yokohama, Japan). All mice were kept under a 12:12 h light-
dark cycle with free access to food and water. After the mice had acclimated to the
rearing environment for 2 wk, they were fed a normal chow diet (CLEA Rodent Diet
CE-2) from CLEA Japan, Inc. (Tokyo, Japan). The diet was changed to a normal chow
diet (D12450B) from Research Diets (Tokyo, Japan) or an ipragliflozin-supplemented
D12450B chow diet when the mice were 8 wk old. The treatment groups were
composed of ob/ob mice that were fed a normal chow diet only or a normal chow diet
supplemented with one of two different doses of ipragliflozin (3 mg/kg or 10 mg/kg,
Astellas Pharma Inc., Tokyo, Japan), and the control group was composed of lean
littermates fed a normal chow diet. The ob/ob mice were randomly assigned to the 3
treatment groups, each of which comprised 8 mice. After 4 weeks of feeding, all mice
were sacrificed, total liver resection was performed, and the specimens were analyzed.
For verification of SGLT2 mRNA expression, liver and kidney specimens were
obtained from C57BL/6 mice purchased from Charles River Laboratories Japan, Inc.

Histological analysis

We used Oil Red O staining to evaluate liver fat deposition in paraffin-embedded liver
tissue specimens. The Image] software (NIH) image software program was used to
quantify the Oil Red O-stained areas in 8 microscopic fields at 400-fold magnification.

Immunoblot analyses

Proteins extracted from liver tissue were resolved via polyacrylamide gel
electrophoresis, and the separated proteins in the gels were transferred to
nitrocellulose membranes. The membranes were then probed with primary antibodies
against SIRT1 (Merck, Tokyo, Japan), a-tubulin (Santa Cruz Biotechnology, Inc., TX,
United States), phospho-AMP-activated protein kinase (AMPK), and total AMPK (Cell
Signaling Technology Japan, K. K., Tokyo, Japan). The membranes were then
incubated with corresponding horseradish peroxidase-conjugated secondary
antibodies. The immunoreactive proteins were assessed with an LAS-4000 Image
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analyzer (FUJIFILM Holdings Corporation, Tokyo, Japan), and densitometry was
performed using NTH.

Quantitative reverse transcription-polymerase chain reaction analysis

An RNAiso Plus kit (Takara Bio Inc., Shiga, Japan) was used for total RNA isolation.
An Improm-II Reverse Transcription System (Promega Japan, Tokyo, Japan) was used
for reverse transcription of isolated RNA into cDNA. cDNA samples (1 pg) were
subjected to reverse transcription-polymerase chain reaction (RT-PCR) with a PCR Kit
(TaKaRa) or to quantitative PCR with an Applied Biosystems ViiA™ 7 Real-Time PCR
System (Life Technologies Japan, Ltd., Tokyo, Japan) and PowerUp™ SYBR™ Green
Master Mix (Fisher Scientific International, Inc., Pittsburgh, PA, United States). The
specific primer sequences are listed in Table 1. The target mRNA expression levels
were assessed relative to mouse p-actin mRNA (control gene) levels.

Statistical analysis

All data are presented as the mean + SD. Multiple comparisons were performed with
analysis of variance followed by post hoc tests, as appropriate. P values of less than
0.05 were considered to indicate statistical significance.

RESULTS

Ipragliflozin reduced hepatic lipid accumulation regardless of body weight changes

in ob/ob mice

All mice showed sensitive reactions, normal movement, normal appetite, normal stool,
and stable breathing at the start of the experiment. The mice did not show any adverse
events during the experiment, and no modifications of the experimental protocols
were necessary.

We first tested whether ipragliflozin improved liver steatosis in ob/ob mice. There
were no significant changes in body weight in either the 3 mg/kg or the 10 mg/kg
ipragliflozin-treated ob/ob mice compared with the untreated ob/ob mice after 4 wk of
treatment (Figure 1A). In addition, ipragliflozin did not significantly change the ratio
of liver weight to body weight at the end of the experimental period (Figure 1B). On
the other hand, we found that the livers of the 10 mg/kg ipragliflozin-treated ob/ob
mice had significantly lower Oil Red O-stained areas than those of the untreated ob/ob
mice (Figure 2). These results indicated that ipragliflozin improved liver steatosis
irrespective of body weight changes.

Ipragliflozin increased hepatic SIRT1 protein expression levels in ob/ob mice

To elucidate the mechanism by which ipragliflozin improved liver steatosis in ob/ob
mice, we examined the protein expression levels of hepatic SIRT1. Interestingly,
compared with no treatment, ipragliflozin treatment significantly increased hepatic
SIRT1 protein expression levels by approximately 2-fold in ob/ob mice (Figure 3). These
results suggested that ipragliflozin upregulated the protein expression of SIRT1 in the
livers of ob/ob mice.

Ipragliflozin-mediated attenuation of liver steatosis in ob/ob mice was associated
with SIRT1 signaling

Based on the abovementioned effect of ipragliflozin on the hepatic expression of SIRT1
protein, we analyzed the role of the SIRT1-PGC-1a/PPARa-FGF21 pathway in our
mouse model. Specifically, we examined the mRNA expression levels of SIRT1, PGC-
la, PPARa, and FGF21 in the liver. Consistent with the findings regarding hepatic
SIRT1 protein expression, we found that hepatic SIRT1 mRNA expression was
significantly higher in 10 mg/kg ipragliflozin-treated ob/ob mice than in untreated
ob/ob control mice (Figure 4A). Moreover, we found that liver PGC-1a, PPARa, and
FGF21 mRNA expression was significantly higher in ipragliflozin-treated ob/ob mice
than in untreated ob/ob control mice (Figure 4B-D). On the other hand, the hepatic
mRNA levels of fatty acid synthase (FAS) and acetyl-CoA carboxylase (ACC), key
regulators of de novo hepatic lipogenesis, did not significantly differ between the
ipragliflozin-treated ob/ob mice and the untreated ob/ob control mice (Figure 4E and F).
These results indicated that the ameliorative effects of ipragliflozin on liver steatosis
were possibly mediated by the SIRT1-PGC-1a/PPARa-FGF21 pathway.
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Table 1 Sequences of the primers used for reverse transcription-polymerase chain reaction

Forward primer sequence

Reverse primer sequence

SIRT1 5-GTA AGC GGC TTG AGG G-3

PGC-1a 5-TTG ACT GGC GTC ATT CGG GAG-3’
PPARa 5-AGG AAG CCG TTC TGT GAC AT-3’

FGF21 5-AGA TCA GGG AGG ATG GAA CA-3

FAS 5-ACC ACT GCA TTG ACG GCC GG-3

ACC 5-GGG CAC AGA CCG TGG TAG TT-3’
ACOX1 5-TGG TAT GGT GTC GTA CTT GAA TGA C-3’
ACS 5-AAA GAT GGC TGG TTA CAC ACG-3’

CPT1 5-CCC TGG GCA TGA TTG CAA-3

CPT2 5'-CAG ACA GTG GCT ACC TAT GAA TCC T-3'
Nox2 5'-GAA AAC TCCTTG GGT CAG CACT-3'
GPx-1 5'-TTA CAT TGT TTG AGA AGT GCG A-3'
SOD-1 5'-CAT TCC ATC ATT GGC CGT-3'

SOD-2 5'-TGT ATA TCT CTG GAG AAC TGG AC-3'
IL-1B 5'-AAA CGG TTT GTC TTC AAC-3'

F4/80 5'-CAT CTT GCT GGA GAC TGT-3'

B-actin 5-AGC CTT CCT TCT TGG GTA-3'

5-TTC GGG CCT CTC CGT A-3’

5-ATC TGG GCA AAG AGG CTG GTC-3

5-TTG AAG GAG CTT TGG GAA GA-3’

5-TCA AAG TGA GGC GAT CCA TA-3'

5-GGG TCA GGC GGG AGA CCG AT-3'

5-CAG GAT CAG CTG GGA TAC TGA-3'

5-AAT TTC TAC CAA TCT GGC TGC AC-3’

5-CGA TAA TCT TCA AGG TGC CAT T-3

5-AAG AGG ACG CCA CTC ACG AT-3

5'-TGG TCA GCT GGC CAT GGT ATT TGG A-3'

5-ATT TCG ACA CAC TGG CAG CA-3'

5'-CAA AGT TCC AGG CAA TGT C-3'

5'-TCA GAC CAC ACA GGG AAT GTT TA-3'

5'-GGC CCT CTT GTG ACT GTA A-3'

5'-ATG GTG AAG TCA ATT ATG TC-3'

5'-CTG CCA AGT TAA TGG ACT CA-3'

5-GAG CAA TGA TCT TGA TCT TC-3'

ACC: Acetyl-CoA carboxylase; ACOX1: Acyl-CoA oxidase 1; ACS: Acyl-CoA synthetase; CPT1: Carnitine palmitoyltransferase 1; CPT2: Carnitine
palmitoyltransferase 2; FAS: Fatty acid synthase; FGF21: Fibroblast growth factor-21; GPx-1: Glutathione peroxidase 1; IL-1p: Interleukin-1; Nox2:
NADPH oxidase 2; PGC-1a: Peroxisome proliferator-activated receptor y coactivator 1a; PPARa: Peroxisome proliferator-activated receptor a; SIRT1:
Sirtuin 1; SOD-1: Superoxide dismutase 1; SOD-2: Superoxide dismutase 2.
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Figure 1 Body weights and liver-to-body weight ratios of obese mice treated with or without ipragliflozin and their lean littermates. A:
Body weights of mice in the lean, obese (0b/0ob), ob/ob + ipraglifiozin 3 mg/kg, and ob/ob + ipragliflozin 10 mg/kg groups at the end of therapy; B: Liver-to-body
weight ratios of mice in the lean, ob/ob, ob/ob + ipragliflozin 3 mg/kg, and ob/ob + ipragliflozin 10 mg/kg groups at the end of therapy. NS: Not significant; ob/ob:

Obese; Ipra: Ipraglifiozin. n = 8.

Ipragliflozin increased the mRNA expression levels of -oxidation-related enzymes

in ob/ob mice

Furthermore, we analyzed the mRNA expression levels of B-oxidation-related
enzymes in our mouse model. We found that the hepatic mRNA expression levels of
acyl-CoA oxidase 1 (ACOX1), acyl-CoA synthetase (ACS), carnitine
palmitoyltransferase (CPT) 1, and CPT2 were significantly higher in 10 mg/kg
ipragliflozin-treated ob/ob mice than in untreated ob/ob control mice (Figure 5A-D).
These results suggested that ipragliflozin increased both peroxisomal and

mitochondrial B-oxidation in ob/ob mice.
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Figure 2 Evaluation of liver histology in obese mice treated with or without ipragliflozin and their lean littermates. A: Representative hepatic
histology of mice in the lean, obese (0b/ob), ob/ob + ipragliflozin 3 mg/kg, and ob/ob + ipraglifiozin 10 mg/kg groups at the end of therapy. The liver sections were
stained with Oil Red O; B: Results of quantitative histomorphometric analysis of the total hepatic lipid content for each experimental group. The Oil Red O-stained
areas were quantified in 8 microscopic fields at 400-fold magnification. °P < 0.01 vs the ob/ob group. ob/ob: Obese; Ipra: Ipragliflozin.
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Ipragliflozin decreased the mRNA expression levels of interleukin-18 but had no
appreciable effects on those of oxidative stress-related genes or macrophage

marker in ob/ob mice

We also analyzed oxidative stress, inflammatory cytokine levels, and macrophage
infiltration in our mouse model. Treatment with 3 mg/kg ipragliflozin significantly
increased the hepatic mRNA levels of NADPH oxidase 2 (Nox2), but treatment with 10
mg/kg ipragliflozin did not (Figure 5E). The hepatic mRNA levels of glutathione
peroxidase 1, superoxide dismutase (SOD)-1, or SOD-2, key regulators of oxidative
stress, did not significantly differ between ipragliflozin-treated ob/ob mice and
untreated ob/ob control mice (Figure 5F-H). Ipragliflozin decreased the mRNA
expression levels of interleukin-1p (IL-1pB) in ob/ob mice (Figure 5I). However, the
hepatic mRNA expression levels of F4/80 were unchanged by ipragliflozin treatment
(Figure 5]).
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Figure 4 Hepatic mRNA expression of genes related to sirtuin 1 signaling in obese mice treated with or without ipragliflozin and their
lean littermates. A: Hepatic mRNA expression of sirtuin 1 in obese (0b/ob) mice treated with or without ipragliflozin and their lean littermates; B: Hepatic mRNA
expression of peroxisome proliferator-activated receptor y coactivator 1a in 0b/ob mice treated with or without ipraglifiozin and their lean littermates; C: Hepatic
mRNA expression of peroxisome proliferator-activated receptor a in 0b/ob mice treated with or without ipraglifiozin and their lean littermates; D: Hepatic mRNA
expression of fibroblast growth factor-21 in 0b/ob mice treated with or without ipraglifiozin and their lean littermates; E: Hepatic mRNA expression of fatty acid
synthase in 0b/ob mice treated with or without ipraglifiozin and their lean littermates; F: Hepatic mRNA expression of acetyl-CoA carboxylase in ob/ob mice treated
with or without ipragliflozin and their lean littermates. 2P < 0.05, °P < 0.01 vs the 0b/0b group. ACC: Acetyl-CoA carboxylase; FAS: Fatty acid synthase; FGF21:
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receptor y coactivator 1a; 0b/ob: Obese; SIRT1: Sirtuin 1. n = 8.
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SGLT2 was expressed in the kidneys but not in the liver

We next investigated why hepatic SIRT1 signaling was increased in ipragliflozin-
treated mice. We hypothesized that ipragliflozin increased hepatic SIRT1 signaling by
directly inhibiting SGLT2 in the mouse liver. Therefore, we tested whether SGLT2 was
expressed in the livers of mice. RT-PCR revealed that SGLT2 was expressed in mouse
kidneys but not in mouse livers (Figure 6A).

Ipragliflozin increased AMPK activation in the whole liver

We further assessed the effects of ipragliflozin treatment on the activation of AMPK, a
major metabolic energy sensor and master regulator of metabolic homeostatic
processes, including SIRT1 signaling™. Interestingly, ipragliflozin significantly
increased the activation of AMPK in whole livers obtained from mice in the treated
groups (Figure 6B and C).

DISCUSSION

In our study, the SGLT2 inhibitor ipragliflozin ameliorated hepatic lipid accumulation
in a manner associated with hepatic SIRT1 signaling in an experimental obese mouse
model. It was unlikely that the inhibitory effect of ipragliflozin on liver steatosis was
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Figure 5 Hepatic mRNA expression of genes related to B-oxidation, oxidative stress, inflammatory cytokine, and macrophage marker in
obese mice treated with or without ipragliflozin and their lean littermates. A: Hepatic mRNA expression of acyl-CoA oxidase 1 in obese (0b/0b) mice
treated with or without ipragliflozin and their lean littermates; B: Hepatic mRNA expression of acyl-CoA synthetase in 0b/0b mice treated with or without ipraglifiozin
and their lean littermates; C: Hepatic mRNA expression of carnitine palmitoyltransferase 1 in 0b/ob mice treated with or without ipragliflozin and their lean littermates;
D: Hepatic mRNA expression of carnitine palmitoyltransferase 2 in 0b/0b mice treated with or without ipragliflozin and their lean littermates; E: Hepatic mRNA
expression of NADPH oxidase 2 in ob/ob mice treated with or without ipragliflozin and their lean littermates; F: Hepatic mRNA expression of glutathione peroxidase 1
in ob/ob mice treated with or without ipragliflozin and their lean littermates; G: Hepatic mRNA expression of superoxide dismutase 1 in 0b/ob mice treated with or
without ipraglifiozin and their lean littermates; H: Hepatic mRNA expression of superoxide dismutase 2 in 0b/ob mice treated with or without ipraglifiozin and their lean
littermates; |: Hepatic mRNA expression of interleukin-13 in ob/ob mice treated with or without ipragliflozin and their lean littermates; J: Hepatic mRNA expression of
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Glutathione peroxidase 1; IL-1B: Interleukin-18; Ipra: Ipragliflozin; Nox2: NADPH oxidase 2; SOD-1: Superoxide dismutase 1; SOD-2: Superoxide dismutase 2. n = 8.

mediated by a decrease in body weight because ipragliflozin did not significantly
affect body weight in the mouse model. Some SGLT2 inhibitors (empagliflozin,
dapagliflozin, and canagliflozin) are generally reported to cause weight loss in obese
mice and rats”*l. However, consistent with previous reports’, our results showed
that ipragliflozin did not significantly alter body weight in obese mice (Figure 1A). It is
possible that there are pharmacologic differences among SGLT2 inhibitors that cause
them to have different effects on body weight. Further studies are required to confirm
this hypothesis.

