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Abstract

Objective Hypercholesterolemia is associated with the development of a pro-inflammatory state and is a documented risk
factor for progression to insulin resistance, nonalcoholic fatty liver and cardiovascular diseases. Sitagliptin is an incretin
enhancer that improves glucose tolerance by inhibiting dipeptidyl peptidase-4, but it also has reported anti-inflammatory
effects. The current study was thus undertaken to examine the interactions of dietary Cholesterol (Cho) and sitagliptin on
markers of inflammation.

Methods Male Sprague—Dawley rats were provided diets high in Cho and gavaged with vehicle or an aqueous suspension
of sitagliptin (100 mg/kg/day) from day 10 through day 35. Molecular methods were used to analyze the lipid profile and
inflammatory markers in liver and serum samples. H&E-stained liver sections were used for histopathological evaluation.
Hepatic influx of mononuclear cells and necrosis were assessed by immunohistochemistry.

Results Sitagliptin reduced triglyceride and Cho levels in serum of rats on the control diet but these effects were abrogated
in rats on the high-Cho diet. Sitagliptin produced a significant increase in the expression of hepatic inflammatory markers
(Tnfa, 111b, and Mcpl) and a corresponding increase in serum TNFa and IL-1f in rats on the high-Cho diet, but it had no
effect on rats on the control diet. Additionally, sitagliptin had no effect on liver morphology in rats on the control diet, but it
produced hepatic histopathological changes indicative of necrosis and mononuclear cell infiltration in rats on the high-Cho
diet. These mononuclear cells were identified as macrophages and T cells.

Conclusion When provided in the context of a high-Cho diet, these findings reveal previously unrecognized hepato-inflam-
matory effects of sitagliptin that are accompanied by evidence of hepatic necrosis and mononuclear cell infiltration.

Keywords DPP-4 inhibitor - Hepatic necrosis - Hypercholesterolemia - Inflammation

Introduction

Inflammation is a relevant phenomenon in almost all acute
and chronic liver diseases. Non-alcoholic fatty liver (NAFL)
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cytokines such as TNF-a, IL-1p and chemokines such as
MCP-1 have been shown to play an important role in hepatic
inflammation, a crucial aspect in the pathogenesis of non-
alcoholic fatty liver disease (NAFLD) [3-8].

Diet is one of the key modifiable risk factors and its
importance in lifestyle management and reduction of
NAFLD incidence cannot be ignored. Western diets are
comprised of meat, poultry and dairy products that are rich
in cholesterol (Cho). Epidemiological studies have provided
a link between increased dietary intake of Cho and risk or
severity of NAFLD [9, 10]. Although the precise mecha-
nisms of Cho lipotoxicity are not known, studies suggest that
increased Cho content can trigger ER stress and mitochon-
drial dysfunction leading to cell death [11-13]. Furthermore,
free Cho can activate liver-resident macrophages (Kupffer
cells) and hepatic stellate cells resulting in inflammation and
fibrogenesis [14—17].

As NAFLD is frequently associated with obesity, weight
loss is an important first approach in the treatment of the
disease. Novel incretin-based therapies that include gluca-
gon-like peptide-1 (GLP-1) agonists and dipeptidyl pepti-
dase-4 (DPP-4) inhibitors have also been investigated for
the treatment of NAFLD. Sitagliptin is a DPP-4 inhibitor
that enhances the action of incretin hormones (GLP-1 and
glucose dependent insulinotropic peptide) and lowers blood
glucose levels through its insulinotropic effects. It is fre-
quently prescribed in the context of metabolic disease by
virtue of its hypoglycemic efficacy and its additional effects
to improve endothelial function, cardio-renal function, and
lipid profile [18-22]. Additionally, sitagliptin was shown
to be beneficial in alleviating both NAFL [23] and NASH
[24, 25]. Sitagliptin has also been shown to impact lipid
levels, and in type 2 diabetic patients with hyperlipidemia,
treatment with this drug improved lipid profile by lowering
serum levels of triglycerides and total Cho [26]. However,
a search of the literature found that adverse effects of sitag-
liptin had been reported in both animal and human studies.
In a study conducted in mice, sitagliptin caused pancreatic
injury which was exacerbated upon feeding a high-fat diet
[27]. A small number of cases of hepatic concerns have
also been reported in type 2 diabetics who did not have a
history of alcohol abuse or chronic liver disease [28]. In a
patient with 10-year history of type 2 diabetes and alcohol
abuse, sitagliptin was associated with acute hepatic damage
[29]. Discontinuation of sitagliptin normalized the elevated
hepatic enzymes to baseline levels. Additionally, worsening
of heart failure during the use of DPP-4 inhibitors has been
reported in patients with type 2 diabetes [30].

