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Abstract: Type 2 diabetes (T2D) is associated with diabetic nephropathy as well as nonalcoholic
steatohepatitis (NASH), which can be called “diabetic hepatopathy or diabetic liver disease”. NASH, a
severe form of nonalcoholic fatty disease (NAFLD), can sometimes progress to cirrhosis, hepatocellular
carcinoma and hepatic failure. T2D patients are at higher risk for liver-related mortality compared
with the nondiabetic population. NAFLD is closely associated with chronic kidney disease (CKD) or
diabetic nephropathy according to cross-sectional and longitudinal studies. Simultaneous kidney
liver transplantation (SKLT) is dramatically increasing in the United States, because NASH-related
cirrhosis often complicates end-stage renal disease. Growing evidence suggests that NAFLD and CKD
share common pathogenetic mechanisms and potential therapeutic targets. Glucagon-like peptide 1
(GLP-1) receptor agonists and sodium—glucose cotransporter 2 (SGLT2) inhibitors are expected to
ameliorate NASH and diabetic nephropathy/CKD. There are no approved therapies for NASH, but a
variety of drug pipelines are now under development. Several agents of them can also ameliorate
diabetic nephropathy/CKD, including peroxisome proliferator-activated receptors agonists, apoptosis
signaling kinase 1 inhibitor, nuclear factor-erythroid-2-related factor 2 activator, C-C chemokine
receptor types 2/5 antagonist and nonsteroidal mineral corticoid receptor antagonist. This review
focuses on common drug pipelines in the treatment of diabetic nephropathy and hepatopathy.

Keywords: diabetic nephropathy; diabetic hepatopathy; chronic kidney disease; glucagon-like
peptide 1; peroxisome proliferator-activated receptor; sodium-glucose cotransporter 2

1. Introduction

Nonalcoholic fatty liver disease (NAFLD), which is a hepatic manifestation of metabolic syndrome,
is the most common chronic liver disease. Worldwide, 25% of the adult population is now suffering
from NAFLD [1,2]. Nonalcoholic steatohepatitis (NASH), which is defined by hepatic steatosis with
inflammation and ballooning, can progress to cirrhosis, liver failure and hepatocellular carcinoma
(HCC). The incidence of NASH has risen due to the increased prevalence of obesity, metabolic syndrome
and type 2 diabetes (T2D). In the United States (US), NASH has become the leading cause of liver
transplantation [3]. T2D is closely associated with NASH incidence and fibrosis progression. In Japan,
liver-related disease is the third leading cause of mortality (9.3%) in T2D according to a nationwide
survey (2001-2010) [4]. T2D patients are at higher risk for the development of or mortality from
HCC [5,6]. Thus, NASH can be called “diabetic hepatopathy or diabetic liver disease (DLD)” [7].
Hepatic fibrosis is the most significant determinant of overall mortality and liver-related mortality
in NAFLD [8]. The estimated prevalence of advanced fibrosis (stages 3 and 4) in T2D patients
is 17% by liver biopsy, 7.3-25.0% by FibroScan and 4.3-7.1% by magnetic resonance elastography
(MRE) [9]. NAFLD is closely associated with diabetic nephropathy, chronic kidney disease (CKD)
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and end-stage renal disease (ESRD). Because NASH-associated cirrhosis often complicates CKD or
ESRD, simultaneous kidney liver transplantation (SKLT) is dramatically increasing in the US [10].
According to the National Health and Nutrition Examination Survey (NHANES) 1999-2016, NAFLD
with renal insufficiency shows significantly higher mortality than only NAFLD [11]. NASH is the most
rapidly growing indication for SKLT [12]. Recipients with NASH or cryptogenic cirrhosis with a body
mass index (BMI) greater than 30 showed a lower estimated glomerular filtration rate (¢GFR) and
higher graft loss after SKLT compared with those with other chronic liver disease [10]. The belief that
NAFLD and CKD share common pathogenetic mechanisms for progression leads to the hypothesis
that they can also share potential therapeutic targets. We here review common drug pipelines for
diabetic nephropathy and hepatopathy:.

2. The Association of NASH/NAFLD with Diabetic Nephropathy/CKD

NAFLD and CKD are global public health problems, affecting up to 25-30% and up to 10-15%
of the general population for NAFLD and CKD, respectively. Diabetic nephropathy is the leading
cause of CKD and ESRD. Recently, it has also been established that there is a strong association
between NAFLD and CKD, regardless of the presence of potential confounding diseases such as obesity,
hypertension and T2D. Since NAFLD and CKD are both common diseases that often occur alongside
other metabolic conditions, such as T2D or metabolic syndrome, elucidating the relative impact of
NAFLD on the risk of incident CKD presents a substantial challenge for investigators working in this
research field. A growing body of epidemiological evidence suggests that NAFLD is an independent
risk factor for CKD, and recent evidence also suggests that associated factors such as metabolic
syndrome, dysbiosis, unhealthy diets, platelet activation and processes associated with aging could
also contribute mechanisms linking NAFLD and CKD [13] (Figure 1). Accumulating evidence has
proved that NAFLD is associated with diabetic nephropathy, independent of confounding factors [14].
Liver fibrosis—but not steatosis—was found to be independently associated with albuminuria in 1763
Chinese patients with T2D [15]. We previously reported that patients with biopsy-proven NASH were
more likely to have CKD than patients without NASH [16]. The presence and severity of NAFLD
has been related to the incidence and stage of CKD [17] independent of traditional CKD risk factors;
conversely, the presence of CKD increases overall mortality in NAFLD patients [18]. In accordance
with the pathogenic link between NAFLD and CKD, NASH-related cirrhosis carries a higher risk of
ESRD than other etiologies of cirrhosis; furthermore, it is an increasing indication for SKLT and an
independent risk factor for kidney graft loss and cardiovascular disease (CVD) [12,19]. NAFLD was
accompanied by a higher risk of incident CKD (hazard ratio (HR): 1.22, 95% confidence interval (CI)
1.04-1.43) in a retrospective cohort study of 41,430 adult men and women without CKD at baseline.
The risk of CKD increased progressively with increased NAFLD severity, which was evaluated by the
NAFLD fibrosis score (NFS) [20]. In a Japanese retrospective study, the fibrosis-4 (FIB-4) index and the
presence of T2D were significant risk factors for CKD development [21]. In that study, the patatin-like
phospholipase domain-containing protein-3 (PNPLA3) genotype was not related to CKD. In contrast,
a recent study from Italy found a relationship between the PNPLA3 genotype and incident CKD [22].
A meta-analysis showed that NAFLD was associated with a nearly 40% increase in the long-term risk
of incident CKD [23]. Based on a cohort study of 1525 CKD patients, the annual change in decline in
eGFRs in CKD patients with NAFLD was larger than those without NAFLD. The decline in eGFRs
associated with NAFLD was greater in patients with a higher NFS, in those with proteinuria or with a
low eGFR at baseline (<45 mL/min/1.73 m?) and in those who were smokers and hypertensive [24].
Collectively, these data suggest that common pathogenic mechanisms underlie both liver and kidney
injury and could be targeted to retard the progression of both NAFLD and CKD (Figure 1).

An accumulation of visceral fat, which is closely associated with NAFLD and CKD, causes
chronic inflammation. Visceral adipose tissue increases in plasma concentrations of nonesterified
fatty acids (NEFAs). With the increase in the supply of NEFA to the liver, hepatic macrophages are
activated. The activation of hepatic macrophages and hepatic inflammation is associated with an
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increase in proinflammatory cytokines and hepatic/systemic insulin resistance, increased activity of
the renin—-angiotensin—aldosterone system (RAAS) and oxidative stress mediated by proinflammatory
and profibrotic mediators. In turn, the kidney reacts, promoting further RAAS activation, increased
angiotensin II and uric acid production in a vicious cycle leading to hepatic fibrosis progression.
Excessive dietary fructose intake also affects renal injury through altered lipogenesis and inflammatory
response. Experimental evidence also supports a role of the inflammasome and innate immune system
in NAFLD and CKD [25-28]. In this way, NAFLD and CKD share common proinflammatory and
profibrotic mechanisms of disease progression (Figure 1). Therefore, all of these pathways indicate a
causal link between NAFLD and CKD, whereby NAFLD increases the risk of incident CKD.
Although there are no established pharmacotherapies for advanced stages of NAFLD and CKD, a
variety of drug pipelines for liver and renal injury exist [29]. The modulation of nuclear transcription
factors regulating key pathways of lipid metabolism, including peroxisome proliferator-activated
receptors (PPARs) and farnesoid X receptor (FXR), is now under stage 3 clinical development [30].
Other therapeutic approaches target key mediators of inflammation, fibrogenesis, gut dysfunction
through gut microbiota manipulation and antidiabetic therapies. Furthermore, NAFLD affects CKD
per se through lipoprotein metabolism and hepatokine secretion, and conversely, targeting the renal
tubule by sodium-glucose cotransporter 2 (SGLT2) inhibitors can improve both CKD and NAFLD.

NEFA | ROS
Pro-inflammatory cytokines 1 Pro-inflammatory cytekines
Adiponectin | BAAS axis activation
NAFLD Adipose tissue CKD

\ D ROS, CRP, TNFu, TGFp, FGF-21, PAI-1, Fetuin -A

Uric acid, altered glucose homeostasis, RAAS

/

Fibrosis stage® CKD stage®
0 Hypertension I
I (1a, 1b, 1c) T2D . 2
: atherosclerosis 1A
Aging
s . 3B
Dyslipidemia .
PNPLA3 SNP 5
Fructose

Figure 1. Potential mechanisms linking nonalcoholic steatohepatitis (NASH)/nonalcoholic fatty liver
disease (NAFLD) and chronic kidney disease (CKD)/diabetic nephropathy. NEFA: nonesterified fatty
acid, ROS: reactive oxygen species, RAAS: renin-angiotensin—aldosterone, CRP: C-reactive protein,
TNFou: tumor necrosis factor o, TGFf3: transforming growth factor3, FGF-21: fibroblast growth factor-21,
PAI-1: plasminogen activator inhibitor-1, T2D: type 2 diabetes, PNPLA3: patatin-like phospholipase
domain-containing protein-3, SNP: single nucleoside polymorphism. * NASH Clinical Research
Network. # National Kidney Foundation.

3. Common Drug Pipelines for NAFLD/NASH and Diabetic Nephropathy/CKD
3.1. Metabolic Modifiers

3.1.1. Peroxisome Proliferator-Activated Receptors (PPARs)

PPARSs are nuclear receptors that are involved in the transcriptional regulation of lipid metabolism,
energy balance, insulin metabolism, inflammation and atherosclerosis. Three isotypes of PPARs exist:
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PPAR-«, PPAR- and PPAR-y [31]. PPAR-« is expressed ubiquitously, but is most highly expressed in
the liver. It plays a critical role in the regulation of fatty acid uptake, beta oxidation, ketogenesis, bile
acid synthesis and triglyceride turnover. PPAR-« is also thought to have anti-inflammatory effects
through the complex regulation of nuclear factor kappa B (NF-«B). PPAR-0 is expressed in skeletal
muscle, adipose tissue and skin, but it is most highly expressed in muscle, where it is involved in
regulating mitochondrial metabolism and fatty acid beta oxidation [32]. PPAR-6 is well expressed
in hepatocytes but is also expressed in Kupffer cells and hepatic stellate cells (HSCs), suggesting a
potential role in inflammation and fibrosis [32]. PPAR-y is most highly expressed in adipose tissue,
where it serves an essential role in the regulation of adipocyte differentiation, adipogenesis and lipid
metabolism. PPAR-y activation results in the increased production of various adipokines, including
adiponectin, which enhances hepatic fatty acid oxidation. In addition to its metabolic effects, PPAR-y
agonists are also thought to decrease inflammation and cytokine production in patients with metabolic
syndrome [32].

Pioglitazone (a PPAR-y agonist) showed a proven histological improvement in NASH compared to
a placebo [33-36]. The PPAR-y agonist also has a protective effect against various types of injury of the
kidney including diabetic and nondiabetic kidney disease [37]. However, this agent has several safety
concerns, including edema, heart failure, cancer incidence and osteoporosis in women. The India-based
Zydus Cadila is evaluating the once-daily oral experimental therapy saroglitazar magnesium for
NASH patients in a phase 2 trial. Saroglitazar is a dual PPARx/y agonist that is approved in India for
the treatment of dyslipidemia in diabetic patients [38]. In real-world clinical studies with a duration of
up to 58 weeks, saroglitazar effectively improved lipid and glycemic parameters without significant
adverse effects (AEs) in 5824 patients with diabetic dyslipidemia [39]. In mice with choline-deficient
high-fat-diet-induced NASH, saroglitazar reduced hepatic steatosis, inflammation and ballooning
and prevented fibrosis development. It also reduced serum alanine aminotransferase (ALT), aspartate
aminotransferase (AST) and inflammatory and fibrosis biomarker expressions [40]. In this model, the
reduction in the overall NAFLD activity score (NAS) due to saroglitazar (3 mg/kg) treatment was
significantly more prominent than that due to pioglitazone (25 mg/kg) or fenofibrate (100 mg/kg) [41].
A phase 2, randomized double-blind placebo-controlled trial (RDBPCT) comparing three doses of
saroglitazar (1, 2 and 4 mg) with a placebo in NAFLD is ongoing (EVIDENCES IV, Table 1). This
study enrolled 104 patients with NAFLD/NASH. The primary endpoint is the percentage change from
baseline in serum ALT levels at week 16 in the saroglitazar groups compared with the placebo group.
At the Liver Meeting 2019, Gawrieh and colleagues showed that patients in the saroglitazar groups
(n = 77) exhibited significantly reduced ALT levels compared to those in the placebo group (n = 27).
The absolute change in liver fat content by MRI-proton density fat fraction (MRI-PDFF) from the
baseline to week 16 was significantly greater (—4.21%) in the saroglitazar 4 mg group than in the other
groups [42]. Aleglitazar, a dual PPAR«/y agonist, slowed eGFR decline in stage 3 diabetic CKD (phase
2b, AleNephro) [43]. Patients were randomized for a 52 week double-blind treatment with aleglitazar
at 150 ug/d (n = 150) or pioglitazone at 45 mg/d (n = 152). The mean eGFR change from baseline to the
end of follow-up was —2.7% (95% CI: =7.7, 2.4) with aleglitazar versus —3.4% (95% CI: —8.5, 1.7) with
pioglitazone, establishing noninferiority (0.77%; 95%CI: —4.5, 6.0) [43].

