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Abstract

NAFLD is common after liver transplantation (LT) and is associated with an
increased metabolic burden. Currently, there is a paucity of investigations into
the treatment of post-LT NAFLD. In the present study, we evaluated the safety
and efficacy of saroglitazar, a novel dual peroxisome proliferator-associated
receptor o/y agonist, on the treatment of post-LT NAFLD and metabolic
burden. This is a phase 2A, single-center, open-label, single-arm study in
which patients with post-LT NAFLD received saroglitazar magnesium 4 mg
daily for 24 weeks. NAFLD was defined by a controlled attenuation parameter
> 264 dB/m. The primary endpoint was the reduction in liver fat as measured
by MRI proton density fat fraction (MRI-PDFF). Secondary MRI-based
metabolic endpoints included visceral adipose tissue, abdominal subcuta-
neous adipose tissue volumes, muscle fat infiltration, and fat-free muscle
volume. Saroglitazar treatment led to a reduction in MRI-PDFF from
10.3 +10.5% at baseline to 8.1 + 7.6%. A relative 30% reduction from baseline
MRI-PDFF value was noted in 47% of all patients and 63% of patients with
baseline MRI-PDFF >5%. Reduction in serum alkaline phosphatase was an
independent predictor of MRI-PDFF response. Saroglitazar did not decrease
fat-free muscle volume nor increase muscle fat infiltration, but did lead to a mild
increase in visceral adipose tissue and abdominal subcutaneous adipose
tissue. The study drug was well tolerated and a mild nonsignificant increase in
serum creatinine was noted. Saroglitazar did not affect the weight. The study
provides preliminary data demonstrating the safety and metabolic benefits of
saroglitazar in LT recipients and underscores the importance of future studies
to establish its efficacy after LT.

Abbreviations: ASAT, abdominal subcutaneous adipose tissue; CAP, controlled attenuation parameter; eGFR, estimated glomerular filtration rate; LT, liver trans-
plantation; MFI, muscle fat infiltration; MRI-PDFF, magnetic resonance imaging proton density fat fraction; NAFLD, nonalcoholic fatty liver disease; PPAR, peroxisome
proliferator-activated receptors; VAT, visceral adipose tissue;
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LIVER TRANSPLANTATION

INTRODUCTION

The prevalence of cirrhosis associated with NASH, the
clinically aggressive variant of NAFLD, is increasing
rapidly.[' NASH-associated cirrhosis is now becoming a
leading indication for liver transplantation (LT) as patients
with NASH develop decompensated cirrhosis,’>®! and is
now the leading indication for LT among women and
the elderly.*5! Recurrence of NAFLD following LT is
nearly universal and associated with rapid fibrosis
progression.®! Moreover, nearly a third of patients
transplanted for non-NASH indications will develop de
novo NAFLD following LT, increasing the risk of fibrosis
progression and graft cirrhosis.”]

As the liver plays a central role in glucose, energy,
and lipid homeostasis, perturbations leading to the
development of NAFLD also increase the risk of insulin
resistance, obesity, and dyslipidemia, respectively.!®*!
In LT recipients, this is of paramount importance as
these factors accelerate cardiovascular disease, which
is the leading cause of long-term mortality among LT
recipients and is considerably higher than in matched
non-LT cohorts.['-14 Despite the high prevalence and
significant impact of NAFLD, there is no approved
therapy for the treatment of NASH in either the general
or LT population. Moreover, lifestyle measures in LT
recipients aimed at weight loss are less effective partly
due to inefficient fatty acid oxidation in LT recipients
with NAFLD.!"5.16] This underscores the importance of
the investigation of potential therapeutic strategies for
the treatment of NAFLD and associated metabolic
comorbidities in LT recipients.