Given that hepatic accumulation of Cho can be a critical
factor in the progression of NAFLD, and experimental evi-
dence showing that hypercholesterolemia can be associated
with inflammatory responses involved in the progression of
NAFLD [31], the present work was undertaken to assess the
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impact of sitagliptin on inflammation in the context of die-
tary hypercholesterolemia. Using Sprague—Dawley (SD) rats
gavaged with vehicle or an aqueous suspension of sitagliptin
and fed high-Cho diet, we report that sitagliptin accentuated
the effects of high dietary Cho on hepatic and peripheral
markers of inflammation [32].

Research design and methods

All animal experiments were performed according to the
National Institutes of Health Guide for Care and Use of
Experimental Animals, and were approved by the Institu-
tional Animal Care and Use Committee of the Pennington
Biomedical Research Center, Baton Rouge, LA.

Animals and diets

Adult male SD rats (6 weeks old) weighing 225-250 g were
obtained from Envigo RMS, Inc. (Indianapolis, IN) and used
in all experiments. Purina #5001 Chow containing 25.05%
carbohydrate, 24.1% protein and 11.4% fat was supple-
mented with 0.5% cholic acid and 2.0% maltose dextrin and
used as the control (Con) diet. The experimental diets were
formulated by Dyets (Bethlehem, PA) by enriching the Con
diet with 2.0% Cho to produce the high-Cho diet. The energy
content of Con and Cho diets were 12.71 kJ/g and12.77 kJ/g,
respectively. Food and water were provided ad libitum. Rats
were housed individually in cages with standard bedding in a
temperature and humidity-controlled room with a 12-h day/
night cycle regulation.

Animal experiment

Adult male rats were weight-matched and randomly assigned
to Con and Cho groups (n=16 per dietary group). After
10 days on their respective diets, half of the rats in each die-
tary group were orally gavaged with an aqueous suspension
of sitagliptin (100 mg/kg/day) [33, 34] while the remaining
half were gavaged with vehicle (water). The diet and drug
regimen were continued for an additional 25 days. Food
intake, body weight, body composition and fasting blood
glucose were measured at weekly intervals. On day 36, after
a 4-h fast, CO, inhalation was used to produce respiratory
arrest, followed by cardiac puncture to obtain blood samples
and rapid harvest of livers.

Measurement of body composition

Body composition (lean mass and fat mass) was measured
at the designated intervals in each experiment using NMR
spectroscopy (Bruker Minispec, Billerica, MA) and calibra-
tion standards provided by the manufacturer.
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Sample collection

A fasting blood sample (initial) was collected by retro-orbital
puncture under anesthesia (isoflurane—oxygen inhalation) at
the beginning of each experiment. The final blood sample
was collected at the end of the study by cardiac puncture
(after CO, inhalation just before euthanasia). Serum was
separated and stored at — 80 °C for the lipid and inflamma-
tory marker(s) analysis. Immediately after harvest, a small
segment from the largest lobe of the liver was processed for
fixation, paraffin embedding, and sectioning for histologi-
cal analysis. The remaining tissue was snap frozen in liquid
nitrogen and stored at — 80 °C for further analysis.