Elafibranor, a PPAR «/6 dual agonist, inhibits CKD progression in NASH mice [44]. A multicenter
phase 3 RDBPCT is ongoing to evaluate the efficacy and safety of elafibranor (120 mg/d) in NASH
patients with stage 2/3 fibrosis and NAS > 4 (RESOLVE-IT, Table 1). The primary outcomes of this
study are to evaluate the effect of elafibranor treatment compared with placebo on (1) histological
improvement (resolution of NASH without worsening of fibrosis at 72 weeks) and (2) composite
long-term outcomes, composed of all-cause mortality, cirrhosis and liver-related clinical outcomes.
After 72 weeks of treatment, the study missed its primary endpoint, with 19% of patients in the
treatment arm achieving NASH resolution without fibrosis getting worse, compared to 15% of patients
in the placebo group. Only 25% of elafibranor patients showed fibrosis improvement by at least one
stage, compared to 22% of placebo patients. A phase 1 study is being conducted in order to assess



Int. ]. Mol. Sci. 2020, 21, 4939 6 of 22

the need for dose adjustment for elafibranor in participants with renal impairment. Pharmacokinetic
parameters of elafibranor and its active metabolite (GFT1007) will be compared in severe renally
impaired participants (eGFR < 15 mI,/min/1.73 m?) versus healthy participants after a single oral
administration of elafibranor at 120 mg (Table 1).

3.1.2. Farnesoid X Receptor Agonist

Obeticholic acid (OCA), a semisynthetic analog of chenodeoxycholic acid, is an FXR agonist. FXR
is a nuclear receptor that is highly expressed in the liver and small intestine. Bile acids are natural
ligands of FXR, and their binding with and activation of FXR is critical to the regulation of cellular
pathways that modulate BA synthesis, lipid metabolism, inflammation and fibrosis. OCA markedly
suppresses hepatocyte death and liver fibrosis with only marginal effects on body weight and hepatic
steatosis in a murine model of NASH [45]. An international phase 3 study (REGENERATE study) for
NASH patients is ongoing. Interim analyses showed that OCA at 25 mg/d for 72 weeks significantly
ameliorated hepatic fibrosis (>1 stage fibrosis) compared with a placebo [46]. A phase 3 trial of OCA
for cirrhotic patients due to NASH is ongoing (REVERSE trial) [30]. This trial enrolled 540 NASH
cirrhotic patients and is being conducted at sites in North America, Europe, Australia and New Zealand.
The primary endpoint is the percentage of patients with fibrosis improvement (more than one stage)
after one year of treatment. Patients were randomized in a 1:1:1 ratio to one of the three treatment
arms: OCA 10 mg/d, OCA 10 mg/d with titration to 25 mg/d at three months, or placebo. Patients
who complete the double-blind phase of the REVERSE trial will be eligible to enroll in an open-label
extension study for up to 12 additional months (Table 1).

OCA has been shown to reverse renal lipid accumulation, proteinuria and tubulo-interstitial
inflammation and fibrosis in diet-induced experimental CKD [47-51]. Clinical studies of OCA for
diabetic nephropathy/CKD have not yet been planned.

3.2. Antioxidative Agents

Oxidative stress is considered to be a key mechanism of hepatocellular injury and disease
progression in patients with NASH [52] and CKD [53]. The transcription factor Nrf2 (nuclear
factor-erythroid-2-related factor 2) plays a central role in stimulating the expression of various
antioxidant-associated genes in the cellular defense against oxidative stress [54].

3.2.1. Oltipraz

Oltipraz, 5-(2-pyrazynyl)-4-methyl-1,2-dithiole-3-thione, is a synthetic dithiolethione that targets
Nrf2, an agent that plays a pivotal role in the cellular defense against oxidative stress by promoting
the transcription of various antioxidant genes [55]. A phase 2a study showed that 24-week oltipraz
treatment significantly reduced the liver fat content in patients with NAFLD (PMK-NO01GI1) [56]
(Table 1). Oltipraz ameliorated renal fibrosis in a unilateral ureteral obstruction rat model [57]. However,
human studies for diabetic nephropathy or CKD are not planned.

3.2.2. Bardoxolone Methyl

Bardoxolone methyl is a semisynthetic triterpenoid that is derived from the natural product
oleanolic acid and is known to be one of the most potent inducers of Nrf2 [58-61]. Bardoxolone methyl
was associated with an improvement in the eGFR in patients with advanced CKD (defined as an eGFR
of 20-45 mL per minute per 1.73 m? of body surface area) and T2D at 24 weeks (BEAM trial) [62].
Among patients with T2D and stage 4 CKD, however, bardoxolone methyl did not reduce the risk of
ESRD or death from cardiovascular causes. A higher rate of cardiovascular events with bardoxolone
methyl than with placebo prompted the termination of a trial (BEACON study) [63,64]; however, a
multicenter phase 2 RDBPCT in Japan enrolled 124 patients with CKD (stage G3 and G4) and T2D
without identified risk factors for fluid overload, such as a baseline brain natriuretic peptide (BNP)
count >200 pg/mL and prior history of heart failure (TSUBAKI study) [65]. The interim analysis of this
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trial demonstrated a significant improvement in the eGFR in the bardoxolone methyl group compared
with the eGFR in the placebo group without safety concerns. A phase 3 study of bardoxolone methyl
in patients with DKD (stage G3 and G4) is ongoing (AYAME study, Table 1). This trial will enroll 700
patients. Bardoxolone methyl prevented the development of insulin resistance and hepatic steatosis in
mice fed a high-fat diet [66]; however, the use of this agent is not planned for NASH/NAFLD.

3.3. Anti-Inflammatory and Antiapoptosis

3.3.1. C-C Motif Chemokine Receptor-2/5 Inhibitor

Cenicriviroc is an oral inhibitor of C-C chemokine receptor types 2 (CCR2) and 5 (CCR5) which
plays an important role in the hepatic recruitment of macrophages [67,68]. Macrophage recruitment
through CCR2 into adipose tissue is believed to play a role in the development of insulin resistance and
T2DM. The administration of CCR2 antagonist modestly improved glycemic parameters compared
with a placebo [69]. CCR5 antagonist is expected to impair the migration, activation and proliferation
of collagen-producing HSCs [70]. In animal models, cenicriviroc showed antifibrotic effects, with
significant reductions in collagen deposition (p < 0.05) and collagen type 1 protein and mRNA
expression in liver and kidney [71].

According to a phase 2b trial (CENTAUR study), fibrosis improved significantly without NASH
worsening after one year of cenicriviroc treatment (20%) compared with a placebo (10%) [72]. Although
asymptomatic amylase elevation (grade 3) was more frequent in the cenicriviroc group than in the
placebo group, this agent was well-tolerated. No significant improvement of fibrosis without worsening
NASH after two years of cenicriviroc treatment was found (35%) compared with a placebo (20%) [73].
A phase 3 study is ongoing to evaluate the effects of cenicriviroc on hepatic fibrosis in 2000 patients
with NASH (AURORA study) [74] (Table 1). A phase 2a, multicenter RDBPCT of cenicriviroc is being
conducted with approximately 50 adult obese subjects (BMI > 30 kg/m?) with prediabetes or T2D and
suspected NAFLD (ORION study).

The small-molecule CCR2 antagonist CCX140-B was shown to reduce albuminuria and slow
eGFR decline in diabetic nephropathy [75]. The dual chemokine receptor CCR2/CCR5 antagonists
(BMS-813160 and PF-04634817) were evaluated in diabetic nephropathy. However, clinical development
for this indication was discontinued in light of the modest efficacy observed, although PF-04634817
appeared to be safe and well-tolerated [76].

3.3.2. Apoptosis Signaling Kinase-1 Inhibitor

Apoptosis signal-regulating kinase 1 (ASK1) is activated by extracellular tumor necrosis factor
alpha (TNF«), intracellular oxidative or ER stress and initiates the p38/JNK pathway, resulting in
apoptosis and fibrosis [77]. The inhibition of ASK1 has, therefore, been proposed as a target for the
treatment of NASH [78]. Thus, international phase 3 trials evaluating a selective ASK1 inhibitor
(selonsertib) among NASH patients with stage 3 (STELLARS3) or cirrhosis (STELLAR4) were initiated
(Table 1). Unfortunately, the STELLAR trial was discontinued because selonsertib did not meet the
primary endpoint [79]. STELLAR4 found that 14.4% of patients treated with selonsertib at 18 mg (p =
0.56 versus placebo) and 12.5% treated at the lower 6 mg dose (p = 1.00) achieved at least a >1-stage
improvement in fibrosis, compared with 12.8% of placebo recipients. In the STELLARS3 trial of 802
enrolled patients, 9.3% of patients treated with selonsertib 18 mg (p = 0.42 vs. placebo) and 12.1% of
patients treated with selonsertib 6 mg (p = 0.93) achieved a >1-stage improvement in fibrosis without
worsening of NASH after 48 weeks of treatment, versus 13.2% with a placebo.

ASKI1 activation in glomerular and tubular cells resulting from oxidative stress may drive kidney
disease progression [80]. Findings in animal models identified selonsertib as a potential therapeutic
agent [81]. The primary objective of a phase 2 study was to determine the effect of selonsertib on
eGFR decline in 334 participants with T2D and treatment-refractory moderate-to-advanced DKD.
Participants were randomized with a 1:1:1:1 allocation to receive one of three doses of selonsertib
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(2 mg, 6 mg, or 18 mg) or a matching placebo. The primary outcome was the change from baseline
eGFR at 48 weeks [82]. Although the trial did not meet its primary endpoint, post hoc analyses found
that between 4 and 48 weeks, the rate of eGFR decline was reduced 71% for the 18 mg group relative
to a placebo. A phase 3, RDBPCT evaluating the efficacy and safety of selonsertib in subjects with
moderate-to-advanced DKD is ongoing (MOSAIC study, Table 1). The primary objective of this study
is to evaluate whether selonsertib can slow the decline in kidney function, reduce the risk of kidney
failure or reduce the risk of death due to kidney disease in 3300 participants with DKD.

3.4. Antifibrotic Agent

Galectin-3 (Gal-3) is a 3-galactoside-binding lectin secreted in the disease state, mainly secreted
by macrophages [83]. It binds to the cell surface and extracellular matrix glycans and affects a
variety of physiologic processes, including cell apoptosis, adhesion, migration, angiogenesis and
inflammatory responses [84]. Gal-3 protein expression, which is required for the development of
hepatic fibrosis, was increased in NASH, with the highest expression in macrophages surrounding
lipid-laden hepatocytes [85]. Elevated plasma levels of Gal-3 were also associated with increased risks
of rapid renal function decline, incident CKD and progressive renal impairment, as well as with CVD
events, infection and all-cause mortality in patients with renal function impairment [86].

3.4.1. Belapectin

Belapectin (GR-MD-02, Galectin Therapeutics Inc. Norcross, GA, USA), a Gal-3 antagonist,
markedly improved liver histology with significant reductions in NAS and fibrosis in mice models [87].
Although there were no safety concerns in a phase 2a trial of NASH patients with stage 3 fibrosis [38],
there was no apparent improvement in the three noninvasive tests for the assessment of liver fibrosis.
A phase 2b clinical trial to evaluate the safety and efficacy of belapectin for the treatment of liver
fibrosis and resultant portal hypertension in 162 patients with NASH cirrhosis (NASH-CX trial) was
completed [89] (Table 1). In the phase 2b trial, dubbed NASH-CX, belapectin was administered as
an infusion every other week for 52 weeks, for a total of 26 doses. Approximately half of the NASH
cirrhosis patients in the trial had esophageal varices, and the other half of the subjects were without
esophageal varices. The NASH-CX trial missed the primary endpoint of reaching statistical significance
in reducing the hepatic venous pressure gradient (HVPG), when the total group of patients was
considered. However, a statistically significant and clinically meaningful effect of belapectin was
observed for the primary endpoint measurement of HVPG in the subgroup of NASH cirrhosis patients
without esophageal varices. The company plans to advance belapectin to phase 3 testing for NASH
cirrhosis patients without esophageal varices.

3.4.2. GCS-100

On the other hand, serum levels of Gal-3 levels were associated with an increased risk of
all-cause mortality and cardiovascular events in patients with CKD [90]. In patients with T2D,
the mean levels of Gal-3 were significantly higher in patients with macroalbuminuria (urinary
albumin/creatinine ratio (ACR) = >300 mg/g) than in those with microalbuminuria (30-300 mg/g) and
normoalbuminuria (ACR = <30 mg/g) [91]. Gal-3 inhibition attenuates renal injury progression in
cisplatin-induced nephrotoxicity [92]. Thus, Gal-3 antagonist will become a therapeutic option for
diabetic nephropathy/CKD. A phase 2b RDPBCT of GCS-100 in patients with CKD caused by diabetes
will enroll approximately 375 patients at multiple centers located in the US (Table 1); the study duration
is six months. Patients will be randomly assigned 1:1:1:1 to a treatment with placebo or 1 mg, 3 mg or
9 mg GCS-100. All doses of the study drug will be administered via intravenous push injection once
weekly for two months (eight weeks), then every other week for an additional four months (16 weeks).
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3.5. Antihypertensive Agents

3.5.1. Angiotensin-Converting Enzyme Inhibitors and Angiotensin Receptor Blockers

The use of these medications in CKD has been extensively evaluated, and based on the collaborative
study group trial and several others, the use of angiotensin-converting enzyme inhibitors (ACE-I)
and angiotensin receptor blockers (ARBs) in patients with CKD with proteinuria is now a level-one
recommendation by the Kidney Disease Outcomes Quality Initiative (KDOQI) [93]. ARBs, a class of
antihypertensive drugs, are potential therapeutic agents for NAFLD because of their anti-inflammatory
or antifibrotic actions [94]. Telmisartan, which is an ARB with PPAR-regulating activity, was compared
to the use of valsartan in the fatty liver protection by telmisartan (FANTASY) trial and found to cause a
reduction in necroinflammation, NAFLD activity score (NAS) and fibrosis stage in NASH, as well as
microalbuminuria [95]. However, current evidence is insufficient to support the efficacy of ARBs in
managing fibrosis in NAFLD patients [96].