The ameliorative effect of ipragliflozin on fatty liver in our experimental obese
mouse model may have involved upregulation of the SIRT1 protein and subsequent
enhancement of hepatic SIRT1 signaling. This hypothetical mechanism is supported by
the following evidence: 1) hepatic SIRT1 protein expression levels in ob/ob mice were
significantly increased by ipragliflozin treatment, and 2) activation of the SIRT1-PGC-
la/PPARa-FGF21 pathway was observed by mRNA expression analysis after
ipragliflozin treatment. Ipragliflozin-mediated activation of the SIRT1-PGC-
la/PPARa-FGF21 pathway might result in promotion of mitochondrial fatty acid -
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kinase. n = 8.
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oxidation and could account for the attenuation of liver steatosis in ob/ob mice. This
mechanism is supported by a prior study demonstrating that ipragliflozin increases
the hepatic mRNA expression levels of PPARa, a marker of lipid outflow, in Amylin
liver NASH model micel. Moreover, the SGLT2 inhibitor empagliflozin has been
reported to increase the hepatic mRNA levels of PGC-1a and FGF21 in mice with high-
fat-diet-induced obesity!*!. However, a recent clinical study on NAFLD patients with
T2DM reported that treatment with the SGLT2 inhibitor dapagliflozin decreased
plasma FGF21 levels, while treatment with a combination of dapagliflozin and omega-
3 carboxylic acids did not®. FGF21 contributes to the regulation of mitochondrial
activity and lipolysis in white adipose tissue/*! and increases fatty acid oxidation in
the liver™. Therefore, an increase in FGF21 in the liver following therapy with
ipragliflozin may promote fat utilization. On the other hand, ipragliflozin did not
change the hepatic mRNA expression levels of FAS and ACC, markers of lipid inflow,
probably because it promoted hepatic fatty acid oxidation without suppressing de novo
hepatic lipogenesis in ob/ob mice. However, a previous report showed that the
expression levels of FAS and ACC, which are upregulated in C57BL/ 6] wild-type mice
fed a high-fat diet, are significantly suppressed by ipragliflozin!’. The exact reason for
the inconsistency among these findings is unknown but might be related to the
differences between genetically engineered and wild-type mice or the differences
between the ipragliflozin administration methods used (dietary supplementation vs
drinking water supplementation).

Ipragliflozin did not significantly change the expression levels of oxidative stress-
related genes, with the exception of Nox2, the mRNA expression levels of which were
altered in 3 mg/d ipragliflozin-treated livers; these findings are contradictory to the
findings of a previous study™. In addition, ipragliflozin did not significantly change
macrophage infiltration based on the F4/80 mRNA expression data. In contrast,
ipragliflozin significantly decreased IL-1p mRNA expression levels in the liver,
consistent with the findings of a previous study™). However, the inhibitory effect of
ipragliflozin on IL-1p mRNA expression was relatively small; thus, ipragliflozin might
have no appreciable effects on oxidative stress. The exact causes of the discrepancy
between our results and previous results regarding hepatic oxidative stress are
unknown; however, differences in the mice and/or experimental protocols used might
have affected the results.

To our knowledge, this is the first report to show that the therapeutic effects of the
SGLT2 inhibitor ipragliflozin are associated with the hepatic expression of the SIRT1
protein. Our findings are supported by a recent report to show that a decrease in renal
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SIRT1 protein expression was rescued by treatment with the SGLT2 inhibitor
canagliflozin in db/db micel). However, because SGLT2 is expressed in the kidneys but
has not been reported to be expressed in the liver, further studies are needed to
elucidate whether the effects of ipragliflozin on the liver are direct or indirect. Because
SIRT1 is an energy-sensing molecule responsible for the promotion of healthy
longevity mediated by caloric restriction'], it is possible that temporary calorie loss
due to the urinary glucose excretion caused by ipragliflozin may stimulate hepatic
SIRT1. Similar conclusions were reached by Kim et al”!l. In addition, AMPK enhances
SIRT1 activity by increasing cellular NAD+ levels™, and the interplay between SIRT1
and AMPK is suggested to be reciprocal™. Several SGLT2 inhibitors, including
canagliflozin, dapagliflozin, and empagliflozin, activate AMPK in HEK-293 cells, and
canagliflozin activates AMPK in mouse livers in vivo™. Such findings are consistent
with our finding that ipragliflozin significantly enhanced AMPK activation in our
mouse model. The activation of hepatic SIRT1 might have been partly due to the
activation of AMPK in our mouse model. Further investigation is needed to elucidate
the mechanism by which hepatic SIRT1 signaling is activated after treatment with the
SGLT?2 inhibitor ipragliflozin.

In a previous study, the hepatic mRNA and protein expression levels of not only
SIRT1 but also SIRT3, SIRT5, and SIRT6 were found to be lower in a human NAFLD
group than in a control group™. Our findings from the comparison between the lean
mouse group and the untreated ob/ob control mouse group regarding SIRT1 mRNA
and protein expression are consistent with these results'™!. The previous finding that
SIRT1 activators inhibit the expression of lipogenic genes such as FAS and ACCP**
and similar findings that FAS and ACC expressions are increased while hepatic SIRT1
expression is repressed in the human NAFLD group!™ are also consistent with our
data. Interestingly, the expression of SIRT4 has been found to be upregulated in
humans with NAFLD compared with controls"™. SIRT4 mediates fatty acid oxidation
in liver cells®™ and inhibits the interaction of SIRT1 and PPARa to decrease fatty acid
oxidation™. In our study, the mRNA expression levels of genes related to fatty acid
oxidation, ACOX1, CPT1, ACS, and CPT2, were lower in untreated ob/ob control mice
than in lean mice. These results suggest that the expression of SIRT4 might have been
higher in untreated ob/ob control mice than in lean mice in our study.

The limitations of our study are that only one mouse model and only one SGLT2
inhibitor were used. The mechanisms of the effects of SGLT2 inhibitors on NAFLD
should be verified in the future using several animal models of NAFLD and additional
SGLT?2 inhibitors.

In conclusion, this study suggests that the liver steatosis-attenuating effects of
ipragliflozin in ob/ob mice may be mediated partly by hepatic SIRT1 signaling, possibly
through the PGC-1a/PPARa-FGF21 pathway. Because SGLT2 inhibitors are widely
used in clinical practice and are characterized by good safety and tolerability profiles,
treatment with these inhibitors may be an effective therapeutic strategy for patients
with liver steatosis induced by T2DM.

ARTICLE HIGHLIGHTS

Research background

The sodium glucose cotransporter 2 (SGLT2) inhibitor ipragliflozin has been reported
to improve liver steatosis in animal models and clinical studies. However, the
mechanisms by which SGLT2 inhibitors improve liver steatosis are not fully
understood. To our knowledge, this is the first report to show that the therapeutic
effects of the SGLT2 inhibitor ipragliflozin are associated with activation of sirtuin 1
(SIRT1) signaling in the liver.

Research motivation

SGLT?2 inhibitors are reportedly effective in fatty liver model mice as well as human
nonalcoholic fatty liver disease patients. The mechanisms still need to be elucidated.
Evaluating the mechanisms further may help identify molecules related to
ameliorating fatty liver, allowing us to develop novel therapeutic strategies for fatty
liver in the future.

Research objectives
The main objectives were to investigate the ameliorative effects of ipragliflozin on liver
steatosis and the mechanisms of these effects in obese mice. Another objective was to
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evaluate the effect of ipragliflozin on B-oxidation, oxidative stress, inflammatory
cytokine, and macrophage infiltration in the liver. Our study confirms the ameliorative
effects of SGLT?2 inhibitors on liver steatosis and the previously proposed mechanisms,
and proposes a new mechanism, which can promote further research.

Research methods

Obese (ob/ob) mice and their littermates received a normal chow diet or a normal chow
diet plus 2 doses of ipragliflozin for 4 weeks. We examined lipid accumulation, -
oxidation, oxidative stress, inflammatory cytokine, and macrophage infiltration in the
liver. Ob/ob mice were suitable for this experiment as they developed fatty liver even
when they received normal chow. In addition, we used two control mouse groups,
ob/ob control mice that received ipragliflozin and ob/ob littermates. In particular, SIRT1
signaling in the liver as a new candidate mechanism by which SGLT2 inhibitors
improve liver steatosis was also assessed.

Research results

Amelioration of hepatic lipid accumulation by SGLT?2 inhibitors was confirmed in our
obese mouse model with ipragliflozin. Ipragliflozin-induced SIRT1 upregulation and
SIRT1 signaling, which we propose might be involved in the mechanism by which
ipragliflozin induces improvement of liver steatosis. The hypothesis should be further
verified with different SGLT2 inhibitors in additional models and human samples. The
observed effects of ipragliflozin on oxidative stress and macrophage infiltration, which
were inconsistent with previous studies in the liver, need to be further evaluated.

Research conclusions
The new findings in our study are that SIRT1 signaling may be involved in

the mechanism of ipragliflozin-induced improvement of liver steatosis in ob/ob mice.
Thus, our study offers a new mechanism of ipragliflozin-induced improvement of
liver steatosis. To be more specific, our proposed theory (hypothesis) is that activation
of SIRT1 signaling due to ipragliflozin may ameliorate liver steatosis in ob/ob mice.
This hypothesis and new phenomena were confirmed in our obese mouse model. In
summary, the liver steatosis-attenuating effects of ipragliflozin in ob/ob mice may be
mediated partly by hepatic SIRT1 signaling, possibly through the PGC-1a/PPARa-
FGF21 pathway. The original insights into our results are that temporary calorie loss
due to urinary glucose excretion caused by ipragliflozin may stimulate hepatic SIRT1,
which might also be partly due to the activation of phospho-AMP-activated protein
kinase in our mouse model. Our study provides additional evidence of SGLT2
inhibitor-induced improvement of liver steatosis; thus, we think that SGLT2 inhibitors
are likely to be beneficial in diabetes mellitus patients with fatty liver in clinical
practice.

Research perspectives

We take particular note of the role of SIRT1 as it plays important roles in controlling
energy homeostasis and longevity in mammals and because the regulation of SIRT1
expression affects fatty liver. Thus, new target molecules that may be involved in
amelioration of liver steatosis by SGLT2 inhibitors may be associated with energy
homeostasis and longevity. We propose that future research should confirm our
hypothesis using different animal models and human samples with different SGLT2
inhibitors or by confirming that upregulation or downregulation of SIRT1 signaling by
the different methods used in our model or previous studies alters hepatic lipid
accumulation. Genetically engineered mice, such as SIRT1 knockout mice, may be one
of the best ways to confirm our results, and could be used to evaluate ipragliflozin-
induced improvement of liver steatosis.
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Abstract

BACKGROUND

Aloe vera exerts several biological activities, such as, anti-inflammatory,
antioxidant, and antimicrobial effects. It was recently shown to reduce insulin
resistance and triglyceride level. We hypothesized that aloe vera would have
beneficial effects in alleviating non-alcoholic steatohepatitis (NASH) in rats.

AIM
To examine the therapeutic effects of aloe vera in NASH rats.

METHODS

All rats were randomly divided into 3 groups (1 = 6 in each group). Rats in the
control group were fed ad libitum with a standard diet for 8 wk. Rats in the
NASH group were fed ad libitum with a high-fat high-fructose diet (HFHFD) for
8 wk. Rats in the aloe vera group were fed ad libitum with a HFHFD and aloe
vera in dimethylsulfoxide (50 mg/kg) by gavage daily for 8 wk. Liver samples
were collected at the end of the treatment period.

RESULTS

Hepatic malondialdehyde (MDA) levels increased significantly in the NASH
group as compared with the control group (377 £ 77 nmol/mg vs 129 + 51
nmol/mg protein, respectively, P < 0.001). Glutathione (GSH) levels were
significantly lower in the NASH group than the control group (9 £ 2 nmol/mg vs
24 + 8 nmol/mg protein, respectively, P = 0.001). The expression of interleukin-18
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(IL-18), nuclear factor-kappa B, and caspase-3 increased, while peroxisome
proliferator-activated receptor gamma decreased in the NASH group compared
with the controls. Following aloe vera administration, MDA levels decreased (199
+ 35 nmol/mg protein) and GSH increased (18 + 4 nmol/mg protein) markedly.
Steatosis, hepatocyte ballooning, lobular inflammation and increased hepatocyte
apoptosis were observed in the NASH group. Aloe vera treatment attenuated
these changes in liver histology.

CONCLUSION
Aloe vera attenuated oxidative stress, hepatic inflammation and hepatocyte
apoptosis, thus improving liver pathology in rats with NASH.

Key words: Non-alcoholic steatohepatitis; Aloe vera; Oxidative stress; Hepatic
inflammation; Hepatocyte apoptosis; Peroxisome proliferator-activated receptor

©The Author(s) 2020. Published by Baishideng Publishing Group Inc. All rights reserved.

Core tip: To the best of our knowledge, this is the first study to evaluate the therapeutic
effects of aloe vera in non-alcoholic steatohepatitis (NASH). In this animal model of
NASH, we found that aloe vera decreased oxidative stress markers, replenished natural
antioxidants, and reduced hepatic inflammation and hepatocyte apoptosis. Thus, aloe vera
can alleviate the pathologic changes seen in NASH.

Citation: Klaikeaw N, Wongphoom J, Werawatganon D, Chayanupatkul M, Siriviriyakul P.
Anti-inflammatory and anti-oxidant effects of aloe vera in rats with non-alcoholic
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INTRODUCTION

Due to the obesity epidemic, non-alcoholic fatty liver disease (NAFLD) has become the
most common liver disease worldwide with an estimated prevalence of 24%!". In the
United States, NAFLD has now surpassed alcoholic liver disease as the leading
indication for liver transplantation in women®. A subset of patients with NAFLD
develop non-alcoholic steatohepatitis (NASH) which can lead to fibrosis progression
and cirrhosis*. Currently, there are no Food and Drug Administration approved
medications for the treatment of NASH. Weight loss, the mainstay of treatment for
NASH, is difficult to achieve and hardly sustainable. Alternative therapies that are
safe, effective and inexpensive are attractive options for the management of lifelong
diseases such as NASH.