Histology

The liver samples were fixed in 10% neutral buffer formalin
and processed on a TissueTek VIP 6 Vacuum Infiltration
Processor. Liver tissue was embedded in paraffin and sec-
tioned into 5 pm and stained with hematoxylin and eosin
(H&E) for microscopy and histopathological examination.
The H&E staining was performed using a Leica St 5020
Autostainer. Slides were also scanned at 20X using a Hama-
matsu Nanozoomer Digital Pathology system (Hamamatsu
City, Japan). After blinding the identity of the specimens,
the liver slides were evaluated by the pathologist. The speci-
mens were evaluated for necrosis, fat infiltration, fibrosis
and mononuclear cell infiltration, and were assigned a score
between 1 and 4 where 1 had the lowest lesion and 4 had
the highest.

RNA isolation and quantitative real-time PCR

Approximately 50—100 mg of each liver sample was
mixed with 300 pL of TRIzol (MRC, Inc., Cincinnati, OH,

USA) and homogenized using a hand-held homogenizer.
After incubation for 5 min at room temperature, 30 puL of
1-bromo-3-cholopropane (Sigma-Aldrich, St. Louis, MO,
USA) was added and vortexed. After centrifugation at
12,000 rpm for 15 min at 4 °C, the supernatant was trans-
ferred to a fresh tube for the addition of 70% ethanol (1:1).
Total RNA was isolated using RNeasy mini kit (Qiagen,
Germantown, MD, USA) according to the manufacturer’s
protocol and RNA samples were quantified on a NanoDrop
spectrophotometer (ThermoFisher Scientific, Waltham,
MA, USA). 2.0 pg of total RNA was reverse-transcribed
using oligo-(dT),, primers and M-MLV reverse tran-
scriptase using the kit from Promega (Madison, WI) and
10 ng of cDNA was used to conduct quantitative real-time
PCR on a Step One Plus System (Applied Biosystems,
Foster City, CA, USA). The sequences of primers are pro-
vided in Table 1. Target gene expression in each sample
was normalized to the endogenous control gene cyclophi-
lin in respective samples.

Serum metabolite analyses

Serum IL-1fp and TNF-a were measured using Quantikine
enzyme-linked immunosorbent assay (ELISA) kits from
R&D Systems (Minneapolis, MN, USA) following the
manufacturer’s protocol.

Measurement of triglycerides and cholesterol
Triglycerides in serum were assayed using colorimetric

assay kits from Cayman (Ann Arbor, MI, USA) following
the manufacturer’s instructions. Total cholesterol in serum

Table 1 List of primers used for

QRT-PCR analysis Gene Forward primer sequence (5'-3") Forward primer sequence (5'-3")
CypA TATCTGCACTGCCAAGACTGAGTG CTTCTTGCTGGTCTTGCCATTCC
Tnfa AGACCCTCACACTCAGATCA GTCTTTGAGATCCATGCCATTG
Mcpl ATGATCCCAATGAGTCGGC AGTTTTCTAATGTACTTCTGGACCC
11b CAAGCAACGACAAAATCCCTG GACAAACCGCTTTTCCATCTTC
Cdl1b TCCCATCTTTCCCGCTAATTC ACTCAGTTTTGTCGGTCCTG
Cd68 CTCATCATTGGCCTGGTCC GTTGATTGTCGTCTGCGGG
Ibal GCCTCATCGTCATCTCCCCA AGGAAGTGCTTGTTGATCCCA
Cd3 GAAGAACGAGCAGCTGTATCA GAGAAACCTCCATCTCAAGACC
Cd4 GCTTTCTGGTTTTCACGGG GATTGTGGCTTTTCTGCATCC
Cds8 GCGATATTTACATCTGGGCACC AATTTCTCTGAAGGTCTGGGC
Ccl3 CATTGCTGACTATTTTGAGACCAG TCAGGCATTTAGTTCCAGCTC
Cxcl2 CATGAAGTTTGTCTCAACCCTG CTTTTCTCTTTGATTCTGCCCG
Veaml GAAAGGATCGTACAGTCTGGTG ATAGCTTGGTTTGTGGAGGG
Icaml AAGTCTGTCAAACGGGAGATG CGCAATGATCAGTACCAACAC
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Fig. 1 Effects of sitagliptin and high-Cho diet on serum triglyceride,
serum cholesterol and fasting blood glucose levels. SD rats were fed
Con (control) or high Cho (cholesterol) diets ad libitum. From day 10
through day 35 as described in “Materials and methods”, half the ani-
mals of each group were orally gavaged with vehicle and the remain-
ing half with an aqueous suspension of sitagliptin (100 mg/kg/day)
for the duration of the study. a Sitagliptin reduced serum triglycerides

was assayed with a colorimetric assay kit from Cell Biolabs
(San Diego, CA, USA).