3.5.2. Nonsteroidal Mineral Corticoid Receptor Antagonist

Aldosterone is a mineralocorticoid hormone with a well-known effect on the renal tubule leading
to water retention and potassium reabsorption [97]. Other major effects of the hormone include
the induction of proinflammatory activity, which leads to the progressive fibrotic damage of the
target organs, heart and kidney. Blocking the aldosterone receptor, therefore, represents an important
pharmacological strategy to avoid the clinical conditions arising from NASH [98,99] and CKD [100-102].
Apararenone (MT-3995) [103] is a nonsteroidal antimineralocorticoid which is under development for
the treatment of diabetic nephropathies and NASH (Table 1). An exploratory phase study of aparerenone
in 48 Japanese patients with biopsy-proven NASH (which was a placebo-controlled double-blind
study) was completed [103]. The primary endpoint was the percentage change from baseline in ALT. A
phase 2 RDBPCT of aparerenone (low dose) in subjects with diabetic nephropathy was completed [103]
(Table 1). Another phase 2 RDBPCT evaluated the effect on ACR, the pharmacodynamics, safety,
tolerability and pharmacokinetics of multiple oral doses of aparerenone as an add-on therapy to ACE-I
or ARB in T2D nephropathy subjects with albuminuria and an eGFR of >30 to <60 mI/min/1.73 m?.
A long-term study of aparerenone has also been completed to evaluate drug safety; however, these
results have never been published.

3.6. Anti-Diabetic Agents

3.6.1. Glucagon-Like Peptide Receptor Agonist

Glucagon-like peptide (GLP-1) is a gut-derived incretin hormone that induces insulin secretion
and reduces glucagon secretion in a glucose-dependent manner, suppresses appetite and delays gastric
emptying [104,105]. GLP-1 receptor agonists (GLP-1 RAs) are expected to be an attractive therapeutic
option for T2D patients with NASH. GLP-1 RAs have been shown to reduce liver enzymes and
oxidative stress and improve liver histology in murine NASH models [106,107].

A phase 2 study showed that liraglutide showed histological improvement in NASH patients
(LEAN study). The mechanisms of a GLP-1 RA for NASH can be explained not only by weight loss
and diabetic control but also by potent anti-inflammatory activity [108]. A phase 3 open-label study is
ongoing to compare the effects of liraglutide and bariatric surgery on weight loss, liver function, body
composition, insulin resistance, endothelial function and biomarkers of NASH in obese Asian adults
(CGH-LiNASH). Dulaglutide has some advantages, such as weekly injection, disposable and prefilled
devices and safety profiles similar to those of other GLP-1 RAs. The D-LIFT (effect of dulaglutide on
liver fat) trial is a prospective open-label randomized controlled trial (RCT) to examine the effect of
dulaglutide 0.75 mg subcutaneously weekly for four weeks, followed by 1.5 mg weekly for 20 weeks
when included in the standard treatment for T2D vs. standard treatment for T2D (minus dulaglutide) in
T2D patients with NAFLD. Hepatic steatosis will be measured by magnetic resonance imaging-proton
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density fat fraction (MRI-PDFF). Semaglutide, a novel GLP-1 RA, is now approved for diabetic patients
in the US, EU, Canada and Japan. A phase 2 RDBPCT to compare the efficacy and safety of three
different doses of semaglutide (once-daily subcutaneous injection) versus placebo in 288 participants
with NASH (stage 1-3 fibrosis) is ongoing (SEMA-NASH study, Table 1).

GLP-1RAs may exert beneficial actions on the kidneys by lowering glucose and blood pressure,
decreasing insulin levels and causing weight loss. Emerging evidence suggests potential protective
actions of GLP-1RAs on the kidneys, independently of their glucose-lowering effects, some of which
may play a role in the inhibition of development and progression of DKD [109,110]. In humans, GLP-1R
has been identified in the kidney, localized in proximal tubular cells and preglomerular vascular smooth
muscle cells [111]. However, the precise mechanisms of the renoprotective effects of GLP-1RA remain
unknown. A recent meta-analysis of seven trials consisting of ELIXA (lixisenatide) [112], LEADER
(liraglutide) [113], SUSTAIN-6 (semaglutide) [114], EXSCEL (exenatide) [115], Harmony outcomes
(albiglutide) [116], REWIND (dulaglutide) [117] and PIONEER 6 (oral semaglutide) [118] showed
that GLP-1RA treatment has beneficial effects on cardiovascular, mortality and kidney outcomes in
T2DM [119]. According to a post hoc analysis that evaluated the safety of liraglutide treatment in
patients with CKD in LEADER, the use of liraglutide in patients with CKD was safe, with no difference
between patients with and without CKD [119]. As a result, GLP-1 RAs are most promising for the
treatment of NASH with CKD.

3.6.2. Sodium-Glucose Cotransporter Inhibitor 2

SGLT2 inhibits glucose reabsorption in the proximal tubule, leading to glucouria and plasma
glucose reduction. Therefore, SGLT2 inhibitors have become promising therapeutic agents in NASH
and NAFLD patients [120]. Several pilot studies or open randomized controlled trials (RCTs) have
found a significant reduction in transaminase activity, body weight, hepatic steatosis, fatty liver
index and liver histology (steatosis and fibrosis) in NAFLD patients [121-128]. Not only HbAlc and
transaminase activities but also the hepatic fat content evaluated by MRIhepatic fat fraction were
significantly decreased after 24 weeks of therapy with luseogliflozin (LEAD trial) [129]. In the E-LIFT
trial, 50 T2D patients with NAFLD (>40 years old) were randomized to empagliflozin (10 mg/d) plus
their standard medical treatment for T2D, such as metformin and/or insulin, or to the receipt of only
their standard treatment without empagliflozin (control group). After 20 weeks of treatment, the liver
fat content measured by using MRI-PDFF of the group receiving empagliflozin decreased from an
average of 16.2% to 11.3% (p < 0.0001), whereas the control group had only a decrease from 16.4% to
15.6% (p = 0.057) [130]. To evaluate the histological efficacy and safety of dapagliflozin in NASH, a
phase 3 RDBRCT (dapagliflozin efficacy and action in NASH (DEAN) study) is now recruiting and will
enroll 100 participants (Table 1). In the CREDENCE trial [131], patients with T2D and albuminuric CKD
were randomly assigned to receive canagliflozin, an oral SGLT2 inhibitor, at a dose of 100 mg daily, or a
placebo. All the patients had an eGFR of 30 to <90 mL per minute per 1.73 m? of body surface area and
albuminuria (ACR, >300 to 5000 mg/g) and were treated with a renin—angiotensin system blockade. The
primary outcome was a composite of ESRD (dialysis, transplantation, or a sustained eGFR of <15 mL
per minute per 1.73 m?), a doubling of the serum creatinine level or death from renal or cardiovascular
causes. The relative risk of the primary outcome was 30% lower in the canagliflozin group than in
the placebo group, with event rates of 43.2 and 61.2 per 1000 patient-years, respectively (hazard ratio
(HR), 0.70; 95% CI, 0.59 to 0.82; p = 0.00001) [95]. Thus, SGLT2 inhibitor showed renoprotective
efficacy. Recent Western guidelines recommended the use of SGLT2 inhibitor in T2D patients with
CKD (eGFR 30 to <60 mL min~! [1.73 m]~2 or ACR >30 mg/g, particularly >300 mg/g) [132]. Two
trials (DAPA-CKD [133], EMPA-KIDNEY are ongoing to explore the renoprotective efficacy of SGLT2
inhibitors for CKD patients without T2D (Table 1).
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3.7. Gut Microbiome (Gut-Liver—Kidney Axis)

The ability of the gut to modulate the host metabolism and inflammatory response and its
contribution to obesity-related complications, including NAFLD and CKD, has been increasingly
recognized [134,135], and various gut-oriented approaches to treat NASH and CKD are under
evaluation, including the modulation of gut microbiota and of gut-derived peptide incretins and
fibroblast growth factor 19. Two main strategies are being evaluated to counteract host adverse effects
of dysregulated gut microflora: the first involves the modulation of gut microbiota composition, and
the second is the direct antagonization of microbial proinflaimmatory mediators. In a randomized trial
of 104 patients with NAFLD, one year of administration of a synbiotic combination (probiotic and
prebiotic) altered fecal microbiomes but did not reduce liver fat content or markers of liver fibrosis
(INSYTE) [136,137] (Table 1). A meta-analysis evaluating 28 clinical trials showed that probiotics are
superior to placebos in NAFLD patients and could be utilized as a common complementary therapeutic
approach [138]. A pilot study suggested probiotic dietary supplements are more effective than a
placebo in reducing blood urea nitrogen (BUN) and improving the quality of life of patients with stage
3 or 4 CKD [139]. The impact of gut microbiota manipulation with probiotics, prebiotics or synbiotics
on renal function in CKD was investigated in the synbiotics easing renal failure by improving gut
microbiology (SYNERGY) study [140] (Table 1). This trial found that synbiotics decreased serum
p-cresyl sulfate without reducing serum indoxyl sulfate in nondialysis CKD. Another systematic
review found that prebiotic and probiotic therapies reduced indoxyl sulfate and p-cresyl sulfate in
patients with ESRD on hemodialysis [141]. However, it is unclear whether the results hold true for
other patients with CKD.

Table 1. Common drug pipelines for NASH/NAFLD and CKD/diabetic nephropathy.

Action Drug NASH/NAFLD CKD/Diabetic Nephropathy
(1) Metabolic modifiers

PPARo/y Saroglitazar m Phase 2 * EVIDENCES IV [42] (NCT03061721)  __
agonist
) m Phase 2b * AleNephro [43]
Aleglitazar — (NCT01043029)
PPAROC/ i Elafibranor m Phase 3 # RESOLVE-IT (NCT02704403) m Phase 1 # (NCT03844555)
agonist

Obeticholic M Phase 3 # REGENERATE [46] (NCT02548351)

FXR agonist acid u Phase 3 # REVERSE (NCT03439254) ® Preclinical [50,51]

(2) Antioxidants

Oltipraz m Phase 2a * PMK-NO01GI1 [56] (NCT01373554) _
Nrf2 activator
m Phase 2 * BEAM [62] (NCT00811889)
Bardoxolone m Phase 2 $ BEACON [63] (NCT01351675)
methyl - m Phase 2a # TSUBAKI [65] (NCT02316821)

m Phase 3 # AYAME (NCT03550443)
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Table 1. Cont.

12 of 22

Action Drug

NASH/NAFLD

CKD/Diabetic Nephropathy

(3) Anti-inflammatory and antiapoptosis

CCR2/5 Cenicriviroc

antagonist

m Phase 2b * CENTAUR [72,73] (NCT02217475)

m Phase 2a # ORION (NCT02330549)
m Phase 3 # AURORA [74] (NCT03028740)

BMS-813160

m Phase 2a $ (NCT01752985)

PF-04634817

m Phase 2 $ (NCT01712061)

ASK1 inhibitor  Selonsertib

m Phase 3 $ STELLAR 3/4 [79] (NCT03053050)
(NCT03053063)

m Phase 2 * [82] (NCT02177786)
m Phase 3 # MOSAIC (NCT04026165)

(4) Antifibrotic agent

Galectin-3
antagonist

Belapectin

m Phase 2b * NASH-CX [89] (NCT02462967)

GCS-100

m Phase 2b # (NCT02312050)

(5) Antihypertensive drugs

Nonsteroidal
MRAs

Aparerenone
(MT-3995)

m Phase 2 * (NCT02923154)

m Phase 2 * (NCT02205372) (NCT01756716)
(NCT02676401)

(6) Antidiabetic agents

m Phase 2 * LEAN [107] (NCT02654665)

o s
Liraglutide g phase 3 # CGH-LINASH (NCT02654665) ® LEADER trial * [113] (NCTO1179048)
GLP-1RA
Exenatide — m Phase 2a * [142,143]
_ = REWIND * [117] (NCT01394952)
Dulaglutide ~ ® D-LIFT # (NCT 03590626) m AWARD? * [144] (NCT 01621178)
Semaglutide W Phase 2 # SEMA-NASH (NCT02970942) _
Dapagliflozin ™ Phase 3 # DEAN (NCT03723252) m DAPA-CKD * [133] (NCT03036150)
SGLT2 inhibitor
Canagliflozin ~ — m CREDENCE * [131] (NCT02065791)
m A Slope Analysis from the EMPA-REG
Empaglifiozin @ E-LIFT [130] * (NCT02686476) OUTCOME * [145]

m EMPA-KIDNEY # (NCT03594119)

(7) Gut microbiota manipulation

Prebiotics
Probiotics
Synbiotics

m INSYTE [136,137] * (NCT01680640)

m Phase 2a * SYNERGY [140]
(ACTRN1261300049)

NASH: nonalcoholic steatohepatitis, NAFLD: nonalcoholic fatty liver disease, SGLT2: sodium—glucose cotransporter
2, GLP-1RA: glucagon-like peptide receptor agonist, PPAR: peroxisome proliferator-activated receptor, FXR:
farnesoid X receptor, ASK1: apoptosis signaling kinase 1, Nrf2: nuclear factor-erythroid-2-related factor 2, CCR2/5:
C-C chemokine receptor types 2 and 5, MRA: mineral corticoid receptor. Current status: * completed study,
# ongoing study, $ discontinued study.
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4. Conclusions