Saroglitazar is a novel peroxisome proliferator—
associated receptor (PPAR) v/8 ligand that has shown
efficacy for the treatment of NASH in phase 2 clinical
trials.l'”) Moreover, saroglitazar improves atherogenic
dyslipidemia and insulin resistance.l'®! Given the bene-
ficial effects of saroglitazar on NAFLD as well as its
beneficial cardiometabolic risk profile, we conducted the
current study of saroglitazar magnesium in LT recipients
with NAFLD to (1) demonstrate safety, (2) efficacy on
fatty liver, and (3) impact of weight and body composition.

METHODS
Study design

The current study is a phase 2A, single-center, open-
label, single-arm study to evaluate the safety and
efficacy of saroglitazar 4 mg daily for 24 weeks in
patients with evidence of NAFLD after LT (ClinicalTrials.
gov identifier: NCT03639623). The study protocol was
reviewed and approved by the Western Internal Review
Board (IRB). The Food and Drug Administration (FDA)
Investigational New Drug (IND) was obtained by Zydus
Therapeutics (IND-138352). The study was conducted

in accordance with the International Conference on
Harmonization Good Clinical Practice guidelines and
the ethical principles of the Declaration of Helsinki.

Study population

The study enrolled adult LT recipients between the age of
18 and 75 years, who had received an LT at least 24
weeks prior, had a body mass index of at least 18 kg/m?,
and had evidence of post-LT NAFLD based on a
controlled attenuation parameter (CAP) value of
264 dB/m or greater before enroliment['¥l The key
exclusion criteria included pregnant or lactating females,
graft cirrhosis or failure, poorly controlled diabetes
mellitus, defined as HbA1c > 8.5%, unstable cardiovas-
cular disease, more than 5% change in body weight
3 months before enroliment, and active or history of
malignancy within the past 5 years with the exception of
resolved superficial nonmelanoma skin cancer. Patients
with acute cellular rejection, chronic rejection, clinically
significant biliary strictures, or recurrence of non-NAFLD
chronic liver diseases (eg, hepatitis C, autoimmune, or
cholestatic liver disease) were also excluded. Patients
consuming more than mild alcohol use, defined by
>21 U of alcohol per week in males and >14 U of
alcohol per week in females for 2 years before enroll-
ment, were excluded. Finally, while there are renal safety
data with saroglitazar, in this proof-of-concept study in LT
recipients, an estimated glomerular filtration rate (eGFR)
of <60 was exclusionary. Detailed inclusion and exclu-
sion criteria are provided in the Supplemental Material
(http://links.lww.com/LVT/A356). All patients provided
written, informed consent before participating in the
study procedures.

Study procedures

The study was conducted over a 33-week period that
included a 5-week screening period, a 24-week treat-
ment period, and a 4-week follow-up safety visit. The
patients were followed every 4 weeks while on therapy
with a routine assessment that included history,
physical examination, and laboratory. During the study
duration, the patients were advised not to alter their diet
or exercise. Patients were also advised to minimize
alcohol consumption as it is considered the standard of
care in patients with chronic liver disease who may be at
risk for disease progression.

MRI was performed for body composition profiling, and
magnetic resonance elastography (MRE) was performed
at enrollment and end of treatment (EOT) using a Philips
Ingenia 3.0 T MR-scanner. MRI-based body composition
profiling was performed using AMRA Researcher (AMRA
Medical AB) for liver fat content via the MRI proton
density fat fraction (MRI-PDFF), visceral adipose tissue
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(VAT) volume, abdominal subcutaneous adipose tissue
(ASAT) volume, thigh fat-free muscle volume (FFMV),
and muscle fat infiltration (MFI) as described.20)

Pharmacokinetics was measured in 6 patients follow-
ing the first and last dose with sample collection at
predose (0), 0.5, 1, 2, 3, 4, 6, 8, 10, and 24 hours after the
dose. The pharmacokinetics parameters evaluated
included Cp.ax, Trmax, the area under plasma concentration
versus time curve in the 24-hour dosing interval (AUCy,,),
the elimination half-life (t12), apparent volume distribution,
and apparent clearance.