Indigenous to Africa, Asia and Mediterranean regions, aloe vera has long been used
as a medicinal plant for various conditions®l. Aloe vera contains at least 75 potentially
active constituents such as vitamins, enzymes, minerals, sugars, plant steroids,
hormones and amino acids”. Aloe vera and its constituents exert several biological
activities, for instance, anti-inflammatory (salicylic acid, campesterol, B-sitosterol and
C-glucosyl chromone), antioxidant (vitamin A, C and E), antitumor (anthraquinones
and phorbol myristic acetate), and antimicrobial effects (aloin and emodin)’*l. Aloe
vera has never been directly studied in NASH but it has shown potential benefits in
other liver conditions such as amelioration of acetaminophen-induced liver damagel’l.
Moreover, aloe vera has been shown to reduce insulin resistance and hepatic
triglyceride levels which are major components of NASH!'"'"L. With the
aforementioned evidence, we hypothesized that aloe vera could alleviate NASH viz its
anti-inflammatory and antioxidant properties. To the best of our knowledge, this is the
first study to evaluate the effects of aloe vera on NASH development in an animal
model.
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MATERIALS AND METHODS

Animal preparation

The study protocol was approved by the Institutional Review Board for Animal
Research Studies, Faculty of Medicine, Chulalongkorn University, Bangkok, Thailand.
Male Sprague-Dawley® rats weighing 220-260 g were obtained from the National
Laboratory Animal Center, Mahidol University, Nakorn Pathom, Thailand. The
animals were kept in a controlled temperature room at 25 + 1°C under standard
conditions with a normal 12 h light-12 h dark cycle. All rats had free access to drinking
water. The animals were allowed to acclimate to the new environment for 1 wk prior
to initiation of the experiment.

Aloe vera preparation

Leaves of 1-year-old aloe vera plants were cut and washed thoroughly with water to
cleanse the aloin-containing juice. The spiked edges were sliced off to extract the pulp.
The pulp was then mixed in a blender and sieved through fine gauze. Aloe vera gel
was turned into powder by freeze drying using a lyophilizer. Before use, the aloe vera
powder was reconstituted into gel form and dispensed in distilled water (DW).

Experimental protocol

A total of 18 rats were randomly divided into 3 groups as follows: (1) Group 1 (control
group, n = 6): Rats were fed ad libitum with standard laboratory chow (National
Laboratory Animal Center, Mahidol University, Nakorn Pathom, Thailand) which
contained 35% of total energy from fat, 47% from carbohydrate, and 18% from protein
for 8 wk; (2) Group 2 (NASH group, n = 6): Rats were fed ad libitum with a made-in-
house high-fat high-fructose diet (HFHFD) which contained 55% of total energy from
fat, 35% from carbohydrate (20% from fructose and 15% from starch), and 10% from
protein for 8 wk; and (3) Group 3 (aloe vera group, n = 6): Rats were fed ad libitum
with the HFHFD plus daily administration of aloe vera (50 mg/kg) dissolved in DW
by gavage for 8 wk. Aloe vera powder was supplied by Lipo Chemical Co., United
States.

Animals were weighed weekly during the experimental period. At the end of 8 wk,
all rats were euthanized with sodium thiopental overdose after a 12-h fast. The liver
was surgically removed and cut into several pieces. Three small pieces of liver were
immediately frozen in liquid nitrogen and stored at -80°C until malondialdehyde
(MDA) and glutathione (GSH) analysis. The remaining liver specimen was fixed in
10% formaldehyde for histopathological examination and the expression of IL-18,
PPARy, caspase-3, cytochrome-C and NF-kf was analyzed using an
immunohistochemistry technique.

Hepatic MDA determination

MDA level was measured from homogenized tissue using a commercial assay kit
(Cayman Chemical Company, Ann Arbor, MI, United States). The test involved
measuring the rate of production of thiobarbituric acid-reactive substances under
high-temperature and acidic conditions. The process is described as follows: One gram
of liver tissue was homogenized in radioimmunoprecipitation assay buffer (RIPA
buffer) containing protease inhibitor and sonicated on ice for 15 s. Supernatants were
obtained after centrifugation at 1600 x g for 10 min at 4°C. The absorbance of the
supernatant fraction was read at a wavelength of 532 nm. MDA levels were calculated
from a standard curve and expressed as nmol/mg protein.

Hepatic GSH measurement

GSH level was quantified using a commercial assay kit (Cayman Chemical Company,
Ann Arbor, MI, United States). Liver tissues were washed with phosphate buffered
saline (PBS) solution. Tissues were then homogenized with cold MES buffer before
being centrifuged at 10000 x g for 15 min at 4°C. The supernatants were collected and
deproteinated. The absorbance of the supernatant fraction was read at a wavelength of
405 nm and GSH values were calculated from a standard curve and expressed as
nmol/mg protein.

Immunohistochemistry for hepatic IL-18, PPAR-y, NF-kB, caspase-3, and

cytochrome-C expression
After being fixed in formaldehyde, liver samples were embedded in paraffin and
sliced at a thickness of 3 pm. The tissue sections were then deparaffinized with xylene
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and ethanol for 10 min. Antigen retrieval was achieved by treating the slides with
citrate buffer at pH 6.0 and heating in a microwave for 13 min. The slides were
incubated with 3% hydrogen peroxide to block endogenous peroxidase activity for 5
min and with 3% normal horse serum to block nonspecific binding for 20 min. Tissues
were then washed with PBS solution. The sections were subsequently incubated with
primary antibodies for IL-18 (Gene Tex, CA, United States), PPAR-y (Santa Cruz
Biotechnology, CA, United States), NF-kP3 (Abcam, MA, United States), caspase-3, and
cytochrome-C (R and D, United States) for 30 min at room temperature and washed
again with PBS solution. The slides were then incubated with specific secondary
antibodies for 30 min at room temperature. When color development with
diaminobenzidine was detected, the sections were counterstained with hematoxylin.

Under light microscopy, IL-18-positive cells were defined as Kupffer cells with dark
brown-stained nuclei. Hepatocytes with PPAR-y, NF-kp, caspase-3 and cytochrome-C
expression were characterized as liver cells with brownish nuclei. Images of each
sample were taken at high-magnification (40 x). The numbers of positive stained cells
were counted using Aperio ImageScope software (Leica Biosystems Imaging, Inc., MD,
United States) and expressed as the percentage of immunoreactive cells or average
intensity (pixel).

Histopathological examination

Liver samples were processed using a standard technique. Collected liver tissue was
fixed in 10% formalin at room temperature for 24-48 h, embedded in paraffin and
sectioned at 3 pm using a microtome. Each tissue section was stained with
hematoxylin and eosin and placed on glass slides for light microscopic examination.
An experienced pathologist blinded to the experiment evaluated all samples. All fields
in each section were examined and graded for steatosis (0-3), hepatocyte ballooning (0-
3) and lobular inflammation (0-3) according to the criteria described by Brunt et all'’l.
The percentage of apoptotic hepatocytes was determined by terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) method using the
ApopTag® Peroxidase In Situ Apoptosis Detection kit (Millipore, CA, United States).
The procedure was performed according to the manufacturer’s instructions.

Statistical analysis

Continuous data are presented as mean * SD. One-way ANOVA and the post-hoc
Tukey HSD were used to compare results between the groups. A P value of less than
0.05 was considered statistically significant. All statistical analyses were performed
using SPSS Statistics for Windows version 17 (SPSS, Inc., Chicago, IL, United States).

RESULTS

Body weight changes in each group

There were no differences in body weight among the groups at the beginning of the
experiment. After eight weeks, rats fed with the HFHFD (NASH group) had lower
body weight than those in the control group (223 + 14.0 g vs 417 + 11.2 g, respectively,
P <0.001). Following aloe vera administration, rats in the treatment arm gained more
weight than those in the NASH group (276 + 3.6 g vs 223 + 14.0 g, respectively, P <
0.001) (Figure 1).

Liver histopathology

The histologic scores in each group are summarized in Table 1. Liver histology was
normal in the control group. In contrast, liver pathology in the NASH group revealed
significant macrovesicular and microvesicular steatosis, hepatocyte ballooning and
lobular inflammation. Following aloe vera treatment, liver pathology significantly
improved with only mild steatosis, minimal hepatocyte ballooning and lobular
inflammation present (Figure 2A).

Hepatic MDA and GSH levels

As shown in Figure 3A, MDA levels in the NASH group were significantly higher than
those in the control group (377 + 77 nmol/mg vs 129 + 51 nmol/ mg protein, P < 0.001).
MDA levels declined significantly in rats receiving aloe vera along with HFHFD
compared to those receiving HFHFD alone (199 + 35 nmol/mg vs 377 + 77 nmol/mg
protein, P < 0.001). As demonstrated in Figure 3B, GSH levels in the NASH group
were significantly lower than those in the control group (9 = 2 nmol/mg vs 24 + 8
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Table 1 Summary of steatohepatitis and necroinflammation scores in all experimental groups

Steatosis Inflammation Ballooning
Group

0 1 2 3 0 1 2 3 0 1 2
Control - - - - - - - - - - -
Non-alcoholic steatohepatitis - - 3 8 0 5 1 - - 4 2
Aloe vera 3 3 - - 2 4 - - 3 3 -

The scoring system was based on the study by Brunt et all''].
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Figure 1 Mean body weight changes in rats in each group. Data at each time point are expressed as mean + SD. NASH: Non-alcoholic steatohepatitis.

nmol/mg protein, P < 0.001). Aloe vera treatment led to a notable rise in hepatic GSH
levels (18 £ 4 nmol/mg vs 9 + 2 nmol/mg protein in the aloe vera and NASH groups,
respectively, P = 0.04).

Hepatic expression of IL-18, PPAR-y, and NF-k@ by immunohistochemistry

As illustrated in Figures 2, 4, and 5, the expression of IL-18 and NF-kf3 increased, while
the percentage of PPAR-y positive cells decreased in the NASH group as compared to
controls. In contrast, aloe vera treatment restored the changes in hepatic IL-18, PPAR-
v, and NF-kp expression to the levels close to those observed in the control group.

Hepatic expression of caspase-3 and cytochrome-C, and the degree of hepatocyte

apoptosis by the TUNEL method

Using the TUNEL method, we found that the degree of hepatocyte apoptosis was
significantly higher in the NASH group as compared with the control and aloe vera
groups. Similarly, markers of apoptosis such as caspase-3 and cytochrome-C were also
higher in the NASH group, while the expression of these 2 markers was similar in the
control and aloe vera groups (Figures 2 and 6).

DISCUSSION

The pathogenesis of NAFLD is a complex process involving insulin resistance and
lipid accumulation in the liver followed by lipid peroxidation, oxidative stress, and
inflammatory responses!”. Insulin resistance facilitates adipose tissue lipolysis
followed by the release of free fatty acids (FFA) in the serum, and promotes
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Figure 2 Representative images on light microscopy using hematoxylin and eosin stain, terminal deoxynucleotidyl transferase dUTP
nick end labeling stain for apoptosis, or inmunohistochemistry stains for NF-kp, cytochrome-C and caspase-3. A: Hematoxylin and eosin
stain; B: Terminal deoxynucleotidyl transferase dUTP nick end labeling stain; C: Immunohistochemistry stains; D: Cytochrome-C; E: Caspase-3. Control groups are
presented on the left column; non-alcoholic steatohepatitis group in the middle and aloe vera group on the right column. Arrowheads point to positive cells. NASH:

Non-alcoholic steatohepatitis.

Jaishideng®

lipogenesis in the liver, thus increasing hepatic fat accumulation. These lipids,
especially saturated fatty acids (SFA), lead to lipotoxic stress in the endoplasmic
reticulum and mitochondria and subsequently hepatocyte apoptosis. Moreover, SFA
can activate toll-like receptor-4 leading to NF-kp activation and TNF-a and IL-6
production, the important cytokines associated with inflammatory responses in the
liver!™l,

Our results showed that aloe vera improved liver histopathological changes
associated with HFHFD. In this experiment, we used aloe vera crude extract; therefore,
we could not pinpoint the actual active ingredient of aloe vera that might have
therapeutic effects against NASH. Previous studies suggested that phytosterols were
the potential substances of interest. Misawa and colleagues evaluated the effects of
lophenol and cycloartanol extracted from aloe vera gel on glucose and lipid
metabolism in diabetic, obese rats. The authors found that lophenol and cycloartanol
reduced the expression of both gluconeogenic and lipogenic genes in the liver along
with the reduction in hepatic fat contents. This study, however, did not evaluate liver
histology!”l. Similarly, Nomaguchi ef all'*! used five phytosterols isolated from aloe
vera gel in mice fed with high fat diet and found that aloe vera phytosterols could
reduce body fat and liver triglyceride.

Accumulating evidence supports the implication of lipid peroxidation and oxidative
stress in the development of NAFLD!"""]. In accordance with other research, we found
that MDA levels, a marker of oxidative stress, increased in rats with NASH as
compared with the control group. Moreover, natural antioxidants, such as GSH,
significantly declined in animals receiving HFHFD further perpetuating oxidative
stress in the liver. The administration of aloe vera attenuated the increment in MDA
levels and restored GSH levels in rats with NASH. Despite not being studied directly
in animal models of NASH, aloe vera has been shown to reduce oxidative stress
markers such as thiobarbituric acid reactive substances and increase natural
antioxidants such as GSH and superoxide dismutase in streptozotocin-induced
diabetic rats™.

PPAR-y, a member of the nuclear hormone receptor superfamily, is involved in the
regulation of adipocyte differentiation, lipid metabolism, and liver inflammation™-*1.
In vitro and in vivo studies suggested that PPAR-y provided protection against NASH
by inhibiting hepatic stellate cell proliferation and migration®", reducing pro-
inflammatory cytokine production, and suppressing fatty acid synthesis*. Zhao et al**"!
previously demonstrated that the mRNA levels of PPAR-y were lower in rats fed with
high fat diet and the levels were negatively correlated with the degree of hepatic
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inflammation, necrosis and fibrosis, as well as serum TNF-a and hepatic MDA
contents. Similarly, we found that PPAR-y expression was significantly lower in rats
with NASH and this was restored to the level of control rats with aloe vera treatment.
Comparable with our results, Nomaguchi ef al'! found that aloe vera could stimulate
PPAR-y and a activities in a dose-dependent manner as well as decrease body fat,
hepatic triglyceride levels and serum lipid panels in diet-induced obese mice!""l.

Recent data suggested that hepatocyte apoptosis may play a pivotal role in the
progression of NAFLD™*!. Lipid accumulation, especially saturated FFAs and free
cholesterol, may sensitize Fas- and TNF-mediated hepatocyte apoptosis and induce
mitochondrial dysfunction, thus activating both extrinsic and intrinsic pathways of
apoptosisi®1. The activation of both pathways leads to the release of pro-apoptotic
proteins such as cytochrome-C, which then triggers the downstream effector caspases
3, 6, and 7 to initiate the apoptotic processes”. In this study, we found increases in
hepatocyte apoptosis on liver histology, and cytochrome-C and caspase-3 expression
in rats with NASH. Conversely, the degree of apoptosis and its markers decreased
significantly with aloe vera treatment. To the best of our knowledge, this is the first
study to evaluate the effect of aloe vera on hepatocyte apoptosis.

IL-18 has previously been shown to be involved in both innate and acquired
immune responses by inducing several cytokines such as interferon-y, TNF-a and IL-
1¥1. However, recent studies demonstrated that IL-18 also played an important role in
the regulation of metabolic functions and the development of NAFLD and NASH.
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Figure 4 The expression of IL-18, PPAR-y, and NF-kp using immunohistochemistry methods. A: IL-18; B: PPAR-y; C: NF-k. The positive cells
were counted by Aperio ImageScope software. Data are expressed as mean + SD. NASH: Non-alcoholic steatohepatitis.
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Animal studies reported increases in food intake, body weight, insulin resistance,
serum glucose and serum lipid levels, and eventually the development of NASH in IL-
18 deficient mice™”l. The severity of NASH also appeared to be higher in IL-18
knockout mice as compared to wild-type mice™. In our study, we found increased
expression of IL-18 in rats fed with HFHFD and this was normalized by the
administration of aloe vera. These findings could be explained in 2 ways. The elevated
IL-18 expression could be an attempt to offset the metabolic derangement due to
HFHFD or simply the inflammatory responses from fat accumulation in the liver.
Human studies showed similar results of elevated IL-18 levels in patients with NAFLD
and these levels were positively correlated with the degree of liver injury™™.
Although the presence of IL-18 is crucial in maintaining energy homeostasis, the
overexpression of IL-18 could accelerate hepatocyte apoptosis and perpetuate severe
liver damagel™. Aloe vera treatment decreased IL-18 expression through its anti-
inflammatory and insulin sensitizing effects!"’l.