NASH/NAFLD is closely associated with diabetic nephropathy/CKD. To prevent morbidity and
mortality in T2D patients, they should be considered for pharmacotherapies in addition to conventional
dietary interventions. Because SLKT, which is now increasing in the US, will result in unacceptably
high morbidity and public healthcare costs, a variety of drug pipelines exist for simultaneously
treating NASH/NAFLD and diabetic nephropathy/CKD, such as PPAR agonists, FXR agonists, CCR2/5
antagonists, Nrf2 activators, ASK-1 inhibitors, Gal-3 inhibitors and gut microbiome manipulation.
Unfortunately, several clinical studies have been discontinued due to insufficient evidence or adverse
effects. Since NASH/NAFLD is considered to be a multifactorial disease, the importance of combining
therapies that engage with different targets and which have synergistic benefits for individual therapies
has been highlighted. NASH/NAFLD patients with T2D should be preferentially treated with novel
drugs licensed for diabetes treatment such as GLP-1RA and SGLT?2 inhibitors [120], because these agents
also have hepatoprotective [146] and nephroprotective efficacy [119,131]. Among a variety of SGLT2
inhibitors, dapagliflozin has entered phase 3 trials for patients with biopsy-proven NASH (DEAN
study) or nondiabetic CKD (DAPA-CKD study) [133]. Cost-effectiveness data and patient-reported
outcome benefits are also required for companies to position their medications within practical NASH
or CKD guidelines. It is expected that one approach will solve both problems (diabetic hepatopathy
and nephropathy) in the near future.
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Abbreviation

ACE-1 Angiotensin-converting enzyme inhibitors
ACR Urinary albumin/creatinine ratio

ALT Alanine aminotransferase

AMPK Activated protein kinase

ARB Angiotensin receptor blocker

ASK1 Apoptosis signaling kinase 1

AST Aspartate aminotransferase

BMI Body mass index

BNP Brain natriuretic peptide

CCR2/5 C-C chemokine receptor types 2 and 5
CI Confidence interval

CKD Chronic kidney disease

DLD Diabetic liver disease

eGFR Estimated glomerular filtration rate
ESRD End-stage renal disease

FIB-4 Fibrosis-4

FXR Farnesoid X receptor
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GLP-1RA  Glucagon-like peptide receptor agonist

HCC Hepatocellular carcinoma

HR Hazard ratio

HVPG Hepatic venous pressure gradient

KDOQI Kidney Disease Outcomes Quality Initiative
LDL-C Low density lipoprotein-cholesterol

MRI-PDFF  Magnetic resonance imaging -proton density fat fraction

MRE Magnetic resonance elastography
NAFLD Nonalcoholic fatty liver disease
NAS NAFLD activity score

NASH Nonalcoholic steatohepatitis
NEFA Nonesterified fatty acid

NFS NAFLD fibrosis score

NHANES National Health and Nutrition Examination Survey

Nrf2 Nuclear factor-erythroid-2-related factor
OCA Obeticholic acid

PPAR Peroxisome proliferator-activated receptor
RAS Renin-angiotensin system

RCT Randomized controlled trial

RDBPCT Randomized double-blind placebo-controlled trial

ROS Reactive oxygen species

SGLT2 Sodium-—glucose cotransporter 2

SKLT Simultaneous kidney liver transplantation

T2D Type 2 diabetes

References

1. Younossi, Z.M.; Koenig, A.; Abdelatif, D.; Fazel, Y.; Henry, L.; Wymer, M. Global epidemiology of nonalcoholic

fatty liver disease-Meta-analytic assessment of prevalence, incidence, and outcomes. Hepatology 2016, 64,
73-84. [CrossRef] [PubMed]

Eguchi, Y.; Hyogo, H.; Ono, M.; Mizuta, T.; Ono, N.; Fujimoto, K.; Chayama, K ; Saibara, T. Prevalence and
associated metabolic factors of nonalcoholic fatty liver disease in the general population from 2009 to 2010 in
Japan: A multicenter large retrospective study. J. Gastroenterol. 2012, 47, 586-595. [CrossRef]

Goldberg, D.; Ditah, I1.C.; Saeian, K.; Lalehzari, M.; Aronsohn, A.; Gorospe, E.C.; Charlton, M. Changes in the
Prevalence of Hepatitis C Virus Infection, Nonalcoholic Steatohepatitis, and Alcoholic Liver Disease Among
Patients With Cirrhosis or Liver Failure on the Waitlist for Liver Transplantation. Gastroenterology 2017, 152,
1090-1099. [CrossRef] [PubMed]

Nakamura, J.; Kamiya, H.; Haneda, M.; Inagaki, N.; Tanizawa, Y.; Araki, E.; Ueki, K.; Nakayama, T. Causes
of death in Japanese patients with diabetes based on the results of a survey of 45,708 cases during 2001-2010:
Report of the Committee on Causes of Death in Diabetes Mellitus. |. Diabetes Investig. 2017, 8, 397—410.
[CrossRef]

Shima, T.; Uto, H.; Ueki, K.; Kohgo, Y.; Yasui, K.; Nakamura, N.; Nakatou, T.; Takamura, T.; Kawata, S.;
Notsumata, K.; et al. Hepatocellular carcinoma as a leading cause of cancer-related deaths in Japanese type 2
diabetes mellitus patients. J. Gastroenterol. 2019, 54, 64-77. [CrossRef] [PubMed]

Chen, Y,; Wu, E; Saito, E.; Lin, Y.; Song, M.; Luu, H.N.; Gupta, P.C.; Sawada, N.; Tamakoshi, A.; Shu, X.-O.; et al.
Association between type 2 diabetes and risk of cancer mortality: A pooled analysis of over 771,000 individuals
in the Asia Cohort Consortium. Diabetologia 2017, 60, 1022-1032. [CrossRef] [PubMed]

Sumida, Y.; Shima, T.; Mitsumoto, Y.; Katayama, T.; Umemura, A.; Yamaguchi, K.; Itoh, Y.; Yoneda, M.;
Okanoue, T. Epidemiology: Pathogenesis, and Diagnostic Strategy of Diabetic Liver Disease in Japan. Int. ].
Mol. Sci. 2020, 21, 4337. [CrossRef] [PubMed]

Dulai, PS,; Singh, S.; Patel, J.; Soni, M.; Prokop, L.J.; Younossi, Z.; Sebastiani, G.; Ekstedt, M.; Hagstrom, H.;
Nasr, P; et al. Increased risk of mortality by fibrosis stage in nonalcoholic fatty liver disease: Systematic
review and meta-analysis. Hepatology 2017, 65, 1557-1565. [CrossRef]


http://dx.doi.org/10.1002/hep.28431
http://www.ncbi.nlm.nih.gov/pubmed/26707365
http://dx.doi.org/10.1007/s00535-012-0533-z
http://dx.doi.org/10.1053/j.gastro.2017.01.003
http://www.ncbi.nlm.nih.gov/pubmed/28088461
http://dx.doi.org/10.1111/jdi.12645
http://dx.doi.org/10.1007/s00535-018-1494-7
http://www.ncbi.nlm.nih.gov/pubmed/30006904
http://dx.doi.org/10.1007/s00125-017-4229-z
http://www.ncbi.nlm.nih.gov/pubmed/28265721
http://dx.doi.org/10.3390/ijms21124337
http://www.ncbi.nlm.nih.gov/pubmed/32570776
http://dx.doi.org/10.1002/hep.29085

Int. ]. Mol. Sci. 2020, 21, 4939 15 of 22

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Sumida, Y.; Yoneda, M.; Tokushige, K. Japan Study Group of NAFLD (JSG-NAFLD). Estimated Prevalence of
Advanced Hepatic Fibrosis by Elastography in Patients with Type 2 Diabetes. Interv. Obes. Diabetes 2020, 3,
287-293.

Singal, A K.; Hasanin, M.; Kaif, M.; Wiesner, R.; Kuo, Y.-F. Nonalcoholic Steatohepatitis is the Most Rapidly
Growing Indication for Simultaneous Liver Kidney Transplantation in the United States. Transplantation
2016, 100, 607-612. [CrossRef]

Le, M,; Yeo, Y.H.; Henry, L.; Nguyen, M.H. Nonalcoholic Fatty Liver Disease and Renal Function Impairment:
A Cross-Sectional Population-Based Study on Its Relationship from 1999 to 2016. Hepatol. Commun. 2019, 3,
1334-1346. [CrossRef]

Singal, A.K.; Salameh, H.; Kuo, Y.-F.; Wiesner, R.H. Evolving Frequency and Outcomes of Simultaneous
Liver Kidney Transplants Based on Liver Disease Etiology. Transplantation 2014, 98, 216-221. [CrossRef]
Byrne, C.D.; Targher, G. NAFLD as a driver of chronic kidney disease. J. Hepatol. 2020, 72, 785-801. [CrossRef]
[PubMed]

Wijarnpreecha, K.; Thongprayoon, C.; Boonpheng, B.; Panjawatanan, P.; Sharma, K.; Ungprasert, P.;
Pungpapong, S.; Cheungpasitporn, W. Nonalcoholic fatty liver disease and albuminuria. Eur. ]. Gastroenterol.
Hepatol. 2018, 30, 986-994. [CrossRef] [PubMed]

Yeung, M.W.; Wong, G.L.-H.; Choi, K.C.; Luk, A.O.-Y,; Kwok, R.; Shu, S.S.-T.; Chan, AW.H.; Lau, ES.H.;
Ma, R.C.; Chan, H.L.-Y,; et al. Advanced liver fibrosis but not steatosis is independently associated with
albuminuria in Chinese patients with type 2 diabetes. ]. Hepatol. 2017, 68, 147-156. [CrossRef] [PubMed]
Yasui, K.; Sumida, Y.; Mori, Y.; Mitsuyoshi, H.; Minami, M.; Itoh, Y.; Kanemasa, K.; Matsubara, H.; Okanoue, T.;
Yoshikawa, T. Nonalcoholic steatohepatitis and increased risk of chronic kidney disease. Metabolism 2011, 60,
735-739. [CrossRef] [PubMed]

Musso, G.; Gambino, R.; Tabibian, J.H.; Ekstedt, M.; Kechagias, S.; Hamaguchi, M.; Hultcrantz, R.;
Hagstrom, H.; Yoon, S.K.; Charatcharoenwitthaya, P.; et al. Association of Non-alcoholic Fatty Liver Disease
with Chronic Kidney Disease: A Systematic Review and Meta-analysis. PLoS Med. 2014, 11, e1001680.
[CrossRef]

Stepanova, M.; de Avila, L.; Birerdinc, A. In female patients with non-alcoholic fatty liver disease (NAFLD)
presence, of type 2 diabetes (DM) and chronic kidney disease (CKD) are independently associated with the
risk of mortality. Hepatology 2015, 62, 2205.

Mikolasevic, I.; Racki, S.; Zaputovi¢, L.; Lukenda, V.; Sladoje-Martinovic, B.; Orlic, L. Nonalcoholic Fatty
Liver Disease (NAFLD) and Cardiovascular Risk in Renal Transplant Recipients. Kidney Blood Press. Res.
2014, 39, 308-314. [CrossRef]

Sinn, D.H.; Kang, D.; Jang, H.R,; Gu, S.; Cho, S.-].; Paik, S.; Ryu, S.; Chang, Y.; Lazo, M.; Guallar, E.; et al.
Development of chronic kidney disease in patients with non-alcoholic fatty liver disease: A cohort study. J.
Hepatol. 2017, 67, 1274-1280. [CrossRef]

Seko, Y.; Yano, K.; Takahashi, A.; Okishio, S.; Kataoka, S.; Okuda, K.; Mizuno, N.; Takemura, M.; Taketani, H.;
Umemura, A.; et al. FIB-4 Index and Diabetes Mellitus Are Associated with Chronic Kidney Disease in
Japanese Patients with Non-Alcoholic Fatty Liver Disease. Int. J. Mol. Sci. 2019, 21, 171. [CrossRef] [PubMed]
Mantovani, A.; Taliento, A.; Zusi, C.; Baselli, G.; Prati, D.; Granata, S.; Zaza, G.; Colecchia, A.; Maffeis, C.;
Byrne, C.D.; et al. PNPLA3 I148M gene variant and chronic kidney disease in type 2 diabetic patients with
NAFLD: Clinical and experimental findings. Liver Int. 2020, 40, 1130-1141. [CrossRef] [PubMed]
Mantovani, A.; Zaza, G.; Byrne, C.D.; Lonardo, A.; Zoppini, G.; Bonora, E.; Targher, G. Nonalcoholic fatty
liver disease increases risk of incident chronic kidney disease: A systematic review and meta-analysis.
Metabolism 2018, 79, 64-76. [CrossRef] [PubMed]

Jang, HR.; Kang, D.; Sinn, D.H.; Gu, S.; Cho, S.J; Lee, ].E.; Huh, W,; Paik, SW.; Ryu, S.; Chang, Y.; et al.
Nonalcoholic fatty liver disease accelerates kidney function decline in patients with chronic kidney disease:
A cohort study. Sci. Rep. 2018, 8, 4718. [CrossRef]

Marcuccilli, M.; Chonchol, M. NAFLD and Chronic Kidney Disease. Int. J. Mol. Sci. 2016, 17, 562. [CrossRef]
[PubMed]

Li, L.; Tang, W.; Yi, F. Role of Inflammasome in Chronic Kidney Disease. Adv. Exp. Med. Biol. 2019, 1165,
407-421.