Immunohistochemistry

For immunohistochemistry, formalin-fixed paraffin-embed-
ded liver sections were used. Slides were briefly depar-
affinized with xylene, dehydrated with ethanol and then
pressure heated for 20 min at 100 °C in Na citrate buffer.
Endogenous peroxidase activities were inactivated in 3%
H,0, in TBS for 12 min at room temperature. Samples
were then incubated with protein block for 30 min to block
non-specific antibody-binding sites. Overnight incubation
at 4 °C was performed using anti-IBA-1 (Waco), anti-CD-3
(Abcam) and anti-HMGB1 (Abcam) primary antibodies.
A negative antibody control was included in each case by
replacing the primary antibody with antibody diluent. Sec-
ondary detection was performed via Leica Bond Polymer
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in rats fed the Con diet. *p <0.05 vs. Con+ Vehicle, Cho + Vehicle
and Cho + Sitagliptin groups. b Sitagliptin reduced total Cho levels
in the serum of rats fed the Con diet. *p <0.05 vs. Con+ Vehicle and
#p<0.001 vs. Con+ Sitagliptin group. ¢ Fasting basal and terminal
blood samples were collected to measure blood glucose levels. Sitag-
liptin did not affect the fasting blood glucose levels irrespective of the
diets. All data are presented as the mean + SEM (n="7-8 per group)

Refine kit and slides were counterstained with hematoxy-
lin. Slides were scanned using a Hamamatsu NDP system
(Hamamatsu City, Japan). Using 46 random fields per slide,
positive staining was quantified and analyzed with the help
of ImageJ software.

Statistical analyses

The change in body weight, lean mass, and fat mass over
time were analyzed using a repeated measure two-way analy-
sis of variance (ANOVA) with diet and sitagliptin treatment
as classification variables. The variables measured at the end
of the experiment were analyzed using two-way ANOVA
with diet and sitagliptin treatment as main effects. Least
squares means for each diet and drug treatment combina-
tion were compared using the Tukey correction for multiple
comparisons (GraphPad software, La Jolla, CA, USA).
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Fig.2 Effects of sitagliptin and high-Cho diet on expression of
hepatic and peripheral inflammatory markers. SD rats were fed Con
and Cho diets ad libitum. From day 10 through day 35 as described in
“Materials and methods”, half the animals of each group were orally
gavaged with vehicle and the remaining half with an aqueous suspen-
sion of sitagliptin (100 mg/kg/day) for the duration of the experiment.
a—c Hepatic gene expression of inflammatory markers were meas-
ured. In rats fed the high-Cho diet, sitagliptin exacerbated the expres-
sion of a Tnfa (**%p <0.01 vs. Con+ Vehicle, Con + Sitagliptin and
Cho + Vehicle groups respectively), b 1116 (*p <0.01 vs. Con + Vehi-
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cle, #p<0.001 vs. Con+sitagliptin and ®p <0.01 vs. Cho+ Vehicle
groups), and cMcpl (**p<0.0001 vs. Con+ Vehicle, Con + Sitaglip-
tin groups, respectively, and $p <0.01 vs. Cho+ Vehicle group). d, e
Serum levels of inflammatory markers were measured by ELISA. In
rats on the high-Cho diet, sitagliptin exacerbated the circulating pro-
tein levels of d IL-1 (**p<0.01 vs. Con+ Vehicle, Con + Sitaglip-
tin groups, respectively, and *p <0.05 vs. Cho + Vehicle group) and e
TNF-a (*p<0.05 vs. Cho+ Vehicle; 7 test analysis show differences
within the Cho group). All data are presented as the mean+SEM
(n="7-8 per group)
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Fig. 3 Effects of sitagliptin and
high-Cho diet on liver histology.
SD rats were fed Con or Cho
diets ad libitum. From day 10
through day 35 as described