A unique finding in our study was the presence of weight loss in rats fed with
HFHFD. This was unexpected given that several experimental models of NASH
showed significant weight gain in rats receiving HFHFD compared with control
diett*. This finding of weight loss was previously seen in a NASH model produced
by a methionine and choline deficient diet™ ). We could not ascertain the amount of
methionine and choline in our diet formula but it was possible that both nutrients
were at low levels given a protein content of only 10% in our custom diet. Another
hypothesis was the presence of high monounsaturated and polyunsaturated fatty acid
contents in our diet (19% and 6% of total energy, respectively). Studies have shown
that mono- and polyunsaturated fatty acids are associated with higher post-prandial
fat oxidation, diet-induced thermogenesis, decreased appetite and less weight gain as
compared with SFAs!"-. Lastly, we did not measure the total caloric intake of rats in
each group; therefore, we could not say with absolute certainty that rats with HFHFD
diet received an equal amount of calories compared to control rats. It is important to
note, however, that liver histology in our model was consistent with NASH despite
weight loss.

Our study, however, was not without limitations. First, rats with NASH in our
model were slim, which differed from the usual NASH phenotype in humans. Our
findings may be useful in the understanding of “lean” NASH in humans, but
translating our results to “obese” NASH should be done with caution. Second, aloe
vera and HFHFD were administered simultaneously resulting in our study
representing more of a prevention model than treatment model. Further studies are
warranted to confirm the therapeutic effects of aloe vera. Third, we only evaluated the
gross effects of aloe vera on NASH development in this study. Additional in vitro
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NASH: Non-alcoholic steatohepatitis.
studies are needed to determine cellular and subcellular targets of aloe vera.
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In summary, aloe vera reduced lipid accumulation, oxidative stress, hepatic
inflammation, hepatocyte apoptosis and histologic changes in this rat model of NASH.

ARTICLE HIGHLIGHTS

Research background

Non-alcoholic fatty liver disease (NAFLD) is one of the most common liver diseases
worldwide. However, there is no Food and Drug Administration (FDA) approved
medication for the treatment of NAFLD. Aloe vera has previously been shown to have
anti-inflammatory and anti-oxidant properties, which might be beneficial in the
treatment of NAFLD.

Research motivation

With the absence of FDA-approved treatment for NAFLD, we attempted to find a safe
and effective treatment for NAFLD. Alternative medicines that are safe, effective and
inexpensive are attractive options for the management of life-long diseases, such as
non-alcoholic steatohepatitis (NASH).

Research objectives
The main objective of this study was to evaluate the effects of aloe vera on NASH
development in an animal model.

Research methods

Rats were divided into 3 groups: Control, NASH [rats received high-fat high-fructose
diet (HFHFD) to induce NASH pathology], and NASH + aloe vera. We compared liver
histopathology, oxidative stress marker [malondialdehyde (MDA)], anti-oxidant level
[glutathione (GSH)], inflammatory marker (IL-18), degree and markers of hepatocyte
apoptosis [terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL),
caspase-3, cytochrome-C], and PPAR-y expression among the three groups.

Research results

We found that by administering aloe vera along with HFHFD, we were able to
significantly reduce the severity of NASH pathology in this animal model. In this
study, aloe vera treatment increased the level of natural anti-oxidant (GSH), reduced
oxidative stress (MDA) and inflammatory markers (IL-18), and decreased the degree
of hepatocyte apoptosis (TUNEL). At the subcellular level, we also found that aloe
vera increased the expression of PPAR-y and reduced the expression of NF-kf,
caspase-3 and cytochrome-C.

Research conclusions

This is the first study to evaluate the effects of aloe vera in rats with NASH. We found
that aloe vera reduced the severity of NASH pathology in rats that received HFHFD.
We hypothesized that aloe vera exerted its treatment effects by reducing oxidative
stress and inflammation in the liver.

Research perspectives

The rats in our model were lean, so our results might not be entirely applicable to
obese NASH that is seen more commonly in humans. Further studies with an obese rat
model are warranted to confirm the effects of aloe vera in those conditions. Moreover,
we used aloe vera crude extract in this study. Additional studies will be needed to
identify the active ingredients in aloe vera that have anti-NASH effects.
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Abstract

BACKGROUND

Non-alcoholic fatty liver disease (NAFLD) is a systemic disease with bidirectional
relationships with cardiovascular disease (CVD). Non-alcoholic steatohepatitis
(NASH) is a more severe subtype of NAFLD. Patients with NASH exhibit more
intra and extrahepatic inflammation, procoagulant imbalances and
proatherogenic lipid profiles. Whether NASH increases the risk of ischemic heart
disease is currently unclear.

AIM

To investigate the relationship between acute myocardial infarction (MI) and
NASH in a large cohort of subjects in the United States.

METHODS

We reviewed data from a large commercial database (Explorys IBM) that
aggregates electronic health records from 26 large nationwide healthcare systems.
Using systemized nomenclature of clinical medical terms (SNOMED CT), we
identified adult with the diagnosis of NASH from 1999-2019. We included
patients with the diagnosis of acute MI from 2018-2019. Comorbidities known to
be associated with NASH and MI such as obesity, diabetes mellitus,
hyperlipidemia, smoking, male gender, and hypertension were collected.
Univariable and multivariable analyses were performed to investigate whether
NASH is independently associated with the risk of ML
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RESULTS

Out of 55099280 patients, 43170 were diagnosed with NASH (0.08%) and 107000
(0.194%) had a MI within 2018-2019. After adjusting for traditional risk factors,
NASH conferred greater odds of MI odds ratio (OR) 1.5 [95% confidence interval
(CI): 1.40-1.62]. Hyperlipidemia had the strongest association with MI OR 8.39
(95%ClI: 8.21-8.58) followed by hypertension OR 3.11 (95%CI: 3.05-3.17) and
smoking OR 2.83 (95%CI: 2.79-2.87). NASH had a similar association with MI as
the following traditional risk factors like age above 65 years OR 1.47 (95%CI: 1.45-
1.49), male gender OR 1.53 (95%Cl: 1.51-1.55) diabetes mellitus OR 1.89 (95%CI:
1.86-1.91).

CONCLUSION
MI appears to be a prevalent disease in NASH. Patients with NASH may need
early identification and aggressive cardiovascular risk modification.

Key words: Non-alcoholic steatohepatitis; Myocardial infarction; Non-alcoholic fatty liver
disease; Ischemic cardiovascular disease; United States population; Atherosclerosis

©The Author(s) 2020. Published by Baishideng Publishing Group Inc. All rights reserved.

Core tip: Non-alcoholic steatohepatitis (NASH) is a severe subtype of nonalcoholic fatty
liver disease. The progression of non-alcoholic fatty liver disease is mirrored by activation
of hepatic and systemic inflammatory cascades that maybe implicated in the pathogenesis
of cardiovascular disease. Using a large electronic medical record database, we performed
a national-based population study to investigate the association between NASH and
myocardial infarction (MI). In this large cohort study, NASH was associated with
increased risk of MI independent of traditional risk factors. Close follow up and aggressive
risk modification maybe indicated to prevent major cardiovascular events in patients with
NASH.

Citation: Ghoneim S, Dhorepatil A, Shah AR, Ram G, Ahmad S, Kim C, Asaad I. Non-
alcoholic steatohepatitis and the risk of myocardial infarction: A population-based national
study. World J Hepatol 2020; 12(7): 378-388

URL: https://www.wjgnet.com/1948-5182/full/v12/i7/378.htm

DOI: https://dx.doi.org/10.4254/wjh.v12.i7.378

INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) is the hepatic manifestation of metabolic
syndrome (MetS) defined by the presence of central obesity, insulin resistance and
dyslipidemial~l. The severity of NAFLD ranges from simple steatosis to non-alcoholic
steatohepatitis (NASH), liver fibrosis progressing to cirrhosis and hepatocellular
carcinomal!'”l. Non-alcoholic liver disease is a world-wide chronic disease and the most
common liver disorder in North America™. The prevalence of NAFLD in the United
States is reported to be 10%-46% with approximately 7%-30% meeting the criteria of
NASH".,

NAFLD is not only associated with increased liver-related morbidity and mortality,
it is also associated with increased risk of mortality due to cardiovascular disease
(CVD)™I. The distillation of NAFLD as an independent risk factor for CVD is impeded
by overlap with established risk factors for CVD that are also risk factors for NAFLD.
Even in the absence of cardiovascular mortality, CVD is highly prevalent in patients
with NAFLDV-L There is convincing data supporting the association of NAFLD with
subclinical atherosclerosis, carotid arthrosclerosis and venous thromboembolic
events!'"’l. The severity of coronary artery disease is also higher in patients with
NAFLD diagnosed by coronary angiography!‘. Several mechanisms have been
proposed by which NAFLD may give rise to CVD. Endothelial damage is considered
the first step in atherosclerosis. Intrahepatic and systemic endothelial damage have
been noted in NAFLD and are more pronounced in NASH!" .. Second, inflammation
fuels CVD and promotes endothelial damage, by altering vascular tone and enhancing
platelet dysfunction!’l. Circulating proinflammatory cytokines are increased in
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NAFLD and are highly expressed in NASH!"”l. Moreover, the liver plays a key role in
whole body lipid metabolism. Serum lipid profiles mirror disease severity and are
significantly higher in NASH!"". Furthermore disturbances in haemostasis are seen in
NAFLD and correlate with disease severityl'l. Nonetheless, the role of NAFLD as an
independent cardiovascular risk is still debatable with research yielding contradictory
results. In one meta-analysis that included 34043 subjects, NALFD was associated with
increased overall mortality deriving from liver-related and CVD odds ratio (OR) 1.57
[95% confidence interval (CI): 1.18-2.10)!l. In a prospective study, Baratta et al™!
reported NAFLD to have more than a 2-fold risk increase and those with fibrosis had a
fourfold increase in cardiovascular events defined as fatal or nonfatal ischemic stroke
or myocardial infarction (MI).

Other studies have failed to confirm this association!*l. This data however should be
interpreted with caution because of methodological issues. To illustrate, the diagnosis
of NAFLD relied on ultrasound imaging or biochemical testing both of which correlate
poorly with histological findings. Furthermore, the degree of disease severity was not
stratified in any of these studies. As we highlighted above, the progression of NAFLD
is mirrored by increased activation of bidirectional pathways that maybe involved in
ischemic CVD. Whether NASH is associated with an increased risk of MI in the United
States population remains unclear. Given the lack of consensus on this important
issue, and the ambiguity of data around this question, the aim of this study is to
investigate the association between NASH and MI in United States population.

MATERIALS AND METHODS
Study design

This is a retrospective analysis of a large electronic health record (EHR)-based
commercial database called Explorys (IBM). Explorys platform assimilates patient
information from 26 major healthcare systems spread over 50 states in the United
States. It stores over 60 million unique patient records”. Patient information is then
de-identified, standardized and stored in a cloud database!*”'l. The Explorys platform
uses SNOMED CT for medical diagnoses and procedures. For diagnoses, International
Classification of Disease, Ninth Revision, Clinical Modification (ICD-9-CM) codes are
mapped into the SNOMED-CT hierarchy™. Cohorts can further be refined
demographically and comorbid diseases can be extracted™"l. The use of Explorys has
been validated in multiple fields including Cardiology and Gastroenterology™™!. This
platform is Health Insurance Portability and Accountability Act and Health
Information Technology for Economic and Clinical Health Act compliant”!. The Case
Western Reserve University /Metrohealth Medical Center Institutional Review Board
deemed studies using Explorys, as the dataset of record, as exempt from approval
because all patient information is de-identified. Explorys protects patient
confidentiality by approximating each population count to 10. All counts between 0
and 10 are treated equally. For the purpose of this study, counts between 0 and 10
were approximated to be fivel'l.

Patient selection

Subjects with active electronic health records since 1999 were identified using the
search tool in Explorys. Using the SNOMED-CT diagnosis “Non-alcoholic
steatohepatitis”, we identified patients who were diagnosed with NASH between
1999-2019. Patients with the diagnosis of “fatty liver disease”, “alcoholic hepatitis” and
“alcoholic fatty liver disease” were excluded. Patients with MI were identified as those
with the following SNOMED-CT diagnosis “Acute myocardial infarction”. To
establish a temporal relationship with NASH, only those with the diagnosis of acute
MI within the last year of the study, 2018-2019, were included. Controls were
identified as those patients without the diagnosis of NASH. For our analysis we
identified cohorts of patients with NASH, with and without MI. It was not possible to
perform propensity-score matching because this database only provides population-
level data and not individual cases.

Covariates

The following characteristics were collected: demographic factors such as age, sex, and
comorbidities, known to be associated with NASH and MI (hyperlipidemia,
hypertension, obesity, diabetes mellitus, smoking age and gender), by searching the
database for their respective SNOMED-CT terms.
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Statistical analysis

To assess the association between MI with risk factors we divided the whole cohort of
patients into MI and Non-MI patients. The prevalence of MI was calculated by
dividing the number of patients with MI in each risk group (NASH, hypertension,
diabetes mellitus, obesity, hyperlipidemia, age, gender and smoking). Frequency and
percentages were used for statistical description of categorical variables and compared
using the Pearson ¥? test. ORs are presented with 95%ClIs. Univariate binary logistic
model was constructed using MI as dependent variable and other variables as
independent variables. To adjust for possible confounding, a multivariable model
adjusting for all covariates mentioned in univariate variables were added to test the
main effect. Analyses were performed using R version 3.6.1 (The R Foundation,
Vienna, Austria). Independence among covariate risk factors was assessed using the
variance inflating factor (VIF) with cut-off of significant collinearity set at VIF > 1.5.
“Goodness-of-fit” was assessed for all regression models using the Hosmer-Lemeshow
test, with P > 0.05 indicating good fit. Two-sided P values were used and were
considered statistically significant if P < 0.05.

RESULTS

Out of 55099280 patients, 43170 patients were diagnosed with NASH (0.08%) and
107000 (0.194%) had acute MI within 2018-2019. Baseline characteristics of subjects
included in this study are displayed in Table 1.

The prevalence of MI in subjects with NASH was 10.24% and 0.18% in the non-
NASH group. In overall unadjusted analysis, the unadjusted OR for MI in patients
with NASH was 10.66 (95%CI: 9.58-10.94). Hyperlipidemia was strongly associated
with increased risk of MI OR 40.13 (95%CI: 39.47-40.79), followed by hypertension OR
27.43 (95%ClI: 27.00-7.86) and the male gender OR 17.61 (95%Cl: 17.41-17.81). Diabetes,
obesity, smoking and age above 65 years had slightly lower association with MI than
NASH OR 12.57 (95%CI: 12.44-12.71), 8.19 (95%ClI: 8.09-8.28), 6.71 (95%Cl: 6.64-6.79)
and 4.97 (95%CIl: 4.92-5.03), respectively (Table 2).

Compared to the older NASH population, the younger NASH population had a
higher relative risk of MI. The relative risk of MI decreased with older age [40-49 (10.1,
P <0.0001), 50-59 (7.7, P < 0.0001), 60-69 (5.5, P < 0.0001), 70-79 (5.2, P < 0.0001) and age
above 80 years (5.1, P < 0.0001)] (Figure 1).

Gender differences in NASH contributed to the disparities observed in the relative
risk of MI among each age group. Within the 40-49 years group, females had a higher
risk of MI compared to their male counterparts (15.8 vs 6.3, P < 0.0001).