http://dx.doi.org/10.1097/TP.0000000000000945
http://dx.doi.org/10.1002/hep4.1408
http://dx.doi.org/10.1097/TP.0000000000000048
http://dx.doi.org/10.1016/j.jhep.2020.01.013
http://www.ncbi.nlm.nih.gov/pubmed/32059982
http://dx.doi.org/10.1097/MEG.0000000000001169
http://www.ncbi.nlm.nih.gov/pubmed/29787418
http://dx.doi.org/10.1016/j.jhep.2017.09.020
http://www.ncbi.nlm.nih.gov/pubmed/28989092
http://dx.doi.org/10.1016/j.metabol.2010.07.022
http://www.ncbi.nlm.nih.gov/pubmed/20817213
http://dx.doi.org/10.1371/journal.pmed.1001680
http://dx.doi.org/10.1159/000355808
http://dx.doi.org/10.1016/j.jhep.2017.08.024
http://dx.doi.org/10.3390/ijms21010171
http://www.ncbi.nlm.nih.gov/pubmed/31881781
http://dx.doi.org/10.1111/liv.14419
http://www.ncbi.nlm.nih.gov/pubmed/32125756
http://dx.doi.org/10.1016/j.metabol.2017.11.003
http://www.ncbi.nlm.nih.gov/pubmed/29137912
http://dx.doi.org/10.1038/s41598-018-23014-0
http://dx.doi.org/10.3390/ijms17040562
http://www.ncbi.nlm.nih.gov/pubmed/27089331

Int. ]. Mol. Sci. 2020, 21, 4939 16 of 22

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Mitsuyoshi, H.; Yasui, K.; Hara, T. Hepatic nucleotide binding oligomerization domain-like receptors pyrin
domain-containing 3 inflammasomes are associated with the histologic severity of non-alcoholic fatty liver
disease. Hepatol. Res. 2017, 47, 1459-1468. [CrossRef]

Wan, X.; Xu, C,; Yu, C.; Li, Y. Role of NLRP3 Inflammasome in the Progression of NAFLD to NASH. Can. .
Gastroenterol. Hepatol. 2016, 2016, 6489012. [CrossRef]

Musso, G.; De Michieli, E; Bongiovanni, D.; Parente, R.; Framarin, L.; Leone, N.; Berrutti, M.; Gambino, R;
Cassader, M.; Cohney, S.; et al. New Pharmacologic Agents That Target Inflammation and Fibrosis in
Nonalcoholic Steatohepatitis—Related Kidney Disease. Clin. Gastroenterol. Hepatol. 2017, 15, 972-985.
[CrossRef]

Sumida, Y.; Okanoue, T.; Nakajima, A. Japan Study Group of NAFLD (JSG-NAFLD) Phase 3 drug pipelines
in the treatment of non-alcoholic steatohepatitis. Hepatol. Res. 2019, 49, 1256-1262. [CrossRef]

Wang, Y.; Nakajima, T.; Gonzalez, FJ.; Tanaka, N. PPARs as Metabolic Regulators in the Liver: Lessons from
Liver-Specific PPAR-Null Mice. Int. . Mol. Sci. 2020, 21, 2061. [CrossRef] [PubMed]

Liss, K.H.; Finck, B.N. PPARs and nonalcoholic fatty liver disease. Biochimie 2017, 136, 65-74. [CrossRef]
[PubMed]

Belfort, R.; Darland, C.; Finch, J.; Hardies, J.; Balas, B.; Tio, F,; Pulcini, J.; Berria, R.; Ma, J.Z.; Dwivedi, S.; et al.
A Placebo-Controlled Trial of Pioglitazone in Subjects with Nonalcoholic Steatohepatitis. N. Engl. J. Med.
2006, 355, 2297-2307. [CrossRef] [PubMed]

Aithal, G.P,; Thomas, J.; Kaye, P.; Lawson, A.; Ryder, S.D.; Spendlove, I.; Austin, A.S.; Freeman, J.G;
Morgan, L.; Webber, J. Randomized, Placebo-Controlled Trial of Pioglitazone in Nondiabetic Subjects With
Nonalcoholic Steatohepatitis. Gastroenterology 2008, 135, 1176-1184. [CrossRef] [PubMed]

Cusi, K.; Orsak, B.; Bril, F.; Lomonaco, R.; Hecht, J.; Ortiz-Lopez, C.; Tio, E; Hardies, J.; Darland, C.;
Musi, N.; et al. Long-Term Pioglitazone Treatment for Patients With Nonalcoholic Steatohepatitis and
Prediabetes or Type 2 Diabetes Mellitus: A Randomized Trial. Ann. Intern. Med. 2016, 165, 305. [CrossRef]
[PubMed]

Bril, F,; Kalavalapalli, S.; Clark, V.C.; Lomonaco, R.; Soldevila-Pico, C.; Liu, I.C.; Orsak, B.; Tio, F,; Cusi, K.
Response to Pioglitazone in Patients with Nonalcoholic Steatohepatitis With vs. Without Type 2 Diabetes.
Clin. Gastroenterol. Hepatol. 2018, 16, 558-566. [CrossRef] [PubMed]

Chung, B.H.; Lim, SSW.; Ahn, K.O.; Sugawara, A.; Ito, S.; Choi, B.S.; Kim, Y.S.; Bang, B.K.; Yang, C.W.
Protective effect of peroxisome proliferator activated receptor gamma agonists on diabetic and non-diabetic
renal diseases. Nephrology (Carlton) 2005, 10, S40-S43. [CrossRef]

Shetty, S.R.; Kumar, S.; Mathur, R.; Sharma, K.H.; Jaiswal, A. Observational study to evaluate the safety and
efficacy of saroglitazar in Indian diabetic dyslipidemia patients. Indian Heart ]. 2015, 67, 23-26. [CrossRef]
Kaul, U.; Parmar, D.; Manjunath, K.; Shah, M.; Parmar, K.; Patil, K.P; Jaiswal, A. New dual peroxisome
proliferator activated receptor agonist—Saroglitazar in diabetic dyslipidemia and non-alcoholic fatty liver
disease: Integrated analysis of the real world evidence. Cardiovasc. Diabetol. 2019, 18, 80. [CrossRef]

Jain, M.R,; Giri, S.R.; Bhoi, B.; Trivedi, C.; Rath, A.; Rathod, R.; Ranvir, R.; Kadam, S.; Patel, H.; Swain, P,; et al.
Dual PPAR«/y agonist saroglitazar improves liver histopathology and biochemistry in experimental NASH
models. Liver Int. 2018, 38, 1084-1094. [CrossRef]

DePaoli, A.M.; Higgins, L.S.; Henry, R.R.; INT131-007 Study Group. Can a selective PPARy modulator
improve glycemic control in patients with type 2 diabetes with fewer side effects compared with pioglitazone?
Diabetes Care 2014, 37, 1918-1923. [CrossRef] [PubMed]

Gawrieh, S. A Phase 2, Prospective, Multicenter, Double-Blind, Randomized Study of Saroglitazar Magnesium 1 mg,
2 mg or 4 mg Versus Placebo in Patients with Nonalcoholic Fatty Liver Disease and/or Nonalcoholic Steatohepatitis
(Evidences 1V); AASLD: Boston, MA, USA, 2019; #L.0O10.

Ruilope, L.M.; Hanefeld, M.; Lincoff, A.M.; Viberti, G.; Meyer-Reigner, S.; Mudie, N.; Kirk, D.W.; Malmberg, K_;
Herz, M. Effects of the dual peroxisome proliferator-activated receptor-«/y agonist aleglitazar on renal
function in patients with stage 3 chronic kidney disease and type 2 diabetes: A Phase IIb, randomized study.
BMC Nephrol. 2014, 15, 180. [CrossRef]

Tsai, H.-C.; Chang, F-P; Li, T.-H.; Liu, C.-W.; Huang, C.-C.; Huang, S.-F,; Yang, Y.-Y.; Lee, K.-C.; Hsieh, Y.-C;
Wang, Y.-W,; et al. Elafibranor Inhibits Chronic Kidney Disease Progression in NASH Mice. BioMed Res. Int.
2019, 2019, 6740616. [CrossRef]


http://dx.doi.org/10.1111/hepr.12883
http://dx.doi.org/10.1155/2016/6489012
http://dx.doi.org/10.1016/j.cgh.2016.08.002
http://dx.doi.org/10.1111/hepr.13425
http://dx.doi.org/10.3390/ijms21062061
http://www.ncbi.nlm.nih.gov/pubmed/32192216
http://dx.doi.org/10.1016/j.biochi.2016.11.009
http://www.ncbi.nlm.nih.gov/pubmed/27916647
http://dx.doi.org/10.1056/NEJMoa060326
http://www.ncbi.nlm.nih.gov/pubmed/17135584
http://dx.doi.org/10.1053/j.gastro.2008.06.047
http://www.ncbi.nlm.nih.gov/pubmed/18718471
http://dx.doi.org/10.7326/M15-1774
http://www.ncbi.nlm.nih.gov/pubmed/27322798
http://dx.doi.org/10.1016/j.cgh.2017.12.001
http://www.ncbi.nlm.nih.gov/pubmed/29223443
http://dx.doi.org/10.1111/j.1440-1797.2005.00456.x
http://dx.doi.org/10.1016/j.ihj.2015.02.007
http://dx.doi.org/10.1186/s12933-019-0884-3
http://dx.doi.org/10.1111/liv.13634
http://dx.doi.org/10.2337/dc13-2480
http://www.ncbi.nlm.nih.gov/pubmed/24722496
http://dx.doi.org/10.1186/1471-2369-15-180
http://dx.doi.org/10.1155/2019/6740616

Int. ]. Mol. Sci. 2020, 21, 4939 17 of 22

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Goto, T.; Itoh, M.; Suganami, T.; Kanai, S.; Shirakawa, I.; Sakai, T.; Asakawa, M.; Yoneyama, T.; Kai, T.;
Ogawa, Y. Obeticholic acid protects against hepatocyte death and liver fibrosis in a murine model of
nonalcoholic steatohepatitis. Sci. Rep. 2018, 8, 8157. [CrossRef]

Younossi, Z.M.; Ratziu, V.; Loomba, R.; Rinella, M.; Anstee, Q.M.; Goodman, Z.; Bedossa, P.; Geier, A.;
Beckebaum, S.; Newsome, P.N.; et al. Obeticholic acid for the treatment of non-alcoholic steatohepatitis:
Interim analysis from a multicentre, randomised, placebo-controlled phase 3 trial. Lancet 2019, 394, 2184-2196.
[CrossRef]

Zhu, ].B,; Xu, S.; Li, J. Farnesoid X receptoragonist obeticholic acid inhibits renal inflammation and oxidative
stress during lipopolysaccharide-induced acute kidney injury. Eur. J. Pharmacol. 2018, 838, 60-68. [CrossRef]
Wang, X.X.; Wang, N.; Luo, Y.; Myakala, K.; Dobrinskikh, E.; Rosenberg, A.Z.; Levi, J.; Kopp, ].B.; Field, A.;
Hill, A.; et al. FXR/TGR5 Dual Agonist Prevents Progression of Nephropathy in Diabetes and Obesity. J. Am.
Soc. Nephrol. 2018, 29, 118-137. [CrossRef] [PubMed]

Wang, X.X,; Jiang, T.; Shen, Y.; Adorini, L.; Pruzanski, M.; Gonzalez, E]. Thefarnesoid X receptor modulates
renal lipid metabolism and diet-inducedrenal inflammation, fibrosis, and proteinuria. Am. J. Physiol. Renal.
Physiol. 2009, 297, F1587-F1596. [CrossRef]

Hu, Z; Ren, L.; Wang, C.; Liu, B.; Song, G.-Y. Effect of Chenodeoxycholic Acid on Fibrosis, Inflammation
and Oxidative Stress in Kidney in High-Fructose-Fed Wistar Rats. Kidney Blood Press. Res. 2012, 36, 85-97.
[CrossRef]

Gai, Z.; Gui, T,; Hiller, C.; Kullak-Ublick, G.A. Farnesoid X Receptor Protects against Kidney Injury in
Uninephrectomized Obese Mice. |. Biol. Chem. 2016, 291, 2397-2411. [CrossRef]

Sumida, Y.; Niki, E.; Naito, Y.; Yoshikawa, T. Involvement of free radicals and oxidative stress in
NAFLD/NASH. Free Radic. Res. 2013, 47, 869-880. [CrossRef] [PubMed]

Orlic, L.; Mikolasevic, I.; Bagic, Z.; Racki, S.; Stimac, D.; Milic, S. Chronic Kidney Disease and Nonalcoholic
Fatty Liver Disease—Is There a Link? Gastroenterol. Res. Pract. 2014, 2014, 1-6. [CrossRef] [PubMed]
Vomund, S.; Schifer, A.; Parnham, M.].; Briine, B.; Von Knethen, A. Nrf2, the Master Regulator of
Anti-Oxidative Responses. Int. J. Mol. Sci. 2017, 18, 2772. [CrossRef]

Noorafshan, A.; Kardeh, S.; Ashkani-Esfahani, S.; Namazi, M.R.; Saleh, E. The Effects of Oltipraz on Tissue
Regeneration in the Process of Wound Healing: A Stereological Study. Bull. Emerg. Trauma 2014, 2, 161-165.
Kim, W.; Kim, B.G,; Lee, ].S.; Lee, CK,; Yeon, J.E.; Chang, M.S.; Kim, J.H.; Kim, H.; Yi, S.; Cho, J.-Y.; et al.
Randomised clinical trial: The efficacy and safety of oltipraz, a liver X receptor alpha-inhibitory dithiolethione
in patients with non-alcoholic fatty liver disease. Aliment. Pharmacol. Ther. 2017, 45, 1073-1083. [CrossRef]
Polat, E.C.; Besiroglu, H.; Ozcan, L.; Otunctemur, A.; Eruyar, A.T.; Somay, A.; Ozbay, N.; Cekmen, M.;
Eraldemir, C.; Ozbek, E. Beneficial effects of Oltipraz, nuclear factor-erythroid—2-related factor 2 (Nrf2), on
renal damage in unilateral ureteral obstruction rat model. Int. Braz. ]. Urol. 2018, 44, 1243-1251. [CrossRef]
Dinkova-Kostova, A.T.; Liby, K.; Stephenson, K.K.; Holtzclaw, W.D.; Gao, X.; Suh, N.; Williams, C.;
Risingsong, R.; Honda, T.; Gribble, G.W,; et al. Extremely potent triterpenoid inducers of the phase 2
response: Correlations of protection against oxidant and inflammatory stress. Proc. Natl. Acad. Sci. USA
2005, 102, 4584-4589. [CrossRef]