Outcomes

The primary efficacy endpoint was the percentage
change from baseline in MRI-PDFF at week 24.
Secondary efficacy endpoints included change from
baseline in serum aminotransferases, alkaline phospha-
tase, and bilirubin. Additional endpoints included change
in body composition from baseline to week 24 including
VAT, ASAT, and MFI. Safety endpoints included
medication tolerability, renal function, body weight,
immunosuppression, 12-lead electrocardiogram, and
echocardiography.

Funding source

The study was fully funded by Zydus Therapeutics Inc.
and the study protocol was developed in collaboration
with the study authors. All authors had full access to
study data and are responsible for data analysis,
interpretation, and manuscript preparation.

Statistical analysis

The descriptive statistics are reported as means + SDs
for continuous variables, and frequencies and percen-
tages for categorical variables. The primary endpoint
was change in MRI-PDFF value from baseline to the
end of study, which was evaluated using 2-sided
paired t tests. As prior studies have documented a
>30% reduction in MRI-PDFF with improvement in
histological findings, a 30% reduction in MRI was also
evaluated. To determine if baseline factors could
predict the response (ie, reduction in MRI-PDFF
value), a simple linear regression model was con-
structed that included a hepatic panel (alkaline
phosphatase, aminotransferases, and bilirubin). The
aim of the secondary analysis was to evaluate
the impact of saroglitazar on metabolic burden; thus,
the key endpoints evaluated included fat volumes
(ASAT and VAT), muscle health (FFMV and MFI),
insulin resistance (HbA1c and fasting glucose), serum
lipids (HDL-C, LDL-C, and triglycerides), and body

weight. A nominal p-value <0.5 was considered
statistically significant.

RESULTS
Study population

A total of 30 patients were screened from March 2019 to
May 2021 for study enroliment; 18 patients were
enrolled in the study and received at least one dose.
Of these, 3 patients could not continue with the study
and 15 patients completed the study procedures.
Briefly, the study cohort consisted of 15 LT recipients
(n = 13 males) with a mean age of 58 +12 years
(Table 1). The body mass index of the study cohort was
374+7.4 kg/m? and the prevalence of diabetes,

TABLE 1
enrollment

Baseline characteristics of the study cohort at study

Value + SD
or proportions (%)

Demographics

Age (y) 58 +12
Gender (% male) 13 (86.7)
Ethnicity (%)
Non-Hispanic White 12 (80)
Black 3 (20)
Etiology of cirrhosis (%)
Alcohol induced 2 (13.3)
Hepatitis C 1(6.7)
NASH 10 (66.7)
Cholestatic liver disease 2 (13.3)
Medical comorbidities
Body mass index (kg/m?) 374+7.4
Diabetes (%) 4 (26.7)
Hypertension (%) 14 (93.3)
Hyperlipidemia 4 (26.7)
Laboratory values
Sodium (mg/dL) 138.2+1.9
Creatinine (mg/dL) 0.97+0.13
Alanine aminotransferase (mg/dL) 45.7+36.0
Aspartate aminotransferase (mg/dL) 33.7+14.0
Alkaline phosphatase (mg/dL) 99+35
Bilirubin (mg/dL) 0.83+0.38
International normalized ratio 1.01+0.08
HDL cholesterol (mg/dL) 42.9+13.9
LDL cholesterol (mg/dL) 72.7+23.7
Total cholesterol (mg/dL) 142.0+23.1
Triglycerides (mg/dL) 164.1 +172.7
Time from liver transplantation (mo) 72.2+99.4
Tacrolimus (%) 15 (100)
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dyslipidemia, and hypertension was 27%, 27%, and
93%, respectively. All patients were on tacrolimus for
immunosuppression.