in “Materials and methods”,
half the animals in each group
were orally gavaged with
vehicle and the remaining half
with an aqueous suspension of
sitagliptin (100 mg/kg/day) for
the duration of the experiment.
Sections from the largest lobe
of the liver from each animal
were used for histopathological
evaluation. a, b Representative
sections of H&E-stained liver
tissue from the Con and Cho
groups gavaged with vehicle

or sitagliptin. a Sitagliptin
exacerbated hepatic damage in
rats fed the high-Cho diet. Scale
bars =100 um. b The hepatic
lesions assessed are represented
in a magnified liver image

of Cho + Sitagliptin group.
Scale bar=50 pm. F fibrosis,
IC inflammatory cells (mac-
rophages), fi fat infiltration, H
swollen hepatocytes
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Table 2 Histological scoring of liver samples of SD rats fed Con or Cho diets and gavaged with vehicle or sitagliptin
Specimen ID Con vehicle Cho vehicle
2 3 5 7 1 2 5 8
Histopathology findings N N N
Necrosis <I> <I> - <I> <l>
Fat infiltration - [4] [3-4] [3] [2]
Fibrosis - - - - -
Mononuclear cell infiltration - - - - -
Specimen ID Con sitagliptin Con sitagliptin
6 7 8 9 1 2 4 8
Histopathology findings N N N
Necrosis <1> <2> <3> <1> <1>
Fat infiltration - [2] [4] [3] (31
Fibrosis - (2] [2] - -
Mononuclear cell infiltration - [2] [2] - -

Severity score

Lesion distribution

1 =Minimal
2=Mild

3 =Moderate
4 =Marked

()=Focal
< > =Multifocal
[ 1=Diffuse

—=Lesion absent

Specimen ID denotes individual animal IDs in each group

N no histopathology findings

Fig.4 Effect of sitagliptin

and high-Cho diet on hepatic
necrosis. SD rats were fed

Con or Cho diets ad libitum.
From day 10 through day 35

as described in “Materials and
methods”, half the animals in
each group were orally gavaged
with vehicle and the remaining
half with an aqueous suspen-
sion of sitagliptin (100 mg/
kg/day) for the duration of the
experiment. Representative
IHC images of liver sections
using anti-HMGB1 antibody
are shown. Nuclear staining of

Con

HMGBI is evident in rats fed
the Con diet irrespective of gav-
age with vehicle or sitagliptin.
An increase in the cytoplasmic
staining is visible in rats fed the
high-Cho diet which is further
exacerbated by sitagliptin.
Arrows represent cytoplasmic
translocation of HMGB1 which
is indicative of necrosis

Cho

@ Springer



588

R. Pathak et al.

Results

The effects of high-Cho diet and sitagliptin
on triglyceride and cholesterol levels: model
validation

To validate the model used in our study, we examined some
of the well-established and beneficial effects of sitagliptin
treatment. Since sitagliptin has been documented to improve
lipid profiles, we tested the effects of sitagliptin on serum
triglycerides and cholesterol. Sitagliptin lowered serum tri-
glyceride levels in rats fed the Con diet, but it was without
effect on rats fed the high-Cho diet (Fig. 1a). Diet alone had
no effect on serum triglyceride in rats gavaged with vehi-
cle (Fig. 1a). A similar pattern emerged with respect to the
effects of diet and sitagliptin on serum cholesterol with two
notable differences. First, diet increased serum cholesterol in
the high-Cho group compared to Con and sitagliptin had no
effect on serum cholesterol in this group (Fig. 1b). Second,
the significantly lower serum cholesterol levels in the Con
group were further lowered by sitagliptin (Fig. 1b). There-
fore, in line with the results obtained by other investigators,
we also found that sitagliptin reduced lipid levels. However,
these beneficial effects of sitagliptin were abrogated in case
of hypercholesterolemic rats. Additionally, fasting blood
glucose levels were measured which remained unaffected
by sitagliptin and high-Cho diet in the given experimental
duration (Fig. 1c).