Compared to the younger NASH females, the older group had a lower relative risk
of MI; while males with NASH maintained a relatively more stable relative risk of MI
throughout their lifetime [age 50-59 (11.6 vs 5.4, P < 0.0001); age 60-69 (7.1 vs 4.8, P <
0.0001); age 70-79 (5.1 vs 5.7, P < 0.0001)] (Figure 2).

The absolute risk of MI was also higher in subjects with NASH than non-NASH and
increased with age [40-49 (0.74 vs 0.07), 50-59 (1.4 vs 0.2), 60-69 (1.8 vs 0.3), age 70-79
(2.4 v5 0.5), and above 80 years (1.9 vs 0.4)] (Figure 1).

After adjusting for age, gender, smoking, hyperlipidemia, hypertension, diabetes
and smoking, the diagnosis of NASH had a significant association with MI OR 1.5
(95%CI: 1.40-1.62) (Table 3).

Hyperlipidemia had the strongest association with MI OR 8.39 (95%CI: 8.21-8.58)
followed by hypertension OR 3.11 [95%CI: 3.05-3.17), and smoking OR 2.83 [95%CI:
2.79-2.87) (Figure 3). NASH had comparable association with MI when compared to
traditional risk factors such as age above 65 OR 1.47 (95%CI: 1.45-1.49), male gender
OR 1.53 (95%CI: 1.51-1.55) and diabetes mellitus OR 1.89 (95%CI: 1.86-1.91) (Table 3).

DISCUSSION
There is increasing evidence suggesting the relationship between NAFLD and CVD
extends beyond risk factors common to both chronic conditions™*1. A number of

population studies have also confirmed this association and have suggested that
individuals with NAFLD should be screened for CVD. Other studies have shown that
CVD risk increases with the severity of NAFLD"*l. Our study used a large
population-based database to evaluate the relationship between NASH and MI in the
United States. We included over 55 million patients in our study, of which 43170 were
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Table 1 Baseline characteristics of subjects with co-morbidities included in this study

Total cohort Proportion (%) NASH cohort Proportion (%)

Total cohort 55099280 43170

Male gender 24569555 45 17380 40
Age above 65 yr 15333620 28 17020 39
Essential hypertension 11043970 20 32040 74
Hyperlipidemia 9539460 17 31030 72
Smoking 4993910 9 9920 23
Diabetes mellitus 4785840 9 24640 57
Obesity 4226640 8 25570 59

NASH: Non-alcoholic steatohepatitis.

Table 2 Unadjusted odds ratio of having an associated diagnosis of myocardial infarction based on subjects’ co-morbidities

Odds ratio 95%ClI°
Hyperlipidemia 40.13 39.47-40.79
Essential hypertension 27.43 27.00-7.86
Male gender 17.61 17.41-17.81
Diabetes mellitus 12.57 12.44-12.71
NASH 10.66 9.58-10.94
Obesity 8.19 8.09-8.28
Smoking 6.71 6.64-6.79
Age above 65 yr 4.97 4.92-5.03

PP < 0.01 unless otherwise stated. NASH: Non-alcoholic steatohepatitis; CI: Confidence interval.

Table 3 Adjusted odds ratio for acute myocardial infarction based on subject co-morbidities

Odds ratio 95%ClI°
Hyperlipidemia 8.39 8.21-8.58
Hypertension 3.11 3.05-3.17
Smoking 2.83 2.79-2.87
Diabetes mellitus 1.89 1.86-1.91
Obesity 1.78 1.75-1.80
Male 1.53 1.51-1.55
NASH 15 1.40-1.62
Age above 65 yr 1.47 1.45-1.49

PP < 0.01 unless otherwise stated. NASH: Non-alcoholic steatohepatitis; CI: Confidence interval.

diagnosed with NASH and 107000 had an acute MI within 2018-2019.

The main findings of our study are: (1) NASH is associated with MI independent of
traditional risk factors; (2) Compared to the older NASH population, younger patients
were more likely to have a higher relative risk of MI; and (3) Ml is a prevalent outcome
among patients with NASH.

Although an association between ischemic heart disease and NAFLD has been
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Figure 1 The relative and absolute risk of acute myocardial infarction in the study population. The relative risk of myocardial infarction is higher in
the younger patient group compared to the older population. The absolute risk of myocardial infarction however increases with aging. RR: relative risk; NASH: Non-
alcoholic steatohepatitis.
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Figure 2 Gender based differences in relative risk of acute myocardial infarction in patients with non-alcoholic steatohepatitis. Female
patients had higher relative risk of myocardial infarction compared to their male counterparts in almost all age groups.
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suggested, the strength of this relationship remains controversial. In this study, NASH
was independently associated with MI OR 1.5 (95%CI: 1.40-1.62) after adjusting for
classically known risk factors for the latter. Our study is in line with other studies that
have shown an association between NASH or NAFLD and ischemic heart disease!'**.
At the pathophysiological level, this observation could be explained by several
mechanisms. First, NASH is considered a more severe manifestation of NAFLD with
augmented hepatic steatosis and aberrant intrahepatic inflammation™!. Oxidative
stress is thought to be the driving force of NASH propagating intra-hepatic
proinflammatory cascades!>”. Free fatty acids themselves contribute to
inflammatory mechanisms when they undergo esterification”l. The liver is an
important immune tissue containing the largest number of macrophages and other
immune cells™. Hence, diseased liver will drain an increasing number of cytokines
into systemic circulation and promote extrahepatic inflammation. Systemic cytokines
and inflammatory markers are also associated with secondary cardiovascular
effects™ . Chronic inflammatory diseases such as rheumatoid arthritis and systemic
lupus erythematosus have been associated with higher risks of atherosclerotic diseases
and arterial thromboembolic events including MI**. A procoagulant imbalance exists
and is worse in NASH!'l. Since NASH is a severe inflammatory subtype of NAFLD we
hypothesize that NASH is an independent risk factor MI. Previous cross-sectional
studies have grouped NASH and NAFLD as a single disease entity. We believe by
doing so, the authors might have created a null effect and subsequently contributed to
the heterogeneity in outcomes reported. Hence, further methodologically stringent
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studies with long-term follow up are needed to gain mechanistic insight into the
pathology of NASH-MI axis.

NAFLD is part of a systemic disease with complex multidirectional relationships
between MetS and CVD. The liver plays a crucial role in lipid and glucose metabolism.
Even though dyslipidemia is an independent risk factor for CVD, abnormal lipid
profiles are seen in NAFLD and are more deranged with increased histological
inflammation!"”!. A stepwise increase in lipid ratios correlates with histological severity
of liver injury and is associated with increased risk of CVD and an atherogenic lipid
profilel'”l. Insulin resistance and alterations in lipid metabolism might also precede the
development of hyperlipidemia and diabetes mellitus both of which are associated
with increased risk of ischemic heart disease!"'l. In our study, NASH was significantly
associated with MI when these variables were partially controlled. Even though we
observed an independent association between NASH and MI, to completely control
these variables would blunt the contribution NASH might have on ischemic heart
diseasel"**.

The prevalence of NASH is reported to be the greatest among subjects between the
ages of 40-49 years!™. It is conceivable to say that the presence of NASH in the younger
population might increase their relative risk of MI compared to those without NASH
(Figure 1). In our study the relative risk of MI was highest in the younger NASH
population, suggesting increased inflammation and more aggressive disease in the
younger group. Although age correlates with the duration of NAFLD, advanced
disease may not be attributed to age alone. Furthermore, with aging, the non-NASH
group might have accumulated traditional factors that may have reduced the relative
contribution of inflammation on arthrosclerosis. Hence the contribution of NASH
towards the total burden of cardiovascular risk maybe reduced with advancing age.
This being said, we were not able to control for the duration or the severity of disease
as this was an observational study. Nonetheless, we observed a step wise increase in
the absolute risk of MI in both cohorts with increasing age (Figure 1).

There is increasing evidence that menopause is associated with the progression of
NAFLDM. Although more data is needed, this is likely due the loss of estrogen’s
hepato-protective role post menopause. In the current study, premenopausal females
with NASH had a higher relative risk of MI compared to post-menopausal females
(Figure 2). Our findings maybe partially explained by the lower CVD risk profile at
baseline of the younger NASH females compared to their older counterparts. This
supports the growing body of evidence suggesting a pathological association between
inflammation and ischemic heart disease at least in the younger patient group!**-l.

Across almost all age groups, the risk of MI was higher in females compared to their
male counterparts. The relative risk of MI in females with NASH decreased with
increasing age, while males maintained a relatively more stable relative risk of MI
throughout their lifetime (Figure 2). Current data suggests young women with MI are
more likely than their male counterparts to have comorbidities!). Additionally,
although the risk of MI on average is higher in men than women, the presence of
comorbidities has been shown to confer an excess greater risk of MI in women than

WJH | https://www.wjgnet.com 384 July 27,2020 | Volume12 | Issue7 |



Jaishideng®

Ghoneim S et al. NASH and MI risk

men and this risk doesn’t attenuate with agel”. However given that data on time
trends in risk factors was not available in Explorys, we do not know whether there
were sex-related differences in risk factor levels and risk factor control before MI and
our findings indicate further studies are needed to investigate the phenomenon
reported in the current study.

An important strength of our study is that we used a large national database and
reported data on over 55 million active adult subjects. We also provided
comprehensive epidemiological information on the risk of MI in patients with NASH
based on classical risk factors for both entities. Our results are therefore consistent
with established data suggesting that NASH might be significantly associated with
acute CVD events such as MI.

There are several limitations to this study that should be addressed. Observational
studies preclude us from addressing causality. Due to the design of Explorys, we
could not establish temporal relationships between the duration of NASH, severity of
the disease and impact of interventions on the risk of cardiovascular events in our
cohort. Second, the prevalence and natural disease progression of NAFLD is difficult
to estimate as accurate diagnosis requires tissue analysis. The prevalence of NASH is
estimated to be between 1.5%-6.45% based on a few biopsy series™. As this is a
retrospective study reliant on diagnosed SNOMED-CT codes, it is impossible to verify
the accuracy of diagnoses and it is prone to coding errors. The reported prevalence of
NASH in our study was 0.08%. We excluded those with the diagnosis of fatty liver
disease in an attempt to increase accuracy in our reporting; as the latter may be caused
by drugs, viruses or alcohol. But even though the NASH population was
underrepresented in the current study, MI was significantly associated with this
disease entity.

An important limitation of our study is the validity of diagnosis of acute MI. We
were unable to differentiate between MI secondary to coronary artery disease and MI
resulting from demand-related events (Type II MI). Validation was also not possible as
patient information in this platform is de-identified. Further, direct temporal
relationships between NASH and MI cannot be defined due to the inherent design of
Explorys. We acknowledged this limitation and included only those with a diagnosis
of acute MI within the last year of the study to circumvent this issue. However, using a
large national population-based sample allows for the ability to generalize our results
to the United States population and offset these limitations.

In our large United States-based cohort study, we found acute MI to be a prevalent
diagnosis among patients with NASH. Although our findings need to be further
confirmed by prospective studies, we propose that patients with NAFLD at risk of
NASH, should be identified early and screened for associated cardiovascular risk
factors. Current AASLD-AGA guidelines recommend modification of CVD risk factors
in patients with NAFLDI). Whereas, the European association for the study of liver
view CVD as an extra-hepatic manifestation of NAFLD"!. As we have mentioned
above, severe inflammation, as seen in patients with NASH, is associated with
accelerated atherosclerosis. A major problem that hampers screening for CVD in this
subgroup is the unawareness of health care providers of the relevance of this disease,
and as a consequence, NASH is under diagnosed in the general population. Even in
our study, out of 55 million patients, only 43170 (0.08%) of patients had an ICD-coded
diagnosis of NASH, despite a reported prevalence of NAFLD as high as 24 %™

In conclusion, there is a significant relationship between NASH and acute MI. The
use of already existing non-invasive scoring systems to stratify disease severity in
NAFLD can overcome the need for liver biopsy and allow for early detection and
aggressive risk factor modification.

ARTICLE HIGHLIGHTS

Research background

Non-alcoholic fatty liver disease (NAFLD) is the most common chronic liver disease in
the United States. The severity of NAFLD ranges from simple steatosis to non-
alcoholic steatohepatitis which can progress to fibrosis, cirrhosis and hepatocellular
carcinoma. Recent evidence suggests that the diagnosis of NAFLD may be associated
with an increased risk of cardiovascular disease (CVD) independent of traditional risk
factors. We believe that patients with non-alcoholic steatohepatitis (NASH) are at a
higher risk of serious cardiovascular events such as myocardial infarction (MI).
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Research motivation

There is an overlap between the risk factors that give rise to NAFLD and CVD. NASH
remains underdiagnosed in the general population as tissue analysis is needed for
accurate diagnosis. It is a more severe subtype of NAFLD associated with hepatic and
systemic inflammation. Inflammation is implicated in the pathogenesis of
atherosclerosis. Whether NASH is associated with serious cardiovascular events such
as MI has major economic and public health implications.

Research objectives

The aim of this study was to assess the prevalence of acute MI among patients with
NASH and to investigate the contribution of age and gender on the relative risk of MI
in a large cohort of subjects in the United States.

Research methods

This was a large retrospective study that included over 50 million patients from over
50 states in the United States. Patients diagnosed with NASH between 1999-2019 and
those with acute MI within 2018-2019 were identified. Traditional risk factors
associated with both diseases were also collected. Univariable and multivariable
analyses were performed to assess the association between NASH and ML

Research results

After adjusting for traditional risk factors, there was an independent associated
between NASH and MI (1.5, 95%CI: 1.40-1.62, P < 0.0001). The relative risk of MI in
patients with NASH appeared to be the highest in the younger patient population (<
49 years old, RR 10.1, P < 0.0001) suggesting inflammation might be the driving force
for this observation. Women with NASH had a higher relative risk of MI compared to
their male counterparts (15.8 vs 11.6, P < 0.0001, respectively). Overall, the absolute
risk of MI was higher in the older population.

Research conclusions

Acute Ml is a prevalent diagnosis among patients with NASH. According to our
dataset, NASH continues to be underdiagnosed in the United States population.
Systemic inflammatory cascades are exaggerated in NASH and might be implicated in
the pathogenesis of arthrosclerosis. Identification of NAFLD patients at high risk of
NASH might allow for primary prevention and aggressive cardiovascular risk
modification.

Research perspectives
Performing large scale prospective studies with long-term follow-up are needed to
gain mechanistic insight into the pathology of NASH-MI axis.
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Abstract

BACKGROUND

Zinc is an essential trace element integral to many cellular and immune functions.
Zinc deficiency is highly prevalent in patients with cirrhosis and related to disease
severity.

AIM
To evaluate whether zinc supplementation improves clinical outcomes (disease
severity and mortality) in patients with cirrhosis.

METHODS

This prospectively registered systematic review (PROSPERO reference:
CRD42018118219) included all studies in Medline, Embase or Cochrane database
with inclusion criteria of adult human studies, comparing zinc supplementation
of at least 28 d with standard care or placebo in patients with cirrhosis. Mortality
and clinical severity score data were extracted. Random effects meta-analyses
compared mortality at 6 mo and 2 years. Risk of bias was assessed using the
National Institutes of Health quality assessment tool.

RESULTS
Seven hundred and twelve articles were identified of which four were eligible.
Zinc formulations and doses varied (elemental zinc 3.4-214 mg daily) for different
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intervention periods in patients with differing etiology and severity of cirrhosis.
Two studies were considered to be at high risk of bias. There was no significant
difference in 6-mo mortality between patients treated with zinc versus controls
[risk ratio 0.98 (0.90-1.05)]. Changes in severity scores were not reported in any
study.

CONCLUSION

Zinc supplementation is not associated with reduced mortality in patients with
cirrhosis. Findings are limited by the small number of eligible studies and
significant heterogeneity in intervention and patient population.