Impact of saroglitazar on liver-related
parameters

The mean MRI-PDFF value at baseline was
10.3+10.5%. Treatment with saroglitazar improved
MRI-PDFF after 24 weeks of therapy with a reduction
in MRI-PDFF to 8.1+7.6% (Figure 1A). A relative 30%
reduction in MRI-PDFF was observed in 47% of all study
participants, which was more pronounced in patients who
had higher MRI-PDFF values at baseline. In the
subgroup analysis of patients with MRI-PDFF >5%,
the relative reduction in MRI-PDFF value from baseline
to end of study was 63%. The mean MRE value at
study entry was 2.59+0.69 kPa compared with
2.78 £ 0.79 kPa at study completion (p = 0.96).

A trend toward a decrease in serum aminotransfer-
ases was noted over time; however, this did not reach
significance (Figure 1B, C). In contrast, a highly
significant decrease in serum alkaline phosphatase
was noted after initiation of saroglitazar, and the
alkaline phosphatase level improved from 99+35 to
54+18 IU/LL (p < 0.001) from study entry to study
completion (Figure 1D). The reduction in serum alkaline
phosphatase from baseline to end of study was

associated with a relative reduction in MRI PDFF
(adjusted R? = 0.328, p = 0.02). Serum bilirubin
improved from 0.83+0.38 to 0.75+0.28 mg/dL
(p=0.09) after treatment with saroglitazar.

Impact of saroglitazar on body composition

Treatment with saroglitazar did not significantly increase
the body weight. The mean ASAT in the study population
was 14.5+4.6 L at baseline and treatment with sargo-
glitazar resulted in a mild increase to 14.9+4.2 L at EOT
(p = 0.046) (Figure 2A and Supplemental Table 1, http:/
links.lww.com/LVT/A356). A significant increase in VAT
from 8.9+£3.3t0 9.5+3.5 L (p < 0.01) was noted with
saroglitazar treatment (Figure 2B). Similarly, the MFI did
not significantly change from baseline to EOT (9.2 +2.7%
t09.5+2.8%, p = 0.10) (Figure 2C). Serum adiponectin,
a protective adipokine, significantly improved with
saroglitazar therapy (Figure 2D). Skeletal muscle
volume was not affected by saroglitazar treatment
(Figure 2E). The reduction in liver fat was independent
of changes in VAT, ASAT, and MFI.

Pharmacokinetic analysis

Saroglitazar was rapidly absorbed with a median T,
of 1.0 hours (range: 1.0-3.0 h) on day 1 and 2.5 hours
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Impact of saroglitazar on liver fat content (A), alanine aminotransferase (B), aspartate aminotransferase (C), and alkaline
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FIGURE 2 Impact of saroglitazar on body composition profile including abdominal subcutaneous adipose tissue (A), visceral adipose tissue
(B), muscle fat infiltration (C), serum adiponectin (D), and fat-free muscle volume (E).

on the last day (range: 0.5 and 4.0). The C,,.x ranged
from 110 to 244 ng/mL on first day of dosing to
45-196 mg/dL on the last day of dosing. The elimination
half-life of saroglitazar ranged from 3.56 to 4.81 hours.

Safety profile

Saroglitazar was well tolerated throughout the study
and there was no drug discontinuation or dose
reduction over the study duration. There was a total of
15 treatment-emergent adverse event reports, with the
most common adverse events being reduction in eGFR,
increase in aspartate aminotransferase, and an
increase in alanine aminotransferase. The increase in
aminotransferases was transient and improved without
drug discontinuation (Figure 1B, C). In one patient, the
serum eGFR dropped from 62 mL/min/1.73 m? at study
enrollment to 57 mL/min/1.73 m? over the 3 months of
therapy. The second patient had a screening eGFR of
61 mL/min/1.73 m? and baseline eGFR of 62 mL/min/
1.73 m?. Before taking any study medication, his eGFR
decreased to 45 mL/min/1.73 m?, and on repeat testing
his eGFR improved to 54 mL/min/1.73 m? (deemed to
be unrelated to the study as eGFR decreased before
taking the study drug). According to the prespecified
stopping rule, a reduction in eGFR to <60 mL/min/
1.73 m? necessitated study termination in both patients.
Overall, a mild increase in serum creatinine was noted

in the study cohort (1.0 +1-1.1 £ 0.2 mg/dL; p < 0.01).
The third patient had a history of porto-mesenteric
thrombus but was not anticoagulated due to patient
preference. After nearly 12 weeks of therapy, the patient
developed symptoms of intestinal ischemia necessitat-
ing the need for anticoagulation. While this was deemed
not to be related to the study drug, the decision was
made to stop the study drug.