Yates, M.S.; Tauchi, M.; Katsuoka, F; Flanders, K.C.; Liby, K.; Honda, T.; Gribble, G.W.; Johnson, D.A.;
Johnson, J.A.; Burton, N.C.; et al. Pharmacodynamic characterization of chemopreventive triterpenoids as
exceptionally potent inducers of Nrf2-regulated genes. Mol. Cancer Ther. 2007, 6, 154-162. [CrossRef]
Sporn, M; Liby, K.; Yore, M.M.; Fu, L.; Lopchuk, ].M.; Gribble, G.W. ChemInform Abstract: New Synthetic
Triterpenoids: Potent Agents for Prevention and Treatment of Tissue Injury Caused by Inflammatory and
Oxidative Stress. J. Nat. Prod. 2011, 42, 537-545. [CrossRef]

Yamamoto, M.; Kensler, T.W.; Motohashi, H. The KEAP1-NRF2 System: A Thiol-Based Sensor-Effector
Apparatus for Maintaining Redox Homeostasis. Physiol. Rev. 2018, 98, 1169-1203. [CrossRef]

Pergola, PE.; Raskin, P.,; Toto, R.D.; Meyer, C.J.; Huff, ] W.; Grossman, E.B.; Krauth, M.; Ruiz, S.; Audhya, P;
Christ-Schmidt, H.; et al. Bardoxolone Methyl and Kidney Function in CKD with Type 2 Diabetes. N. Engl. ].
Med. 2011, 365, 327-336. [CrossRef] [PubMed]

De Zeeuw, D.; Akizawa, T.; Audhya, P,; Bakris, G.L.; Chin, M.; Christ-Schmidt, H.; Goldsberry, A.; Houser, M.;
Krauth, M.; Heerspink, H.J.L.; et al. Bardoxolone methyl in type 2 diabetes and stage 4 chronic kidney
disease. N. Engl. ]. Med. 2013, 369, 2492-2503. [CrossRef]


http://dx.doi.org/10.1038/s41598-018-26383-8
http://dx.doi.org/10.1016/S0140-6736(19)33041-7
http://dx.doi.org/10.1016/j.ejphar.2018.09.009
http://dx.doi.org/10.1681/ASN.2017020222
http://www.ncbi.nlm.nih.gov/pubmed/29089371
http://dx.doi.org/10.1152/ajprenal.00404.2009
http://dx.doi.org/10.1159/000341485
http://dx.doi.org/10.1074/jbc.M115.694323
http://dx.doi.org/10.3109/10715762.2013.837577
http://www.ncbi.nlm.nih.gov/pubmed/24004441
http://dx.doi.org/10.1155/2014/847539
http://www.ncbi.nlm.nih.gov/pubmed/24729784
http://dx.doi.org/10.3390/ijms18122772
http://dx.doi.org/10.1111/apt.13981
http://dx.doi.org/10.1590/s1677-5538.ibju.2018.0232
http://dx.doi.org/10.1073/pnas.0500815102
http://dx.doi.org/10.1158/1535-7163.MCT-06-0516
http://dx.doi.org/10.1021/np100826q
http://dx.doi.org/10.1152/physrev.00023.2017
http://dx.doi.org/10.1056/NEJMoa1105351
http://www.ncbi.nlm.nih.gov/pubmed/21699484
http://dx.doi.org/10.1056/NEJMoa1306033

Int. ]. Mol. Sci. 2020, 21, 4939 18 of 22

64.

65.

66.

67.

68.
69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

De Zeeuw, D.; Akizawa, T.; Agarwal, R.; Audhya, P.; Bakris, G.L.; Chin, M.; Krauth, M.; Heerspink, H.J.L.;
Meyer, C.J.; McMurray, ].J.; et al. Rationale and Trial Design of Bardoxolone Methyl Evaluation in Patients
with Chronic Kidney Disease and Type 2 Diabetes: The Occurrence of Renal Events (BEACON). Am. J.
Nephrol. 2013, 37, 212-222. [CrossRef] [PubMed]

Nangaku, M.; Kanda, H.; Takama, H.; Ichikawa, T.; Hase, H.; Akizawa, T. Randomized Clinical Trial on the
Effect of Bardoxolone Methyl on GFR in Diabetic Kidney Disease Patients (TSUBAKI Study). Kidney Int. Rep.
2020, 5, 879-890. [CrossRef] [PubMed]

Camer, D.; Yu, Y,; Szabo, A.; Dinh, C.H.; Wang, H.; Cheng, L.; Huang, X.-F. Bardoxolone methyl prevents
insulin resistance and the development of hepatic steatosis in mice fed a high-fat diet. Mol. Cell. Endocrinol.
2015, 412, 36-43. [CrossRef] [PubMed]

Krenkel, O.; Puengel, T.; Govaere, O.; Abdallah, A.T.; Mossanen, ].C.; Kohlhepp, M.; Liepelt, A.; Lefebvre, E.;
Luedde, T.; Hellerbrand, C.; et al. Therapeutic inhibition of inflammatory monocyte recruitment reduces
steatohepatitis and liver fibrosis. Hepatology 2018, 6, 1270-1283. [CrossRef] [PubMed]

Marra, F,; Tacke, F. Roles for Chemokines in Liver Disease. Gastroenterology 2014, 147, 577-594. [CrossRef]
Di Prospero, N.A.; Artis, E.; Andrade-Gordon, P; Johnson, D.L.; Vaccaro, N.; Xi, L.; Rothenberg, P. CCR2
antagonism in patients with type 2 diabetes mellitus: A randomized, placebo-controlled study. Diabetes Obes.
Metab. 2014, 16, 1055-1064. [CrossRef]

Tacke, F. Cenicriviroc for the treatment of non-alcoholic steatohepatitis and liver fibrosis. Expert Opin.
InvestiG. Drugs 2018, 27, 301-311. [CrossRef]

Lefebvre, E.; Moyle, G.; Reshef, R. Antifibrotic Effects of the Dual CCR2/CCR5 Antagonist Cenicriviroc in
Animal Models of Liver and Kidney Fibrosis. PLoS ONE 2016, 11, e0158156. [CrossRef]

Friedman, S.L.; Ratziu, V.; Harrison, S.A.; Abdelmalek, M.E,; Aithal, G.P; Caballeria, J.; Francque, S.;
Farrell, G.; Kowdley, K.V,; Craxi, A.; et al. A randomized, placebo-controlled trial of cenicriviroc for treatment
of nonalcoholic steatohepatitis with fibrosis. Hepatology 2018, 67, 1754-1767. [CrossRef] [PubMed]

Ratziu, V.; Sanyal, A.; Harrison, S.A.; Wong, V.W.; Francque, S.; Goodman, Z.; Aithal, G.P.; Kowdley, K.V,;
Seyedkazemi, S.; Fischer, L.; et al. Cenicriviroc Treatment for Adults with Nonalcoholic Steatohepatitis and
Fibrosis: Final Analysis of the Phase 2b CENTAUR Study. Hepatology 2020, in press. [CrossRef] [PubMed]
Anstee, Q.M.; Neuschwander-Tetri, B.A.; Wong, VW.-S.; Abdelmalek, M.E,; Younossi, Z.M.; Yuan, J.;
Pecoraro, M.L.; Seyedkazemi, S.; Fischer, L.; Bedossa, P; et al. Cenicriviroc for the treatment of liver fibrosis
in adults with nonalcoholic steatohepatitis: AURORA Phase 3 study design. Contemp. Clin. Trials 2019, 89,
105922. [CrossRef] [PubMed]

De Zeeuw, D.; Bekker, P.; Henkel, E.; Hasslacher, C.; Gouni-Berthold, I.; Mehling, H.; Potarca, A.; Tesat, V.;
Heerspink, H.J.L.; Schall, T.]J. The effect of CCR2 inhibitor CCX140-B on residual albuminuria in patients with
type 2 diabetes and nephropathy: A randomised trial. Lancet Diabetes Endocrinol. 2015, 3, 687-696. [CrossRef]
Gale, ].D,; Gilbert, S.; Blumenthal, S.; Elliott, T.; Pergola, P.E.; Goteti, K.; Scheele, W.; Perros-Huguet, C. Effect
of PF-04634817, an Oral CCR2/5 Chemokine Receptor Antagonist, on Albuminuria in Adults with Overt
Diabetic Nephropathy. Kidney Int. Rep. 2018, 3, 1316-1327. [CrossRef]

Brenner, C.; Galluzzi, L.; Kepp, O.; Kroemer, G. Decoding cell death signals in liver inflammation. ]. Hepatol.
2013, 59, 583-594. [CrossRef]

Schuster, S.; Feldstein, A.E. Novel therapeutic strategies targeting ASK1 in NASH. Nat. Rev. Gastroenterol.
Hepatol. 2017, 14, 329-330. [CrossRef]

Harrison, S.A.; Wong, V.W.-S.; Okanoue, T.; Bzowej, N.; Vuppalanchi, R.; Younes, Z.; Kohli, A.; Sarin, S.;
Caldwell, S.H.; Alkhouri, N.; et al. Selonsertib for Patients with Bridging Fibrosis or Compensated Cirrhosis
Due to NASH: Results from Randomized Ph IIIl STELLAR Trials. . Hepatol. 2020, 73, 26-39. [CrossRef]
Kelsey, R. ASK1 inhibition shows potential in DKD. Nat. Rev. Nephrol. 2018, 14, 658. [CrossRef]

Tesch, G.H.; Ma, FY.; Han, Y;; Liles, ].T.; Breckenridge, D.G.; Nikolic-Paterson, D.J. ASK1 Inhibitor Halts
Progression of Diabetic Nephropathy inNos3-Deficient Mice. Diabetes 2015, 64, 3903-3913. [CrossRef]
Chertow, G.M.; Pergola, PE.; Chen, F; Kirby, B.].; Sundy, ]J.S.; Patel, U.D.; GS-US-223-1015 Investigators.
Effects of Selonsertib in Patients with Diabetic Kidney Disease. J. Am. Soc. Nephrol. 2019, 30, 1980-1990.
[CrossRef] [PubMed]

MacKinnon, A.C.; Farnworth, S.L.; Hodkinson, P.S.; Henderson, N.C.; Atkinson, K.M.; Leffler, H.; Nilsson, U.].;
Haslett, C.; Forbes, S.J.; Sethi, T. Regulation of alternative macrophage activation by galectin-3. J. Immunol.
2008, 180, 2650-2658. [CrossRef] [PubMed]


http://dx.doi.org/10.1159/000346948
http://www.ncbi.nlm.nih.gov/pubmed/23467003
http://dx.doi.org/10.1016/j.ekir.2020.03.030
http://www.ncbi.nlm.nih.gov/pubmed/32518870
http://dx.doi.org/10.1016/j.mce.2015.05.018
http://www.ncbi.nlm.nih.gov/pubmed/26001833
http://dx.doi.org/10.1002/hep.29544
http://www.ncbi.nlm.nih.gov/pubmed/28940700
http://dx.doi.org/10.1053/j.gastro.2014.06.043
http://dx.doi.org/10.1111/dom.12309
http://dx.doi.org/10.1080/13543784.2018.1442436
http://dx.doi.org/10.1371/journal.pone.0158156
http://dx.doi.org/10.1002/hep.29477
http://www.ncbi.nlm.nih.gov/pubmed/28833331
http://dx.doi.org/10.1002/hep.31108
http://www.ncbi.nlm.nih.gov/pubmed/31943293
http://dx.doi.org/10.1016/j.cct.2019.105922
http://www.ncbi.nlm.nih.gov/pubmed/31881392
http://dx.doi.org/10.1016/S2213-8587(15)00261-2
http://dx.doi.org/10.1016/j.ekir.2018.07.010
http://dx.doi.org/10.1016/j.jhep.2013.03.033
http://dx.doi.org/10.1038/nrgastro.2017.42
http://dx.doi.org/10.1016/j.jhep.2020.02.027
http://dx.doi.org/10.1038/s41581-018-0063-x
http://dx.doi.org/10.2337/db15-0384
http://dx.doi.org/10.1681/ASN.2018121231
http://www.ncbi.nlm.nih.gov/pubmed/31506292
http://dx.doi.org/10.4049/jimmunol.180.4.2650
http://www.ncbi.nlm.nih.gov/pubmed/18250477

Int. ]. Mol. Sci. 2020, 21, 4939 19 of 22

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Dong, R.; Zhang, M.; Hu, Q.; Zheng, S.; Soh, A.; Zheng, Y.; Yuan, H. Galectin-3 as a novel biomarker for
disease diagnosis and a target for therapy (Review). Int. . Mol. Med. 2018, 41, 599-614. [CrossRef] [PubMed]
Traber, P.G.; Zomer, E. Therapy of Experimental NASH and Fibrosis with Galectin Inhibitors. PLoS ONE
2013, 8, €83481. [CrossRef]

Chen, S.-C.; Kuo, P-L. The Role of Galectin-3 in the Kidneys. Int. J. Mol. Sci. 2016, 17, 565. [CrossRef]
[PubMed]

Henderson, N.C.; Sethi, T. The regulation of inflammation by galectin-3. Immunol. Rev. 2009, 230, 160-171.
[CrossRef]

Harrison, S.A.; Marri, S.R.; Chalasani, N.; Kohli, R.; Aronstein, W.; Thompson, G.A.; Irish, W.; Miles, M.V,;
Xanthakos, S.A.; Lawitz, E.; et al. Randomised clinical study: GR-MD-02, a galectin-3 inhibitor, vs. placebo
in patients having non-alcoholic steatohepatitis with advanced fibrosis. Aliment. Pharmacol. Ther. 2016, 44,
1183-1198. [CrossRef]