Key words: Zinc; Cirrhosis; Mortality

©The Author(s) 2020. Published by Baishideng Publishing Group Inc. All rights reserved.

Core tip: Zinc deficiency is highly prevalent in patients with cirrhosis and may contribute
to disease progression and mortality. This systematic review aimed to determine whether
zinc supplementation was associated with clinical outcomes in patients with cirrhosis.
Meta-analysis of data from four eligible studies found that zinc supplementation was not
associated with reduced mortality at 6 mo. No study reported changes in disease severity
or complications. Eligible studies were highly heterogeneous with different zinc
formulations, dosage and duration applied to varying patient populations. Further well-
designed prospective studies are required to determine whether zinc supplementation
improves long-term clinical outcome in patients with cirrhosis.

Citation: Tan HK, Streeter A, Cramp ME, Dhanda AD. Effect of zinc treatment on clinical
outcomes in patients with liver cirrhosis: A systematic review and meta-analysis. World J
Hepatol 2020; 12(7): 389-398

URL: https://www.wjgnet.com/1948-5182/full/v12/i7/389.htm

DOI: https://dx.doi.org/10.4254/wjh.v12.i7.389

INTRODUCTION

Chronic liver disease is a serious problem both in the United Kingdom and globally.
Approximately 0.1% of the European population is affected by cirrhosis which account
for 1.8% of all deaths corresponding to 170000 deaths per year''l.

Liver cirrhosis constitutes the third most common cause of premature death in the
United Kingdomt. The incidence of liver cirrhosis has been increasing in the United
Kingdom at a faster rate than the top four most-commonly diagnosed cancers (lung,
breast, bowel and prostate). It is estimated that over 600000 people in the United
Kingdom have serious liver disease, and 60000 of those have cirrhosis. Over 14000
people die of liver disease each year in the United Kingdom. This figure has increased
by 400% since the 1970s!.

Regardless of the underlying etiology of liver disease, malnutrition becomes a
significant clinical problem as it progressesl’. Protein-calorie malnutrition is well
documented and accounts for more than 60% of patients with advanced alcohol-
related cirrhosis”.. Micronutrient deficiency including trace element deficiency has also
been documented, which may play a role in disease pathogenesis through regulating
antioxidant, anti-inflammatory and anti-fibrotic pathways‘l.

Zinc is the second most abundant trace element in the body after iron. It forms part
of more than 300 enzymes in the body'.. It plays an indispensable role in cell growth,
cell differentiation and human metabolism!!. Therefore, zinc deficiency can contribute
to oxidative stress, growth disorder, cognitive disorder and immune dysfunction”.
Attesting to zinc’s biological importance is its known association with the activity of
proteins, including the enzymes needed for the production and destruction of
collagen, thus directly affecting the process of fibrosisl. It also possesses anti-
inflammatory and antioxidant characteristics that may indirectly affect hepatic stellate
cellst.

The global prevalence of zinc deficiency ranges from 4% in countries rich in animal
protein and up to 73% in countries with plant-based diets"". However, up to 83% of
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cirrhotic patients have zinc deficiency which is associated with disease severity!’l. Zinc
deficiency in liver disease is multifactorial®. Changes in carbohydrate-lipid
metabolism precipitates protein calorie and micronutrient malnutrition in patients
with chronic liver diseasel’. Zinc is bound to albumin, alpha 2-macroglobulin and
acids so the rate of zinc absorption is due largely to albumin concentrations!"’l. As liver
disease progresses, the level of albumin decreases and this may lead to decreased
absorption of zinc, resulting in progression of liver disease and an increased risk of
hepatocellular carcinomal’’. Other factors that are responsible for zinc deficiency in
liver cirrhosis include disturbed zinc absorption by the digestive tract as a result of the
effects of cytokines, mainly interleukin-6 and endotoxins on gut blood flow!'. This
changes the small bowel intestinal mucosa and decreases zinc absorption"'!. Diuretic
therapy also plays a factor as it increases renal zinc excretion and reduces serum
albumin and the binding capacity for zinc.

Zinc supplementation has beneficial effects on antioxidant and inflammatory
pathways and therefore may delay or prevent progression of cirrhosis!>’l. We
performed a systematic review of the published literature to determine whether zinc
supplementation was associated with improved clinical outcomes and long-term
survival in patients with cirrhosis. A systematic review of the role of zinc
supplementation in the management of chronic liver diseases has been recently
published!. The review evaluated its effect on response to hepatitis C virus treatment,
hepatic encephalopathy and changes in biochemistry but did not assess the effect of
zinc supplementation on overall long-term survival™.

MATERIALS AND METHODS

The protocol for this systematic review was prospectively registered on the
PROSPERO database (reference: CRD42018118219) including the literature search
strategy.

Types of studies

We included all interventional clinical trials in humans including randomized
controlled trials and open-label trials or observational cohort studies that compared
zinc supplementation of at least 28 d with those of standard intervention, or placebo in
patients with cirrhosis. Trials were included irrespective of publication status, year of
publication or language. We excluded non-human studies and laboratory studies
using non-clinical samples.

Patients

All adults (> 18 years old) with liver cirrhosis of any etiology, diagnosed using by liver
histology, imaging or non-invasive methods. We excluded studies with patients under
18 years of age and with known solid organ cancer including hepatocellular
carcinoma.

Intervention

Studies that compared more than 28 d of zinc supplementation via any route (oral or
parenteral) with placebo or other standard intervention for the management of
patients with cirrhosis.

Outcome measures

The primary outcome was 1-year mortality. Secondary outcomes were 6-mo mortality,
2-year mortality, change in severity scores [Child Pugh/ model for end-stage liver
disease (MELD) score], complication rate from cirrhosis (hepatic encephalopathy, new
ascites, variceal bleed, new jaundice or hepatocellular carcinoma). Studies had to
report at least one of these outcomes to be considered for inclusions in the systematic
review.

Search strategy

Electronic searches via MEDLINE (PubMed) 1961-present, EMBASE (1974-present), the
Cochrane library (Cochrane Database of Systematic reviews), Cochrane Central
Register of Controlled Trials, conference abstracts from 1980 for the following annual
meetings: American Gastroenterology Association, American Association for the
Study of Liver Disease, European Association for the Study of the Liver, United
European Gastroenterology, British Society for Gastroenterology and British
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Association for the Study of the Liver.

Comprehensive searches of the following biomedical electronic databases were also
conducted: MEDLINE, EMBASE, PubMed and TRIPS. The search strategy included
subject headings and keywords related to “alcohol”, “zinc” and “liver”. The full search
strategy is presented in Supplementary material. The references in all identified
review articles and studies were also inspected to identify other trials. Two authors
independently assessed the eligible studies.

Selection of studies

Titles and abstracts of studies retrieved using the search strategy were screened
independently by two authors (Tan HK and Dhanda AD) to identify eligible studies.
For potentially relevant articles or in cases of disagreement between the two reviewers,
the full text article was obtained and inspected independently by a third reviewer.
Where an eligible study failed to report data on the primary or secondary outcomes,
this information was requested from the corresponding author by email. A follow-up
email was sent after 2 wk if no response was obtained.

Data extraction and management

Data were extracted independently by two authors (HT and AD) using a standardized,
pre-piloted form for assessment of study quality and evidence synthesis. We studied
the following data: Study setting and target population, study methodology, details of
intervention, primary and secondary outcomes and method of measurement and
information of bias. Extracted data were discussed and this discussion was
documented.

Assessment of risk of bias in included studies
Two authors independently assessed risk of bias in the trials without masking the trial
names using a standard checklist. Risk of bias was assessed using the National
Institutes of Health risk of bias tools for controlled trials or observational studies!"l.
Any discrepancies or unusual patterns were checked with an independent reviewer.
Controlled intervention studies were assessed for randomization, allocation
method, blinding, and similarity of baseline characteristics, drop-out rate, protocol
adherence, outcome measures and method of analysis.
Observational studies were assessed for whether there was a defined population,
the participation of eligible population, appropriate outcome measures and analysis
methods, loss to follow-up rates and confounding factors.

Data synthesis
We provide a narrative synthesis of the findings from the included studies, structured
around the target population, timing of intervention, and type of outcome.

The survival (until death) rates from each study contributed to a meta-analysis of
the efficacy of zinc supplementation in reducing mortality. If heterogeneity was
deemed to be at least moderate as determined by the I? statistic exceeding 30%
detected at least at the 5% level, then the data would be meta-analyzed with a random
effects model, otherwise a fixed effects model would be considered, if there were too
few studies to detect heterogeneity. If any subset of studies were found to share
characteristics that contributed to heterogeneity across all the studies, then further
meta-analyses would be conducted on those subsets. Analysis was performed using
the meta package!"*! with a current installation in R.

RESULTS

Study selection

Seven hundred and twelve records were identified; 49 of them were retrieved and
assessed for eligibility. Six studies met selection criteria but outcome data could not be
obtained from one and another was an uncontrolled cohort study. Therefore, a total of
four randomized controlled trials were included in this systematic review (Figure 1)
1720, Study characteristics are presented in Table 1.

Characteristics of included studies

All four included studies were randomized controlled trials (RCTs). All but one study
documented both gender and age. None of the studies reported ethnicity of their
patient cohort. All four studies selected different clinical populations including
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Bresci et al'"”!

Vilar Gomez et all'®!

Hayashi et al*"

Takuma et all'

Country

Number of
participants

%male (control
group)

%male
(intervention

group)

Age (control
group)

Age (intervention
group)

Inclusion criteria

MELD (control
group)

MELD
(intervention
group)

Control group
treatment

Intervention
group treatment

Zinc preparation
and dosage

Elemental Zinc

dosage (mg Zn/d)

Duration of
intervention

Primary Outcome

Results

Duration of
follow up

Italy

90

23

68

49

51

Cirrhosis (any aetiology)
with encephalopathy

N/A

N/A

Placebo

Zinc acetate

Zinc acetate 600 mg/d

214

6 mo

Hepatic encephalopathy

assessments

No significant improvement
in hepatic encephalopathy
assessments

lyr

Cuba

100

18

22

56.6 (8.4)

58.5 (8.9)

Decompensated HCV cirrhosis

13.3 (4.7)

12,5 3.7)

Placebo

Viusid

Viusid 3 tablets/d

3.4

96 wk

Opverall survival rate

Significant improvement in overall
survival, time to disease progression
and cumulative incidence of HCV

96 wk

Japan

40

13

10

65.1 (11.3)

66.0 (9.9)

Cirrhosis of any
aetiology

N/A

N/A

BCAAs

Zinc sulfate + BCAAs

Zinc sulfate 200-600
mg/d

45-136

5-6 mo

Change in
biochemistry
Significant
improvement in blood
ammonia levels

5-6 mo

Japan

79

40

66.5 (7.4)

66.5 (5.7)

Cirrhosis (any aetiology) with
encephalopathy

11.8 3.2)

11.8 (3.2)

BCAAs

Polaprezinc + BCAAs

Polaprezinc

51

6 mo

Hepatic encephalopathy

assessments

Significant improvement in the
physical component scale, but not
the mental component scale

6 mo

Continuous variables expressed as mean * SD where available. BCAA: Branched chain amino acid; HCV: Hepatitis C virus; MELD: Model for end-stage

liver disease; Zn: Zinc; N/ A: Not applicable.

patients with cirrhosis with hepatic encephalopathy, decompensated hepatitis C
cirrhosis, and cirrhosis with etiology not documented. All studies were conducted in
community settings. The definition of cirrhosis was based on histological and
biochemical confirmation in three studies; the remaining study did not specify the
method of diagnosis of cirrhosis. Only one study was designed to test the effect of zinc
supplementation on mortality.

Only two studies (Takuma et all'”l and Vilar Gomez et al""l) reported severity of
cirrhosis with mean Child Pugh scores of 6.0 and 6.3 and MELD scores of 11.8 and
12.9.

Bresci et al'! examined the effect of long-term oral zinc supplementation on
recurrent hepatic encephalopathy. Ninety cirrhotic patients with recurrent
encephalopathy were treated with 600 mg of oral zinc acetate daily for 30 d in addition
to standard therapy. The final values of psychometric tests were better in the zinc
group compared to the standard therapy group, but the differences were not
statistically significant. Three deaths were reported within 6 mo (one in the placebo
and two in the intervention group).
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Records identified through
database searching (7 = 712)

Additional records identified
through other sources (7 = 0)

Records after duplicates
removed (n = 663)

A4

Records screened by title
and abstract (7 = 637)

Records excluded (7 = 591)

y

Full-text articles assessed
for eligibility (7 = 49)

A4

Studies included in
systematic review (7 = 4)

Full-text articles excluded,
with reasons (7 = 45)

Clinical trials in animals (7 = 34)

Clinical guidelines/book chapters (7 = 3)
Unsuitable patient population-children (7 = 5)
Data not available after study selected (7 = 2)

No control group as comparison (17 = 1)

Figure 1 Flow diagram of study identification and selection.
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Vilar Gomez et al'"! evaluated the efficacy of Viusid for 96 wk in reducing mortality
in 100 patients with hepatitis C-related decompensated cirrhosis. Viusid was chosen
because it is a nutritional supplement with recognized anti-inflammatory and
antioxidant properties. It contains 11 active compounds including zinc sulphate and
glycyrrhizic acid. Glycyrrhizin is the most active ingredient of Viusid and has anti-
inflammatory, immune-modulating and antiviral properties. The total amount of daily
elemental zinc participants received was 3.4 mg, the lowest zinc content of any of the
included studies. The study demonstrated a significant improvement in overall
survival, time to disease progression and cumulative incidence of hepatocellular
carcinoma. No differences were observed between groups for incidence of liver
decompensation (including hepatic encephalopathy, spontaneous bacterial peritonitis,
hepatorenal syndrome and gastrointestinal bleeding).

Hayashi et al™! randomized 40 patients with cirrhosis to receive a combination of
branched chain amino acids and zinc sulfate 600 mg daily for 6 mo. No deaths were
reported during the study. They demonstrated a significant improvement in blood
ammonia levels in the combination group, but there was no further investigation done
to determine the mechanism of action and long-term clinical efficacy.

Takuma et all'”) investigated the effectiveness of oral polaprezinc (51 mg zinc and 174
mg of L-carnosine daily) in 79 patients with hepatic encephalopathy. They concluded
that oral polaprezinc did significantly improve the physical component scale, but not
the mental component scale in patients treated with zinc supplementation. One death
occurred in the placebo treated arm only. This study was limited by short-term follow-
up (6 mo) and non-blinded treatment allocation.

Survival

No studies reported 1-year mortality, which was the primary outcome of this
systematic review. Three studies (Bresci et all'}, Hayashi et al”], and Takuma et all'”l)
reported 6-mo survival and one (Vilar Gomez et al""l) reported 2-year survival. There is
a substantial amount of heterogeneity across the selected study trials in terms of zinc
formulation, dosage and patient characteristics. The heterogeneity includes dose
quantity and frequency, formulation and types of patients.

Risk of bias assessment

We used the National Institutes of Health risk of bias tools to assess the quality of
included studies!"”l. Two studies (Vilar Gomez et all'¥l and Hayashi et al™l) were of low
risk of bias and two studies of uncertain risk of bias (Bresci et all'! and Takuma et all'”}).
Risk of bias assessments are presented in Supplementary Table 1. The two studies
scored low as a result of lack of blinding and non-similarity in baseline characteristics.
Three out of four studies reported information on patient characteristics. Thus,
multivariate meta-regression was not appropriate. Selection bias is likely as two
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studies included only male subjects. Lack of information precluded a proper
evaluation of all the risk of bias in the studies.