No statistically significant change in weight was
noted from baseline to EOT (118 + 24 kg at baseline vs.
119+ 23 kg at end of study; p = 0.90). Otherwise, no
serious adverse events related to the study drug were
noted in the study. No patients in the trial required
adjustment of their immunosuppressive therapy. Safety
labs including serum bilirubin and aminotransferases
did not significantly vary from baseline to the end of
study. No patients developed edema. Cardiac function
as measured by echocardiography did not change from
baseline to the end of therapy.

DISCUSSION

Liver transplant recipients are at significantly higher risk
for metabolic diseases including the development of
post-LT NAFLD.l'221 Development of NAFLD after LT
synergizes with metabolic diseases to further promote
cardiovascular disease, an important cause of long-
term mortality following LT.'"¥ However, there are
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currently no therapeutics for the management of post-
LT NAFLD aside from lifestyle modifications, which
have proven to be of limited value to LT recipients.[6.15]
The present study presents data from a phase 2, open-
label clinical trial demonstrating the beneficial impact of
saroglitazar on the treatment of post-LT NAFLD and
improving the metabolic risk.

As there are currently no pharmacological trials
aimed at improving NAFLD in LT recipients, the current
study aimed to establish the safety of the study drug.
Historically, PPAR-y agonists have demonstrated sig-
nificant benefits for the treatment of NAFLD and
metabolic diseases in the general (ie, non-LT) popula-
tion, but their use has been limited over safety concerns
regarding heart failure exacerbations, adipose tissue
expansion, weight gain, edema, and bone loss. This
would be of particular concern in LT recipients, in whom
the risk of these conditions is higher than in the general
population. In the present study, no significant impact of
saroglitazar on cardiac function, weight gain, peripheral
edema, or bone loss was noted. This is in part because
of the fact that saroglitazar has predominant PPAR-a
agonist effects and only modest PPAR-y effects.l?Z
Thus, the adverse metabolic effects from strong
PPAR-y activation can be avoided with saroglitazar.
Saroglitazar did increase VAT; however, it led to a
significant increase in serum adiponectin level, demon-
strating a beneficial effect on adipose tissue composi-
tion. Moreover, as this is a single-arm, unblinded study,
it is unclear if this was an effect of saroglitazar or natural
history of LT patients as weight gain and adiposity are
common following LT. This is further confounded by the
fact that the study enrolled patients through the COVID-
19 pandemic, which was associated with the worsening
of metabolic comorbidities including weight gain. The
drug was well tolerated and showed no clinically evident
interaction with immunosuppression or other commonly
used medications in the LT setting such as antihyper-
tensives or lipid-lowering agents, underscoring the
safety of its use in the LT setting. Treatment with
saroglitazar did have a statistical increase in serum
creatinine; however, this was not clinically significant as
the rise in serum creatine was only 0.1 mg/dL from
baseline to EOT.