Chalasani, N.; Abdelmalek, M.F.; Garcia-Tsao, G.; Vuppalanchi, R.; Alkhouri, N.; Rinella, M.; Noureddin, M.;
Pyko, M.; Shiffman, M.; Sanyal, A.; et al. Effects of Belapectin, an Inhibitor of Galectin-3, in Patients With
Nonalcoholic Steatohepatitis With Cirrhosis and Portal Hypertension. Gastroenterology 2019, 15, 1334-1345.
[CrossRef]

Zhang, T.; Cao, S.; Yang, H.; Li, J. Prognostic impact of galectin-3 in chronic kidney disease patients: A
systematic review and meta-analysis. Int. Urol. Nephrol. 2019, 51, 1005-1011. [CrossRef]

Hodeib, H.; Hagras, M.M.; Abdelhai, D.; Watany, M.M.; Selim, A.; Tawfik, M.A.; Elsebaey, M.A.;
Elshweikh, S.A. Galectin-3 as a prognostic biomarker for diabetic nephropathy. Diabetes Metab. Syndr. Obes.
Targets Ther. 2019, 12, 325-331. [CrossRef]

Li,H.; Yang,S.; Li, ].-C.; Feng, ] .-X. Galectin 3 inhibition attenuates renal injury progression in cisplatin-induced
nephrotoxicity. Biosci. Rep. 2018, 38. [CrossRef] [PubMed]

Bain, R.; Rohde, R.; Hunsicker, L.G. A controlled clinical trial ofangiotensin-converting enzyme inhibition in
type I diabetic nephropathy: Study design and patient characteristics. The Collaborative Study Group. J.
Am. Soc. Nephrol. 1992, 3, 597-S103. [PubMed]

Yokohama, S.; Yoneda, M.; Haneda, M.; Okamoto, S.; Okada, M.; Aso, K.; Hasegawa, T.; Tokusashi, Y.;
Miyokawa, N.; Nakamura, K. Therapeutic efficacy of an angiotensin II receptor antagonist in patients with
nonalcoholic steatohepatitis. Hepatology 2004, 40, 1222-1225. [CrossRef]

Hirata, T.; Tomita, K.; Kawai, T.; Yokoyama, H.; Shimada, A.; Kikuchi, M.; Hirose, H.; Ebinuma, H.; Irie, J.;
Ojiro, K.; et al. Effect of Telmisartan or Losartan for Treatment of Nonalcoholic Fatty Liver Disease: Fatty
Liver Protection Trial by Telmisartan or Losartan Study (FANTASY). Int. ]. Endocrinol. 2013, 2013, 587140.
[CrossRef] [PubMed]

Li, Y.; Xu, H.; Wu, W,; Ye, ].; Fang, D.; Shi, D.; Li, L. Clinical application of angiotensin receptor blockers in
patients with non-alcoholic fatty liver disease: A systematic review and meta-analysis. Oncotarget 2018, 9,
24155-24167. [CrossRef] [PubMed]

Capelli, I.; Gasperoni, L.; Ruggeri, M.; Donati, G.; Baraldi, O.; Sorrenti, G.; Caletti, M.T.; Aiello, V.; Cianciolo, G.;
Manna, G. New mineralocorticoid receptor antagonists: Update on their use in chronic kidney disease and
heart failure. J. Nephrol. 2020, 33, 37—48. [CrossRef]

Yoshiji, H.; Noguchi, R.; Ikenaka, Y.; Kaji, K.; Shirai, Y.; Aihara, Y.; Yamazaki, M.; Namisaki, T.; Kitade, M.;
Yoshii, J.; et al. Selective aldosterone blocker ameliorates the progression of non-alcoholic steatohepatitis in
rats. Int. J. Mol. Med. 2010, 26, 407-413. [CrossRef]

Pizarro, M.; Solis, N.; Quintero, P,; Barrera, F,; Cabrera, D.; Santiago, PR.-D.; Arab, ].P.; Padilla, O.; Roa, J.;
Moshage, H.; et al. Beneficial effects of mineralocorticoid receptor blockade in experimental non-alcoholic
steatohepatitis. Liver Int. 2015, 35, 2129-2138. [CrossRef]

Shrestha, A.; Che, R.-C.; Zhang, A. Role of Aldosterone in Renal Fibrosis. Adv. Exp. Med. Biol. 2019, 1165,
325-346.

Rafiq, K.; Hitomi, H.; Nakano, D.; Nishiyama, A. Pathophysiological roles of aldosterone and mineralocorticoid
receptor in the kidney. J. Pharmacol. Sci. 2011, 115, 1-7. [CrossRef]

Georgianos, PI.; Agarwal, R. Revisiting RAAS blockade in CKD with newer potassium-binding drugs.
Kidney Int. 2017, 93, 325-334. [CrossRef] [PubMed]


http://dx.doi.org/10.3892/ijmm.2017.3311
http://www.ncbi.nlm.nih.gov/pubmed/29207027
http://dx.doi.org/10.1371/journal.pone.0083481
http://dx.doi.org/10.3390/ijms17040565
http://www.ncbi.nlm.nih.gov/pubmed/27089335
http://dx.doi.org/10.1111/j.1600-065X.2009.00794.x
http://dx.doi.org/10.1111/apt.13816
http://dx.doi.org/10.1053/j.gastro.2019.11.296
http://dx.doi.org/10.1007/s11255-019-02123-3
http://dx.doi.org/10.2147/DMSO.S194410
http://dx.doi.org/10.1042/BSR20181803
http://www.ncbi.nlm.nih.gov/pubmed/30455396
http://www.ncbi.nlm.nih.gov/pubmed/1457767
http://dx.doi.org/10.1002/hep.20420
http://dx.doi.org/10.1155/2013/587140
http://www.ncbi.nlm.nih.gov/pubmed/23997767
http://dx.doi.org/10.18632/oncotarget.23816
http://www.ncbi.nlm.nih.gov/pubmed/29844879
http://dx.doi.org/10.1007/s40620-019-00600-7
http://dx.doi.org/10.3892/ijmm_00000480
http://dx.doi.org/10.1111/liv.12794
http://dx.doi.org/10.1254/jphs.10R07CR
http://dx.doi.org/10.1016/j.kint.2017.08.038
http://www.ncbi.nlm.nih.gov/pubmed/29276100

Int. ]. Mol. Sci. 2020, 21, 4939 20 of 22

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Kolkhof, P;; Barfacker, L. 30 YEARS OF THE MINERALOCORTICOID RECEPTOR: Mineralocorticoid
receptor antagonists: 60 years of research and development. |. Endocrinol. 2017, 234, T125-T140. [CrossRef]
[PubMed]

Schjoldager, B.T.-B.G.; Mortensen, P.E.; Myhre, ].; Christiansen, J.; Holst, ].J. Truncated GLP-1 (proglucagon
78-107-amide) inhibits gastric and pancreatic functions in man. Dig. Dis. Sci. 1993, 38, 665-673.

Turton, M.D.; O’Shea, D.; Gunn, I.; Beak, S.A.; Edwards, CM.B.; Meeran, K.; Choi, S.J.; Taylor, G.M.;
Heath, M.M.; Lambert, P.D.; et al. A role for glucagon-like peptide-1 in the central regulation of feeding.
Nature 1996, 379, 69-72. [CrossRef]

Yamamoto, T.; Nakade, Y.; Yamauchi, T.; Kobayashi, Y.; Ishii, N.; Ohashi, T.; Ito, K.; Sato, K.; Fukuzawa, Y.;
Yoneda, M. Glucagon-like peptide-1 analogue prevents nonalcoholic steatohepatitis in non-obese mice. World
J. Gastroenterol. 2016, 22, 2512-2523. [CrossRef]

Armstrong, M.].; Gaunt, P; Aithal, G.P; Barton, D.; Hull, D.; Parker, R.; Hazlehurst, ].M.; Guo, K.; Abouda, G.;
Aldersley, M.A.; et al. Liraglutide safety and efficacy in patients with non-alcoholic steatohepatitis (LEAN):
A multicentre, double-blind, randomised, placebo-controlled phase 2 study. Lancet 2016, 387, 679—-690.
[CrossRef]

Rakipovski, G.; Rolin, B.; Nehr, J. The GLP-1 Analogs Liraglutide and Semaglutide Reduce Atherosclerosis
in ApoE7" and LDLr”" Mice by a Mechanism That Includes Inflammatory Pathways. JACC Basic Transl. Sci.
2018, 3, 844-857. [CrossRef]

Mosterd, C.M.; Bjornstad, P.; Van Raalte, D.H. Nephroprotective effects of GLP-1 receptor agonists: Where
do we stand? J. Nephrol. 2020, 10, 1-11. [CrossRef]

Sorensen, C.M.; Holst, J.J. Renoprotective effects of dulaglutide in patients with T2DM and CKD. Nat. Rev.
Nephrol. 2018, 14, 659-660. [CrossRef]

Greco, E.V.; Russo, G.T; Giandalia, A.; Viazzi, F.; Pontremoli, R.; De Cosmo, S. GLP-1 Receptor Agonists and
Kidney Protection. Medicina 2019, 55, 233. [CrossRef]

Pfeffer, M.A.; Claggett, B.; Diaz, R.; Dickstein, K.; Gerstein, H.C.; Keber, L.V.; Lawson, EC.; Ping, L.; Wei, X,;
Lewis, E.F. Lixisenatide in Patients with Type 2 Diabetes and Acute Coronary Syndrome. N. Engl. |. Med.
2015, 373, 2247-2257. [CrossRef] [PubMed]

Mann, J.EE.; Orsted, D.D.; Brown-Frandsen, K. LEADER Steering Committee and Investigators. Liraglutide
and Renal Outcomes in Type 2 Diabetes. N. Engl. ]. Med. 2017, 377, 839-848. [CrossRef] [PubMed]

Marso, S.P; Bain, S.C.; Consoli, A.; Eliaschewitz, F.G.; Jédar, E.; Leiter, L.A.; Lingvay, I.; Rosenstock, J.;
Seufert, J.; Warren, M.L.; et al. Semaglutide and Cardiovascular Outcomes in Patients with Type 2 Diabetes.
N. Engl. ]. Med. 2016, 375, 1834-1844. [CrossRef] [PubMed]

Holman, R.R.; Bethel, M.A.; Mentz, R.J.; Thompson, V.P.; Lokhnygina, Y.; Buse, ].B.; Chan, ].C.N.; Choi, J.;
Gustavson, S.M.; Igbal, N.; et al. Effects of Once-Weekly Exenatide on Cardiovascular Outcomes in Type 2
Diabetes. N. Engl. J. Med. 2017, 377, 1228-1239. [CrossRef]

Hernandez, A.E; Green, ].B.; Janmohamed, S.; D’Agostino, R.B.; Granger, C.B.; Jones, N.P; Leiter, L.A.;
Rosenberg, A.E.; Sigmon, K.N.; Somerville, M.C.; et al. Albiglutide and cardiovascular outcomes in
patients with type 2 diabetes and cardiovascular disease (Harmony Outcomes): A double-blind, randomised
placebo-controlled trial. Lancet 2018, 392, 1519-1529. [CrossRef]

Gerstein, H.C.; Colhoun, H.M.; Dagenais, G.R.; Diaz, R.; Lakshmanan, M,; Pais, P; Probstfield, J.; Botros, ET.;
Riddle, M.C.; Rydén, L.; et al. Dulaglutide and renal outcomes in type 2 diabetes: An exploratory analysis of
the REWIND randomised, placebo-controlled trial. Lancet 2019, 394, 131-138. [CrossRef]

Husain, M.; Birkenfeld, A.L.; Donsmark, M.; Dungan, K.; Eliaschewitz, F.G.; Franco, D.R.; Jeppesen, O.K,;
Lingvay, I.; Mosenzon, O.; Pedersen, S.D.; et al. Oral Semaglutide and Cardiovascular Outcomes in Patients
with Type 2 Diabetes. N. Engl. ]. Med. 2019, 381, 841-851. [CrossRef]

Kristensen, S.L.; Rerth, R.; Jhund, PS.; Docherty, K.E; Sattar, N.; Preiss, D.; Kober, L.; Petrie, M.C.;
McMurray, J.J. Cardiovascular, mortality, and kidney outcomes with GLP-1 receptor agonists in patients with
type 2 diabetes: A systematic review and meta-analysis of cardiovascular outcome trials. Lancet Diabetes
Endocrinol. 2019, 7, 776-785. [CrossRef]

Sumida, Y.; Yoneda, M.; Tokushige, K.; Kawanaka, M.; Fujii, H.; Yoneda, M.; Imajo, K.; Takahashi, H.;
Eguchi, Y;; Ono, M.; et al. Antidiabetic Therapy in the Treatment of Nonalcoholic Steatohepatitis. Int. . Mol.
Sci. 2020, 21, 1907. [CrossRef]


http://dx.doi.org/10.1530/JOE-16-0600
http://www.ncbi.nlm.nih.gov/pubmed/28634268
http://dx.doi.org/10.1038/379069a0
http://dx.doi.org/10.3748/wjg.v22.i8.2512
http://dx.doi.org/10.1016/S0140-6736(15)00803-X
http://dx.doi.org/10.1016/j.jacbts.2018.09.004
http://dx.doi.org/10.1007/s40620-020-00738-9
http://dx.doi.org/10.1038/s41581-018-0055-x
http://dx.doi.org/10.3390/medicina55060233
http://dx.doi.org/10.1056/NEJMoa1509225
http://www.ncbi.nlm.nih.gov/pubmed/26630143
http://dx.doi.org/10.1056/NEJMoa1616011
http://www.ncbi.nlm.nih.gov/pubmed/28854085
http://dx.doi.org/10.1056/NEJMoa1607141
http://www.ncbi.nlm.nih.gov/pubmed/27633186
http://dx.doi.org/10.1056/NEJMoa1612917
http://dx.doi.org/10.1016/S0140-6736(18)32261-X
http://dx.doi.org/10.1016/S0140-6736(19)31150-X
http://dx.doi.org/10.1056/NEJMoa1901118
http://dx.doi.org/10.1016/S2213-8587(19)30249-9
http://dx.doi.org/10.3390/ijms21061907