Meta-analysis

The I? statistic measuring heterogeneity across all included RCTs was estimated to be
66% and significant at the 5% level (P = 0.03). The overall effect of zinc supplements
from the included RCTs was estimated to reduce the risk of mortality by 0.98 [95%
confidence interval (CI): 0.90-1.05; Figure 2]. Three out of the four included studies had
a 6-mo follow-up. The study by Vilar Gomez et al"*! reported the largest effect (risk
ratio = 0.82), although uncertainty around the point estimate was relatively wide
(95%CI: 0.68-0.99). Notably it had a longer 2-year follow-up, and so the meta-analysis
was repeated without this particular study, which according to its weight, contributed
the least to the overall estimated effect. The effect of all the studies measuring
mortality within a 6-mo follow-up were similarly located close to, and not significantly
different from, the null effect. Repeating the meta-analysis on these resulted in a risk
ratio of unity (95%CI: 0.90-1.05) for the effect of zinc supplementation on the risk of
mortality over a 6-mo follow-up (Figure 3).

DISCUSSION

This systematic review identified just four studies that assessed whether zinc
supplementation is associated with improved clinical outcomes in patients with
cirrhosis. All four eligible studies were highly heterogeneous in terms of patient
characteristics, treatment formulation and duration. Four different zinc preparations,
with daily elemental zinc doses ranging from 3.4 to 214 mg daily, were tested. Two of
these (Viusid, polaprezinc) contained other active compounds, which could have
contributed to the positive clinical outcome, for example Viusid contains only 3.4 mg
of elemental zinc along with 10 other active ingredients. Three studies tested zinc
supplementation in combination with other intervention (branch chain amino acids
and nutritional support).

A further limitation is the low mortality rate in all eligible studies. With such a low
event rate, any effect of zinc on mortality is difficult to determine. This suggests that
either severity of cirrhosis was mild or follow-up duration was insufficient. Only two
studies reported severity of cirrhosis with the majority of subjects classified as Child
Pugh class A. Two out of four studies were designed to determine the benefit of zinc
on hepatic encephalopathy and not powered to detect differences in mortality.

Both Vilar Gomez et al'¥l and Takuma et all'! suggested the most likely beneficiaries
from zinc supplementation would be those with portal hypertension and leaky gut
with its resultant risk of sepsis. Preclinical and in vivo evidence suggests that zinc may
reduce gut permeability””!. Zinc carnosine (polaprezinc) improved in vitro gut
epithelial cell migration and proliferation!. In healthy volunteers, zinc carnosine
treatment reversed both indomethacin-induced and extreme exercise-induced gut
leakiness!™. To test the benefit of a combination strategy of zinc supplementation and
treatment of gut leakiness in advanced cirrhosis, long-term studies in patients with
portal hypertension are required.

Given the limited data, we are unable to determine whether zinc supplementation
improves survival or reduces disease severity in patients with cirrhosis. Research is
still needed to confirm the preclinical benefits seen with zinc supplementation on anti-
fibrotic, anti-inflammatory and antioxidant processes. To determine whether zinc
supplementation improves clinical outcomes of patients with cirrhosis, further high
quality studies are required to ascertain the optimal zinc formulation, dose, duration
of treatment and patient population to treat.

In conclusion, this systematic review has highlighted the paucity of high quality
studies investigating the effect of zinc supplementation in patients with cirrhosis.
Eligible studies were of variable design and quality. The primary analyses all had
substantial heterogeneity reflecting the differences in study design, inclusion criteria
and primary outcome. The difference in etiology and severity of liver cirrhosis also
make the effect of zinc supplementation difficult to interpret. With a plausible
rationale for benefit from zinc supplementation, there is a strong argument to develop
well designed studies in patients stratified clearly by severity of cirrhosis and presence
of portal hypertension to determine the long term outcome of zinc supplementation.
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Study Follow-up
Bresci et a/™”! 6 mo
Vilar Gomez et ai'” 2 yr
Hayashi et a/*"! 6 mo
Takuma et a/"” 6 mo

Random effects model

Intervention Placebo

(n/N) (n/N) Risk ratio RR  95%CI Weight (%)
43/44 44/46 : 1.02 (0.95-1.10) 29.0
37/50 45/50 0.82 (0.68-0.99) 11.4
21/21 19/19 1.00 (0.91-1.10) 24.4
39/40 39/39 0.98 (0.93-1.02) 35.2

098 (0.90-1.05)  100.0

Heterogeneity: /2 = 66%; 7 = 0.0035; 2 = 0.03 w \ T T ’ —

0.6 0.7 08 09 1 1112

Figure 2 Forest plot of all included randomized controlled trials using a random effects model. Risk ratio 0.98 (95% confidence interval: 0.90-
1.05); Heterogeneity: 2 = 66%; P = 0.03. Cl: Confidence interval.

Study Follow-up
Bresci et a/"” 6 mo
Hayashi et a/*”’ 6 mo
Takuma et al''”? 6 mo

Fixed effects model

Heterogeneity: I = 0%; 7 = 0; 2 = 0.52

Intervention Placebo

(n/N) (n/N) Risk ratio RR  95%CI Weight (%)
43/44 44/46 _T'_ 1.02 (0.95-1.10)  29.0
21/21 19/19 —_— 1.00 (0.91-1.10) 24.4
39/40 39/39 0.98 (0.93-1.02) 35.2

1.00 (0.90-1.05) 100.0

T T T 1
0.6 07 08 0.9 1 1112

Figure 3 Forest plot of included randomized controlled trials reporting 6 mo mortality using a random effects model (Vilar Gomez et all"®
excluded). Risk ratio 1.00 (95% confidence interval: 0.96-1.05), Heterogeneity: = 0%; P = 0.52. Cl: Confidence interval.
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ARTICLE HIGHLIGHTS

Research background
Zinc is an essential trace element integral to many cellular and immune functions. Zinc
deficiency is highly prevalent in patients with cirrhosis and related to disease severity.

Research motivation
Zinc supplementation has been used to treat complications of cirrhosis including
hepatic encephalopathy. However, it is unknown whether zinc supplementation in

patients with cirrhosis results in a change in the risk of progression of cirrhosis or
death.

Research objectives
This study aimed to evaluate whether zinc supplementation improves clinical
outcomes and long-term survival in patients with cirrhosis.

Research methods

A systematic review was performed including all studies in Medline, Embase or
Cochrane database with inclusion criteria of adult human studies, comparing zinc
supplementation of at least 28 d with standard care or placebo in patients with
cirrhosis. Mortality and clinical severity score data were extracted. Random effects
meta-analyses determined risk of mortality in patients receiving zinc supplementation
versus comparator at 6 mo and 2 years. Risk of bias was assessed using the National
Institutes of Health quality assessment tool.

Research results

Seven hundred and twelve articles were identified of which four were eligible. Zinc
formulations and doses varied for different intervention periods in patients with
differing etiology and severity of cirrhosis. Two studies were considered to be at high
risk of bias. There was no significant difference in 6-mo mortality between patients
treated with zinc versus controls. Changes in severity scores were not reported in any
study.

Research conclusions
Findings are limited by the small number of eligible studies and significant
heterogeneity in intervention and patient population. Zinc supplementation is not
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statistically associated with reduced mortality or improved long term outcome in
patients with cirrhosis.

Research perspectives

There is substantial heterogeneity in study design, inclusion criteria and primary
outcome. The difference in etiology and severity of liver cirrhosis also make the effect
of zinc supplementation difficult to interpret. Further well-designed prospective
studies are required to determine whether zinc supplementation improves long-term
clinical outcome in patients with cirrhosis.
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Abstract

BACKGROUND

Percutaneous transluminal angioplasty and stenting represent an effective
treatment for hepatic artery stenosis after liver transplantation. In the first year
after stenting, approximately 22% of patients experience in-stent restenosis,
increasing the risk of artery thrombosis and related complications, and 50%
experience liver failure. Although angiography is an important tool for diagnosis
and the planning of therapeutic interventions, it may raise doubts, especially in
small-diameter arteries, and it provides low resolution rates compared with

newer intravascular imaging methods, such as optical coherence tomography
(OCT).
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A 64-year-old male developed hepatic artery stenosis one year after orthotropic
liver transplantation and was successfully treated with percutaneous transluminal
angioplasty with stenting. Five months later, the Doppler ultrasound results
indicated restenosis. Visceral arteriography confirmed hepatic artery tortuosity
but was doubtful for significant in-stent restenosis (ISR) and intrahepatic flow
reduction. To confirm ISR, identify the etiology and guide treatment, OCT was
performed. OCT showed severe stenosis due to four mechanisms: Focal and
partial stent fracture, late stent malapposition, in-stent neointimal hyperplasia,
and neoatherosclerosis.

CONCLUSION

Intravascular diagnostic methods can be useful in evaluating cases in which initial
angiography results are not sufficient to provide a proper diagnosis of significant
stenosis, especially with regard to ISR. A wide range of diagnoses are provided by
OCT, resulting in different treatment options. Interventional radiologists should
consider intravascular diagnostic methods as additional tools for evaluating
patients when visceral angiography results are unclear.

Key words: Liver transplantation; Hepatic artery restenosis; Tomography; Optical
coherence; Case report; Endovascular procedures; Angiography

©The Author(s) 2020. Published by Baishideng Publishing Group Inc. All rights reserved.

Core tip: This is the first case report of optical coherence tomography in the evaluation of
in-stent restenosis in a transplant hepatic artery. In this case, optical coherence tomography
proved to be valuable in grading the significance of stenosis, identifying its possible
causes, and providing measures for choosing appropriate devices for re-treatment. In this
case, this additional and modern tool helped in the diagnosis and the therapeutic planning
after a doubtful angiography result.
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INTRODUCTION

Hepatic artery stenosis (HAS) is one of the most common vascular complications of
liver transplantation and is a leading cause of hepatic artery thrombosis and allograft
dysfunction!l. HAS treatment consisting of percutaneous transluminal angioplasty
with stenting (PTAS) has been largely adopted and proven to be effective, although it
carries a risk of up to 22% for in-stent restenosis (ISR) in the first year and poses a
therapeutic challenge related to the fact that up to 50% of cases result in liver failure®.

ISR after liver transplantation is frequently attributed to neointimal proliferation.
Doppler ultrasound (DUS) is the standard method for screening diagnosis combined
with laboratory abnormalities’. Angiography is an important tool for confirming the
diagnosis and planning optimum therapeutic intervention. However, because
angiography only provides a two-dimensional view of a three-dimensional structure,
it poorly estimates plaque volume, morphology and lesion severity. Moreover,
angiography sometimes overestimates lumen dimensions and provides low resolution
rates compared with newer intravascular imaging methods, such as intravascular
ultrasound (IVUS) and optical coherence tomography (OCT), especially in small-
diameter arteries!. Additionally, considerable intra- and interobserver variability in
the interpretation of stenosis severity has been observed with arteriography®.

Several factors contribute to stent failures, and OCT can assess them with great
imaging quality. One of these factors is neoatherosclerosis, which is observed by OCT
as the presence of clusters of lipid-laden foamy macrophages with or without necrotic
core formation and/or calcification within the neointimal tissue of stented segments!*l.
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Other possible findings are: Stent malapposition which is defined by the separation of
at least one stent strut from the intimal surface of the arterial wall with evidence of
blood behind the strut” and stent fracture which is complete separation of stent
segments or separated stent struts without displacement!”.

OCT provides the highest resolution of all invasive imaging modalities, resulting in
high-quality cross-sectional tomographic images of vessel architecture, and it
demonstrates superiority compared with IVUS or angiography in terms of assessing
lesions, particularly identifying thrombus, plaque erosion and rupture!.

To our knowledge, this is the first case report of OCT used to evaluate ISR in a
transplant hepatic artery. In this case, OCT proved to be valuable for grading the
significance of stenosis, identifying its possible causes, and providing measures for
choosing appropriate devices for retreatment.

CASE PRESENTATION

Chief complaints
A 64-year-old man developed, during clinical and ultrasound follow up, hepatic artery
intra-stent restenosis.

History of present illness

The patient had a history of orthotopic liver transplantation and was successfully
treated with PTAS. Five months later, the patient presented with increased alkaline
phosphatase and alanine aminotransferase levels and DUS indicated restenosis.

History of past illness

The patient had alcoholic liver cirrhosis previous to liver transplantation.

Physical examination
The patient was conscious, with good general health and normal vital signs, anicteric,
eupneic and without fever. The abdomen was distended without signs of ascites.

Laboratory examinations

Alkaline phosphatase level was 186 U/L and alanine aminotransferase level was 390
U/L.

Imaging examinations
DUS of the intrahepatic arteries showed a low resistance index, ranging from 0.4 to 0.5,
indicating restenosis (Figure 1).

Further diagnostic work-up

Visceral arteriography confirmed the tortuosity of the hepatic artery but showed
doubtful significant intrastent diameter reduction and intrahepatic flow reduction
(Figure 2). Two experienced interventional radiologists disagreed on the angiography
results. To confirm ISR, identify the etiology and guide treatment, OCT was
performed.

OCT showed severe stenosis (vessel luminal area: 9.8 mm?/minimal luminal area:
1.7 mm?/82% of area reduction) due to four mechanisms: Focal and partial stent
fracture, late stent malapposition, in-stent neointimal hyperplasia, and
neoatherosclerosis (Figure 2).

FINAL DIAGNOSIS

Hepatic artery intra-stent restenosis.

TREATMENT

PTAS with a new drug-eluting stent (Sirolimus) Orsiro 3 mm x 30 mm (Biotronik)
resulted in complete resolution of restenosis with improvements in intrahepatic
perfusion (Figure 3).
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Figure 1 Graphic showing patient’s serum levels of direct bilirubin (mg/dL), alkaline phosphatase (U/L) and alanine aminotransferase
(UIL); Doppler wave forms and resistive index along time. DBB: Direct bilirubin; ALP: Alkaline phosphatase; ALT: Alanine aminotransferase; RI:

Resistance index.
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OUTCOME AND FOLLOW-UP

Twenty days later, liver enzymes were normalized, and DUS waveforms were normal
for the first time after liver transplantation. The resistance index ranged from 0.54 to
0.59 (Figure 1). In a 10-mo outpatient follow-up, the patient was free from symptoms,
with normal liver enzymes.

DISCUSSION

The endovascular approach has become an alternative for the treatment of HAS due to
its low morbidity, high patency rates similar to those of open surgery!”, low graft loss,
and low mortality rates. Recent retrospective studies have shown that primary
stenting may be the first option, with primary assisted patency rates up to 97% within
12 mo and 93% within 24 mo as well as a decrease in the need for reintervention®™l.

ISR and occlusion are known complications of endovascular procedures that justify
clinical follow-up and DUS in these patients. The development of intravascular
diagnostic methods has shown that restenosis etiologies are not as simple as they were
believed to be. IVUS and OCT enable better evaluation of ISR, and they should be
considered for the detection of stent-related mechanical problems leading to restenosis
in patients with coronary revascularization, therefore leading to class IIA and level C
recommendations!*"’l. The wide range of differential diagnoses for ISR are due to
endovascular diagnostic methods, including stent fracture, neoatherosclerosis,
neointimal hyperplasia, late acquired stent malapposition, stent underexpansion,
evagination, stent crush and edge dissection. Treatment options differ according to the
diagnosis of ISR!".

In our case, the patient presented with biochemical alterations and DUS parameters
that suggested new arterial stenosis and probable ISR. Angiography showed tortuosity
of the treated vessel, but this tool was limited in terms of measuring intrastent luminal
reduction and intrahepatic contrast enhancement. Furthermore, angiography could
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Figure 2 Visceral arteriography and optical coherence tomography. A: Visceral arteriography diagnosis with hepatic artery tortuosity and doubtful
significant intra-stent diameter reduction and intrahepatic flow reduction. The yellow arrow indicates the possible stenosis area, to be confirmed further with an
intravascular method; B: OCT diagnosis of severe stenosis due neointimal hyperplasia and focal and partial stent fracture; C: OCT diagnosis of stent late
malapposition; D: OCT diagnosis of in-stent neointimal hyperplasia and neoatherosclerosis. OCT: Optical coherence tomography.