The study also aimed to provide more guidance in
the construction of clinical trials with NAFLD in the
setting of LT. As CAP was used as the inclusion
criteria for the presence of post-LT NAFLD, those
patients with lower CAP values had lower MRI-PDFF
values at study entry and were, therefore, less likely
to have a significant reduction in liver fat content at
EOT. This has significant implications for clinical trial
design, where MRI-PDFF rather than CAP values
should be used as inclusion criteria for noninvasive
diagnosis of post-LT NAFLD. If CAP is to be used as a
screening tool, higher CAP measurements should be
utilized.l19.23]

Saroglitazar, a dual PPAR-a/y agonist, has shown
benefit for not only the treatment of NAFLD but also
common metabolic comorbidities such as dyslipidemia
and insulin resistance.l'”18241 After treatment, MRI
demonstrated significant improvement in the severity of
hepatic steatosis. The absolute reduction in liver fat was
mitigated by enroliment of patients with low MRI-PDFF
values at baseline, and a subgroup analysis of patients
with higher PDFF values demonstrated a much larger
effect size. Moreover, a > 30% reduction in MRI-PDFF,
which has been associated with improvement in
several histological parameters in non-LT patients with
NAFLD,?5 occurred in nearly half of all patients;
however, these results must be tempered as this was
not a double-blinded randomized controlled trial (RCT).
Unlike the non-LT population, the LT patients did not
have a significant improvement in serum aminotransfer-
ases after treatment with saroglitazar. As serum amino-
transferases in LT recipients are not able to distinguish
between the presence and severity of fatty liver, it is not
surprising that serum aminotransferases did not signifi-
cantly improve.626] Moreover, several patients on treat-
ment had relatively normal serum aminotransferases at
study entry, thus making it difficult to improve on normal
baseline aminotransferases. Regardless, a trend toward
improvement in serum alanine aminotransferase was
noted. In contrast to serum aminotransferases, patients
treated with saroglitazar had a marked reduction in
serum alkaline phosphatase. This is not unexpected as
saroglitazar has a significant anticholestatic effect and is
currently under investigation for the treatment of primary
biliary cholangitis.2”! Therefore, it is likely that serum
aminotransferases may not be a reliable biomarker in LT
recipients to determine the treatment effect, unlike the
non-LT population.

Saroglitazar provided significant metabolic benefits
to the study cohort, including improvement in dyslipi-
demia and glycemic control (Figure 3). The activation
of PPAR-a leads to increased hepatic mitochondrial
and peroxisomal oxidation of fatty acids, thereby
improving the serum lipid concentration.?2l The
PPAR-y activation on the other hand improves
glucose homeostasis, thereby improving the indices
of insulin resistance. This is germane to the LT
population, particularly those with NAFLD, in whom
the burden from metabolic diseases such as
dyslipidemia and diabetes is disproportionately
higher.[6:21.281 Gjven the multiple metabolic benefits,
saroglitazar is a potentially attractive agent for the
treatment of post-LT NAFLD to reduce the overall
metabolic burden.

The current study was a single-arm, open-label
study; thus, the true impact of saroglitazar on post-LT
NAFLD and metabolic health requires further valida-
tion in RCT. However, given the difficulty with weight
loss and impaired body fuel utilization that promotes
weight gain and the development of NAFLD in LT
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Impact of Saroglitazar on Metabolic Health in Liver Transplant Recipients

Reduces liver fat
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Preserves skeletal muscle 47“

FIGURE 3

recipients, the positive treatment effect observed is
likely due to saroglitazar. This treatment effect is
further supported by similar findings in double-blinded,
placebo-controlled, RCTs that have been conducted in
non-liver transplant populations.l'”:24]  Finally, the
study cohort consisted primarily of non-Hispanic
Caucasians and males; thus, the study results cannot
be readily extrapolated to females or other ethnicities,
where the adipose tissue distribution and liver fat
content might be significantly different. Future studies
in larger and diverse cohorts with double-blinded
RCTs are needed to better understand the impact of
saroglitazar on LT with a different propensity to the
distribution of adiposity.

In summary, in this single-arm, open-label clinical trial,
saroglitazar was safe and well tolerated among LT
recipients. Saroglitazar was also associated with improve-
ment in post-LT NAFLD, insulin resistance, and dyslipi-
demia. These findings suggest that saroglitazar has the
potential to positively affect the natural history of patients
who had post-LT NAFLD; however, the study findings
require further validation in well-designed prospective
double-blinded RCTs.
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