Int. ]. Mol. Sci. 2020, 21, 4939 21 of 22

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

Seko, Y.; Sumida, Y.; Tanaka, S.; Mori, K.; Taketani, H.; Ishiba, H.; Hara, T.; Okajima, A.; Umemura, A.;
Nishikawa, T.; et al. Effect of sodium glucose cotransporter 2 inhibitor on liver function tests in Japanese
patients with non-alcoholic fatty liver disease and type 2 diabetes mellitus. Hepatol. Res. 2016, 47, 1072-1078.
[CrossRef]

Komiya, C.; Tsuchiya, K.; Shiba, K.; Miyachi, Y.; Furuke, S.; Shimazu, N.; Yamaguchi, S.; Kanno, K.; Ogawa, Y.
Ipragliflozin Improves Hepatic Steatosis in Obese Mice and Liver Dysfunction in Type 2 Diabetic Patients
Irrespective of Body Weight Reduction. PLoS ONE 2016, 11, e0151511. [CrossRef] [PubMed]

Takase, T.; Nakamura, A.; Miyoshi, H.; Yamamoto, C.; Atsumi, T. Amelioration of fatty liver index in patients
with type 2 diabetes on ipragliflozin: An association with glucose-lowering effects. Endocr. J. 2017, 64,
363-367. [CrossRef] [PubMed]

Takeda, A.; Irahara, A.; Nakano, A.; Takata, E.; Koketsu, Y.; Kimata, K.; Senda, E.; Yamada, H.; Ichikawa, K.;
Fujimori, T.; et al. The Improvement of the Hepatic Histological Findings in a Patient with Non-alcoholic
Steatohepatitis with Type 2 Diabetes after the Administration of the Sodium-glucose Cotransporter 2 Inhibitor
Ipragliflozin. Intern. Med. 2017, 56, 2739-2744. [CrossRef] [PubMed]

Akuta, N.; Watanabe, C.; Kawamura, Y.; Arase, Y.; Saitoh, S.; Fujiyama, S.; Sezaki, H.; Hosaka, T.;
Kobayashi, M.; Kobayashi, M.; et al. Effects of a sodium-glucose cotransporter 2 inhibitor in nonalcoholic
fatty liver disease complicated by diabetes mellitus: Preliminary prospective study based on serial liver
biopsies. Hepatol. Commun. 2017, 1, 46-52. [CrossRef] [PubMed]

Seko, Y.; Nishikawa, T.; Umemura, A.; Yamaguchi, K.; Moriguchi, M.; Yasui, K.; Kimura, M.; lijima, H.;
Hashimoto, T.; Sumida, Y.; et al. Efficacy and safety of canagliflozin in type 2 diabetes mellitus patients
with biopsy-proven nonalcoholic steatohepatitis classified as stage 1-3 fibrosis. Diabetes Metab. Syndr. Obes.
Targets Ther. 2018, 11, 835-843. [CrossRef] [PubMed]

Shibuya, T.; Fushimi, N.; Kawai, M.; Yoshida, Y.; Hachiya, H.; Ito, S.; Kawai, H.; Ohashi, N.; Mori, A.
Luseogliflozin improves liver fat deposition compared to metformin in type 2 diabetes patients with
non-alcoholic fatty liver disease: A prospective randomized controlled pilot study. Diabetes Obes. Metab.
2018, 20, 438-442. [CrossRef]

Ito, D.; Shimizu, S.; Inoue, K.; Saito, D.; Yanagisawa, M.; Inukai, K.; Akiyama, Y.; Morimoto, Y.; Noda, M.;
Shimada, A. Comparison of Ipragliflozin and Pioglitazone Effects on Nonalcoholic Fatty Liver Disease in
Patients With Type 2 Diabetes: A Randomized, 24-Week, Open-Label, Active-Controlled Trial. Diabetes Care
2017, 40, 1364-1372. [CrossRef]

Sumida, Y.; Murotani, K.; Saito, M. Effect of luseogliflozin on hepatic fat content in type 2 diabetes patients
with NAFLD: A prospective, single arm trial. Hepatol. Res. 2019, 49, 64-71. [CrossRef]

Kuchay, M.S,; Krishan, S.; Mishra, S.K.; Farooqui, K.J.; Singh, M.K.; Wasir, ].S.; Bansal, B.; Kaur, P; Jevalikar, G.;
Gill, HK.; et al. Effect of Empagliflozin on Liver Fat in Patients With Type 2 Diabetes and Nonalcoholic Fatty
Liver Disease: A Randomized Controlled Trial (E-LIFT Trial). Diabetes Care 2018, 41, 1801-1808. [CrossRef]
Perkovic, V.; Jardine, M.].; Neal, B.; Bompoint, S.; Heerspink, H.J.; Charytan, D.M.; Edwards, R.; Agarwal, R.;
Bakris, G.; Bull, S.; et al. Canagliflozin and Renal Outcomes in Type 2 Diabetes and Nephropathy. N. Engl. J.
Med. 2019, 380, 2295-2306. [CrossRef]

Buse, ].B.; Wexler, D.J.; Tsapas, A.; Rossing, P.; Mingrone, G.; Mathieu, C.; D"Alessio, D.A.; Davies, M.]. 2019
Update to: Management of Hyperglycemia in Type 2 Diabetes, 2018. A Consensus Report by the American
Diabetes Association (ADA) and the European Association for the Study of Diabetes (EASD). Diabetes Care
2020, 43, 487-493. [CrossRef] [PubMed]

Heerspink, H.J.; Stefansson, B.V.; Chertow, G.M.; Correa-Rotter, R.; Greene, T.; Hou, F-E; Lindberg, M.;
McMurray, J.; Rossing, P; Toto, R.; et al. Rationale and protocol of the Dapagliflozin And Prevention of
Adverse outcomes in Chronic Kidney Disease (DAPA-CKD) randomized controlled trial. Nephrol. Dial.
Transplant. 2020, 35, 274-282. [CrossRef] [PubMed]

Musso, G.; Cassader, M.; Cohney, S.; De Michieli, E; Pinach, S.; Saba, F.; Gambino, R. Fatty Liver and
Chronic Kidney Disease: Novel Mechanistic Insights and Therapeutic Opportunities. Diabetes Care 2016, 39,
1830-1845. [CrossRef] [PubMed]

Raj, D.; Tomar, B.; Lahiri, A.; Mulay, S.R. The gut-liver-kidney axis: Novel regulator of fatty liver associated
chronic kidney disease. Pharmacol. Res. 2020, 152, 104617. [CrossRef]


http://dx.doi.org/10.1111/hepr.12834
http://dx.doi.org/10.1371/journal.pone.0151511
http://www.ncbi.nlm.nih.gov/pubmed/26977813
http://dx.doi.org/10.1507/endocrj.EJ16-0295
http://www.ncbi.nlm.nih.gov/pubmed/27980239
http://dx.doi.org/10.2169/internalmedicine.8754-16
http://www.ncbi.nlm.nih.gov/pubmed/28924123
http://dx.doi.org/10.1002/hep4.1019
http://www.ncbi.nlm.nih.gov/pubmed/29404432
http://dx.doi.org/10.2147/DMSO.S184767
http://www.ncbi.nlm.nih.gov/pubmed/30568471
http://dx.doi.org/10.1111/dom.13061
http://dx.doi.org/10.2337/dc17-0518
http://dx.doi.org/10.1111/hepr.13236
http://dx.doi.org/10.2337/dc18-0165
http://dx.doi.org/10.1056/NEJMoa1811744
http://dx.doi.org/10.2337/dci19-0066
http://www.ncbi.nlm.nih.gov/pubmed/31857443
http://dx.doi.org/10.1093/ndt/gfz290
http://www.ncbi.nlm.nih.gov/pubmed/32030417
http://dx.doi.org/10.2337/dc15-1182
http://www.ncbi.nlm.nih.gov/pubmed/27660122
http://dx.doi.org/10.1016/j.phrs.2019.104617

Int. ]. Mol. Sci. 2020, 21, 4939 22 of 22

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

Scorletti, E.; Afolabi, PR.; Miles, E.A.; Smith, D.E.; Almehmadi, A.; AlShathry, A.; Moyses, H.E.; Clough, G.E;
Wright, M.; Patel, J.; et al. Design and rationale of the INSYTE study: A randomised, placebo controlled study
to test the efficacy of a synbiotic on liver fat, disease biomarkers and intestinal microbiota in non-alcoholic
fatty liver disease. Contemp. Clin. Trials 2018, 71, 113-123. [CrossRef] [PubMed]

Scorletti, E.; Afolabi, PR.; Miles, E.A. Synbiotic Alters Fecal Microbiomes, but not Liver Fat or Fibrosis, in a
Randomized Trial of Patients with Non-alcoholic Fatty Liver Disease. Gastroenterology 2020, 158, 1597-1610.e7.
[CrossRef]

Xiao, M.-W,; Lin, S.-X,; Shen, Z.-H.; Luo, W.-W.; Wang, X.-Y. Systematic Review with Meta-Analysis: The
Effects of Probiotics in Nonalcoholic Fatty Liver Disease. Gastroenterol. Res. Pract. 2019, 2019, 1484598.
[CrossRef]

Ranganathan, N.; Ranganathan, P.; Friedman, E.A. Pilot study of probiotic dietary supplementation for
promoting healthy kidney function in patients with chronic kidney disease. Adv. Ther. 2010, 27, 634—647.
[CrossRef]

Rossi, M.; Johnson, D.W.; Morrison, M.; Pascoe, E.M.; Coombes, ].S.; Forbes, ].M.; McWhinney, B.; Ungerer, J.;
Dimeski, G.; Campbell, K.L. SYNbiotics Easing Renal failure by improving Gut microbiologY (SYNERGY): A
protocol of placebo-controlled randomised cross-over trial. BMC Nephrol. 2014, 15, 106. [CrossRef]

Rossi, M.; Klein, K.; Johnson, D.W.; Campbell, K.L. Pre-, Pro-, and Synbiotics: Do They Have a Role in
Reducing Uremic Toxins? A Systematic Review and Meta-Analysis. Int. ]. Nephrol. 2012, 2012, 1-20.
[CrossRef]

Skov, J.; Dejgaard, A.; Frokiaer, J.; Holst, J.].; Jonassen, T.; Rittig, S.; Christiansen, J.S. Glucagon-like peptide-1
(GLP-1): Effect on kidney hemodynamics and renin-angiotensin—aldosterone system in healthy men. Endocr.
Abstr. 2013, 98, 664—-671.

Zhang, H.; Zhang, X.; Hu, C.; Lu, W. Exenatide Reduces Urinary Transforming Growth Factor-£81 and Type
IV Collagen Excretion in Patients with Type 2 Diabetes and Microalbuminuria. Kidney Blood Press. Res. 2012,
35, 483-488. [CrossRef] [PubMed]

Tuttle, K.R.; Lakshmanan, M.C.; Rayner, B. Dulaglutide versus insulin glargine in patients with type 2
diabetes and moderate-to-severe chronic kidney disease (AWARD-7): A multicentre, open-label, randomised
trial. Lancet Diabetes Endocrinol. 2018, 6, 605-617. [CrossRef]

Wanner, C.; Heerspink, H.J.; Zinman, B.; Inzucchi, S.E.; Koitka-Weber, A.; Mattheus, M.; Hantel, S.;
Woerle, H.-J.; Broedl, U.C.; Von Eynatten, M.; et al. Empagliflozin and Kidney Function Decline in Patients
with Type 2 Diabetes: A Slope Analysis from the EMPA-REG OUTCOME Trial. J. Am. Soc. Nephrol. 2018, 29,
2755-2769. [CrossRef] [PubMed]

Sumida, Y.; Yoneda, M.; Tokushige, K.; Kawanaka, M.; Fujii, H.; Imajo, K.; Takahashi, H.; Ono, M.; Nozaki, Y.;
Hyogo, H.; et al. Hepatoprotective Effect of SGLT2 Inhibitor on Nonalcoholic Fatty Liver Disease. Diabetes
Res. Open Access 2020, 2, 17-25.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.cct.2018.05.010
http://www.ncbi.nlm.nih.gov/pubmed/29787859
http://dx.doi.org/10.1053/j.gastro.2020.01.031
http://dx.doi.org/10.1155/2019/1484598
http://dx.doi.org/10.1007/s12325-010-0059-9
http://dx.doi.org/10.1186/1471-2369-15-106
http://dx.doi.org/10.1155/2012/673631
http://dx.doi.org/10.1159/000337929
http://www.ncbi.nlm.nih.gov/pubmed/22687869
http://dx.doi.org/10.1016/S2213-8587(18)30104-9
http://dx.doi.org/10.1681/ASN.2018010103
http://www.ncbi.nlm.nih.gov/pubmed/30314978
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	The Association of NASH/NAFLD with Diabetic Nephropathy/CKD 
	Common Drug Pipelines for NAFLD/NASH and Diabetic Nephropathy/CKD 
	Metabolic Modifiers 
	Peroxisome Proliferator-Activated Receptors (PPARs) 
	Farnesoid X Receptor Agonist 

	Antioxidative Agents 
	Oltipraz 
	Bardoxolone Methyl 

	Anti-Inflammatory and Antiapoptosis 
	C-C Motif Chemokine Receptor-2/5 Inhibitor 
	Apoptosis Signaling Kinase-1 Inhibitor 

	Antifibrotic Agent 
	Belapectin 
	GCS-100 

	Antihypertensive Agents 
	Angiotensin-Converting Enzyme Inhibitors and Angiotensin Receptor Blockers 
	Nonsteroidal Mineral Corticoid Receptor Antagonist 

	Anti-Diabetic Agents 
	Glucagon-Like Peptide Receptor Agonist 
	Sodium–Glucose Cotransporter Inhibitor 2 

	Gut Microbiome (Gut–Liver–Kidney Axis) 

	Conclusions 
	References