Figure 3 Visceral arteriography after percutaneous transluminal angioplasty and optical coherence tomography posttreatment. A: Visceral
arteriography after percutaneous transluminal angioplasty with drug-eluting stent (Sirolimus) Orsiro 3 mm x 30 mm (Biotronik) showing complete resolution of
restenosis and improvement in intrahepatic perfusion; B: Optical coherence tomography posttreatment showing acute gain in luminal area due to complete stent

expansion.
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not categorize the severity of the lesion, the presence of hemodynamic repercussion or
the etiology of restenosis. OCT showed severe stenosis caused by stent fracture, late
stent malapposition, neointimal hyperplasia and probable neoatherosclerosis tissue.
These diagnoses and OCT measurements guided the treatment and stent choice.

Posttreatment angiography undoubtedly showed ISR resolution and improvements
in hepatic perfusion with faster parenchymal enhancement and washout. Both
interventional radiologists agreed with these findings. Similar to angiography, OCT
confirmed an increased vessel area without residual stenosis and provided the finding
of adequate stent apposition. DUS performed immediately postprocedure
demonstrated normal intrahepatic wave forms and resistance index, and it was used
as a basic follow-up test. Consistent with the results of the imaging exams, the patient
progressed and demonstrated clinical and laboratory improvements.

WJH | https://www.wjgnet.com 403 July 27,2020 | Volume12 | Issue7 |



Galastri FL et al. OCT evaluation of in-stent restenosis in a transplant hepatic artery

Jaishideng®

The disagreement on the angiography evaluation by two experienced interventional
radiologists and the urge to identify stent-related mechanical problems motivated the
use of additional intravascular diagnostic methods. In our case, for the first time in the
published medical literature, OCT has proven to be an effective additional method for
elucidating doubtful lesions on visceral arteries after transplantation. Moreover,
posttreatment OCT evaluation confirmed that the interventional radiologists were in
agreement regarding the adequate results. Although OCT provides outstanding new
information to the vascular territory, we understand that it has some limitations, such
as the additional volume of contrast that is unavoidable, the imaging is not free from
artifacts and it depends on the observer’s experience. In addition, it has a high cost and
poor availability!*l.

CONCLUSION

Angiography is the gold standard for evaluating patients with suspected restenosis;
however, in some cases, this procedure can cast doubt. Intravascular diagnostic
methods can be useful when evaluating such cases, especially with regard to in-stent
restenosis. A wide range of diagnoses are provided by OCT, which results in different
treatment options. Interventional radiologists should consider intravascular diagnostic
methods as additional tools for evaluating patients when visceral angiography results
are unclear.
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Abstract

BACKGROUND

Since the first living donor liver transplantation (LDLT) was performed by Raia
and colleagues in December 1988, LDLT has become the gold standard treatment
in countries where cadaveric organ donation is not sufficient. Adequate hepatic
venous outflow reconstruction in LDLT is essential to prevent graft congestion
and its complications including graft loss. However, this can be complex and
technically demanding especially in the presence of complex variations and
congenital anomalies in the graft hepatic veins.

CASE SUMMARY

Herein, we aimed to present two cases who underwent successful right lobe
LDLT using a right lobe liver graft with rudimentary or congenital absence of the
right hepatic vein and describe the utility of a common large opening drainage
model in such complex cases.

CONCLUSION

Thanks to this venous reconstruction model, none of the patients developed
postoperative complications related to venous drainage. Our experience with
venous drainage reconstruction models shows that congenital variations in the

hepatic venous structure of living liver donors are not absolute contraindications
for LDLT.

Key words: Living donor liver transplantation; Congenital-absence of right hepatic vein;
Common large opening drainage model; Case report
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Core tip: In this study, we aimed to present two cases who underwent successful right lobe
living donor liver transplantation using a right lobe liver graft with rudimentary or
congenital absence of the right hepatic vein and describe the utility of a common large
opening drainage model in such complex cases. Thanks to this venous reconstruction
model, none of the patients developed postoperative complications related to venous
drainage.

Citation: Demyati K, Akbulut S, Cicek E, Dirican A, Koc C, Yilmaz S. Is right lobe liver graft
without main right hepatic vein suitable for living donor liver transplantation? World J Hepatol
2020; 12(7): 406-412

URL: https://www.wjgnet.com/1948-5182/full/v12/i7/406.htm

DOI: https://dx.doi.org/10.4254/wjh.v12.i7.406

INTRODUCTION

Since the first successful liver transplantation (LT) performed in 1967, LT has become
the gold standard treatment for many liver diseases in adult and pediatric patients!'l.
In socioculturally developed western countries, most of the liver graft requirements
are provided from the cadaveric organ pool, while in Asian and Middle Eastern
countries, a significant portion of the organ requirements are provided from the living
donor pool™”. In deceased donor liver transplantation, whole size liver graft is
harvested with the inferior vena cava (IVC) and then venous anastomosis can be
performed easily between the IVC of the liver graft and IVC of the recipient using
conventional, piggyback, or modified piggyback techniques!’”. In contrast, variations
in the vascular structure of the liver graft obtained from a living liver donor (LLD)
cause difficulties during vascular reconstruction in LDLT, especially hepatic venous
reconstruction. Venous drainage of the right lobe (RL) is more complex compared to
the left lobe of the liver. To both benefit from liver graft optimally and avoid
congestion-related complications, all large venous structures including inferior right
hepatic vein (IRHV), segment 5 vein (V5) and segment 8 vein (V8) should be
integrated into the venous drainage system'. In other words, meticulous assessment
of the vascular structures of the LLD candidates by preoperative radiological
instruments and thus identification of variations is critical for both LLDs safety and
planning of graft implantation techniques.

To evaluate the hepatic vascular structures of LLD candidates, Doppler
ultrasonography (US), multidetector computed tomography (MDCT) and, if necessary,
conventional hepatic angiography are the most commonly used techniquest.
Variations detected in the liver vascular anatomy of the potential LLD candidates
either result in rejecting the candidate or the surgical team considers alternative
surgical techniques such as various venous drainage models.

Congenital absence of the right hepatic vein (RHV) is one of the rarest hepatic
vascular anomalies. This anomaly is usually associated with multiple large IRHVs or
wider middle hepatic vein (MHYV) tributaries. To our knowledge, no clinical studies or
case reports related to this RHV anomaly have been published in the English literature
except autopsy studies. To our knowledge, a successful LDLT using the RL liver graft
without the RHV was performed by our clinic for the first time in the world?. After
that, Ray and colleagues reported that they performed successful LDLT using a RL
liver graft without a RHV orifice. Herein, we present hepatic venous drainage
reconstruction models of RL liver grafts obtained from two LLDs with congenital RHV
anomalies.

CASE PRESENTATION

Chief complaint and history of present illness

Case 1: A 25-year-old healthy male (BMI: 20.2 kg/m?, total liver volume: 1136 cc, RL:
786 cc, remnant liver: 34%) was admitted to our liver transplant institute to give a part
of his liver to his 26-year-old sister with Budd Chiari Syndrome. He had no chronic
disease.
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Case 2: A 31-year-old healthy male (BMI: 23.7 kg/m?, total liver volume: 1428 cc, RL:
1000 cc, remnant liver: 30%) was admitted to our liver transplant institute to give a
part of his liver to his 56-year-old uncle with alcoholic liver cirrhosis.

Physical examination

Case 1 and Case 2: Physical examination revealed that vital signs were within normal
limits. The LLD candidates were examined according to the donor evaluation
algorithm applied in our liver transplant institute.

Laboratory and imaging examinations

Case 1: Biochemical blood tests and viral markers were within normal limits. Contrast-
enhanced MDCT showed that the RHV was rudimentary and that the RL was drained
by three IRHVs, one of them was located in the hepatocaval ligament. As our institute
is experienced in RL drainage models, cadaveric organ donation was insufficient, and
the recipient could not provide another potential donor candidate; thus, we decided to
accept the LLD candidate.

Case 2: The potential LLD was examined according to the donor evaluation algorithm
applied in our institute. Contrast-enhanced MDCT showed congenital absence of the
RHYV and that the RL was drained by two large IRHVs.

FINAL DIAGNOSIS

Case 1
The healthy individual who had a rudimentary RHV was accepted as a suitable LLD
candidate.

Case 2
The healthy individual who had no RHV was accepted as a suitable LLD candidate.

TREATMENT

Case 1

RL hepatectomy was performed as previously described in our institute. Three IRHVs
of 5-6 mm diameter, which drained the RL into the IVC, were preserved until the
parenchymal transection was completed. Parenchymal transection was performed
using the CUSA (Cavtron Ultrasonic Surgical Aspirator, Integra, United States)
without Pringles maneuver. During transection, two V5 and one V8 were marked and
preserved to be integrated into the venous drainage model. Bloodless RL graft volume
and graft-recipient weight ratio were measured as 765 g and 1.03%, respectively.

Case 2

RL hepatectomy was performed as previously described in our institute, all three
IRHVs were preserved until the parenchymal transection was completed and
transection was performed using the CUSA without Pringles maneuver (Figure 1).
During transection, two V5 and two V8 were marked and preserved to be integrated
into the venous drainage model. Bloodless RL graft volume and graft-recipient weight
ratio were measured as 1000 g and 1.02%, respectively. The drainage model was found
to be successful by postoperative MDCT. Finally, the recipient was discharged without
postoperative complications.

OUTCOME AND FOLLOW-UP

Case 1

The LLD had an uneventful postoperative clinical course. The drainage model was
found to be successful by postoperative MDCT. Finally, the recipient was discharged
on postoperative day 21 without complications.
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Figure 1 Dissection plan between the right lobe of the liver and inferior vena cava. Intraoperative view of two inferior right hepatic veins draining the
right lobe posterior sector. IRHV: Inferior right hepatic vein; IVC: Inferior vena cava.
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Case 2

The LLD had an uneventful postoperative clinical course. The drainage model was
found to be successful by postoperative MDCT. Finally, the recipient was discharged
with minimal biliary complications.

DISCUSSION

Definition of back-table reconstruction techniques for both patients

The perfusion and washing of the liver grafts with preservation solutions on the back-
table stage were performed as described previously”. Using the cryopreserved
vascular graft materials, a common large opening drainage model was created to
include three IRHVs and V8. The rudimentary RHV was also integrated into the
drainage model. For this common large opening drainage model, an aortic vascular
graft was used as a quilt, while a saphenous vein graft was used to both create a
circumferential fence and extend V8 to the main drainage model. Both V5 orifices on
the cut surface were first created as a single orifice and then anastomosed directly to
the recipient's left hepatic vein stump using an expanded polytetrafluoroethylene
vascular graft (Figures 2 and 3). The liver implantation techniques used in both cases
were not different from other LT recipients with normal RHV. Postoperative US and
MDCT were performed to determine whether the venous drainage model was
successful in both recipients (Figure 4).

LDLT has been expanded to overcome the graft shortage and disparity between
supply and demand in patients on the LT waiting list. However, unlike a whole size
deceased donor liver graft, most of the living liver grafts require reconstruction of the
venous structures including RHV, IRHVs and MHYV tributaries to restore venous
drainage of the corresponding segments to prevent any postoperative congestion.
Hepatic venous structures may be delineated using modern imaging techniques:
Doppler US, MDCT, and conventional angiography are particularly useful for
observing the venous structures. Variations or congenital anomalies in hepatic venous
structure in LLD candidates can disqualify the candidate or alter surgical choice. One
such hepatic venous anomaly is congenital absence of the RHV or a rudimentary RHV.
As vascular anomalies and variations in LLD candidates may cause unexpected
complications and difficulties, these vascular anomalies and variations must be
evaluated and documented clearly by imaging techniques before surgery. In our cases,
the rudimentary or congenitally absent RHV and presence of the IRHVs were
identified easily on preoperative MDCT, which allowed us to plan the surgery.
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Figure 2 The cryopreserved aortic vascular graft patch was placed between the four orifices as a quilt. After that the segment 8 hepatic vein
orifice was extended to the drainage model using a cryopreserved saphenous vein graft. IRHV: Inferior right hepatic vein; V8: 8 vein; RHV: Right hepatic vein.

Figure 3 A common large opening drainage model was created using the cryopreserved saphenous vein graft. IRHV: Inferior right hepatic

vein; V8: 8 vein; RHV: Right hepatic vein.
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Difficulties in hepatic venous drainage in LDLT has been addressed by many
studies with many technical considerations and modifications investigated-'?. While
controversy exists regarding the ideal criteria and method of incorporating the IRHVs
into the graft’s drainage system and the ideal method of draining segments 5 and 8, it
is agreed that venous congestion due to inadequate outflow reconstruction impairs
regeneration, and is associated with increased complications including graft loss®'?.

In our patients with absent or rudimentary main RHV and the presence of multiple
major IRHVs, a common large opening drainage model allowed for a wider ostium,
which achieved faster and easier anastomosis with the IVC reducing the warm
ischemia time with an ostium tolerating compression with less risk of compression and
obstruction. We reported a similar case from the same center in 2013, but did not find
similar reported cases in the English literature”. One case was reported with a liver
transplant in the absence of a RHV ostium with the right hepatic vein present and
drained into the IVC through a single ostial opening by the middle and left hepatic
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Figure 4 Postoperative contrast axial multidetector computed tomography image shows that the venous drainage model is functional.
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veins, in that case a subtotal MHV was to be taken leaving behind the proximal MHV
with drainage of the segment 4b and RHV vein into it, as the patient’s RHV joined the
MHYV intra-hepatically.

The venous outflow reconstruction is technically challenging for RL liver grafts with
an undrained anterior sector, along with the presence of multiple IRHVs with
vulnerability of congestion if not adequately reconstructed. Adding to the complexity
is the presence of a wide variability in the pattern of branching of hepatic veins,
difficulty in determining the optimal anastomotic site and direction especially in the
presence of major IRHVs to anastomose which requires further time!*". Authors
recommend that short hepatic veins with a diameter > 4 mm should be integrated into
the drainage system, which is our approach**!. The need for IRHVs to be integrated
into the drainage system is even more essential in the absence of adequate drainage
through the RHV due to its absence or in cases where it is rudimentary, where in these
cases the major IRHVs dominate the venous outflow.

A common large opening reconstruction technique diminishes morbidity as well as
potential mortality associated with compromised graft outflow and has been proved to
be safel'*l. A single, wide orifice is achieved by various venoplasty techniques during
back-table procedures using cryopreserved conduits, or the recipient's saphenous vein,
or synthetic vascular grafts’ 1. The technique used to perform a back-table venoplasty
to form a single, large orifice remains an easy procedure without added risks". Also,
in the presence of dense adhesions due to previous surgeries, reduced available length
of IVC, and multiple collaterals, the outflow reconstruction becomes technically less
complex with this technique in addition to reducing the warm ischemia time with one
single anastomosis to the IVC.

With regard to the MHYV tributaries, which drain the central region of the liver, our
approach is to leave the MHV in the donor’s side in cases without a segment 4b vein.
In cases with a segment 4b vein, the decision to include the MHYV in the graft is made
with respect to the remnant liver volume. If the remnant liver volume is < 30%, the
MHYV should be left in the donor’s side. If the remnant liver volume is > 30%, the
decision is made with respect to the diameters of veins draining segment 5 and 8/>*1.

CONCLUSION

In conclusion, rudimentary or congenital absence of RHV is not an absolute
contraindication for RL-LDLT in centers with experience in venous outflow
reconstruction and various drainage models. However, it is important to meticulously
examine the vascular structures of donor candidates using preoperative radiological
instruments.
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