The effects of high-Cho diet and sitagliptin
on hepatic and peripheral markers of inflammation

The primary objective of the current study was to assess the
impact of dietary Cho and sitagliptin on hepatic and periph-
eral markers of inflammation. Using the expression of Tnfa,
111b and Mcp1 as hepatic markers of inflammation, we found
that sitagliptin was without effect on hepatic inflammatory
markers in rats on the Con diet (Fig. 2a—c). In contrast,
expression of these markers was modestly increased in rats
on the high-Cho diet gavaged with vehicle, but in this case,
the increase did not reach the threshold for statistical sig-
nificance (Fig. 2a—c). However, in rats on the high-Cho diet
gavaged with sitagliptin, Tnfa mRNA was increased 15-fold
compared to Con rats (Fig. 2a), ///b mRNA was increased
sevenfold compared to Con rats (Fig. 2b), and Mcpl mRNA
was increased eightfold relative to Con rats (Fig. 2c).
Serum IL-1f levels were unchanged by sitagliptin in rats
on the Con diet, and the high-Cho diet alone did not produce
a significant increase in IL-1p (Fig. 2d). However, when
rats on the high-Cho diet were gavaged with sitagliptin, a
significant increase in serum IL-1p was detected (Fig. 2d).
In addition, serum TNF-a was undetectable in rats on the
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Fig.5 Effect of sitagliptin and diets on hepatic mononuclear cell p

infiltration. SD rats were fed Con or Cho diets ad libitum. From day
10 through day 35 as described in “Materials and methods”, half
the animals in each group were orally gavaged with vehicle and the
remaining half with an aqueous suspension of sitagliptin (100 mg/
kg/day) for the duration of the experiment. a Representative sections
of H&E-stained liver tissue from the Con and Cho groups gavaged
with vehicle or sitagliptin. Arrows indicate diffuse mononuclear cell
infiltration in rats fed high Cho and gavaged with sitagliptin. b—g
Hepatic gene expression of macrophage and T-cell-specific markers
were measured. In rats fed the high-Cho diet, sitagliptin increased the
mRNA levels of b Cdl1b (*’#p<0.01 vs. Con+ Vehicle, Con+ Sit-
agliptin groups, respectively, and $p <0.05 vs. Cho + Vehicle group),
¢ Cd68 (*p<0.05, *¥p<0.0001 vs. Con+ Vehicle group; #p <0.05,
#p<0.0001 vs. Con+Sitagliptin group; ¥p<0.01 vs. Cho+ Vehi-
cle group), d Ibal (*p<0.05, **p<0.0001 vs. Con+ Vehicle group;
#»<0.05, *¥p<0.0001 vs. Con+Sitagliptin group; *p<0.01 vs.
Cho+ Vehicle group), e Cd3 (¥p<0.001 vs. Con+ Vehicle group,
#p<0.01 vs. Con+Sitagliptin group and ®p<0.05 vs. Cho+ Vehi-
cle group), f Cd4 (¥*p<0.05, **p<0.01 vs. Con+ Vehicle group;
#p<0.05, #p<0.01 vs. Con+Sitagliptin group) and g Cd8
(**p<0.01 vs. Con + Vehicle, Con + Sitagliptin groups, respectively,
and ®p<0.05 vs. Cho+ Vehicle group). h-i Representative THC
images of liver sections using anti-IBA-1 and anti-CD3 antibodies
where brown positive staining is indicative of h macrophages and i
T cells, respectively. j, k These images were analyzed using ImagelJ.
Sitagliptin enhanced infiltration of j macrophages (**p<0.001 vs.
Con + Vehicle, Cho+ Vehicle groups, respectively, and *p <0.0001
vs. Con + Sitagliptin group) and k T cells (*3p <0.05 vs. Con + Vehi-
cle, Cho+ Vehicle groups, respectively, and #p<0.01 vs. Con + Sit-
agliptin group) in the liver of rats fed the high-Cho diet. 1 Cor-
responding H&E and IHC images demonstrating macrophages as
the predominant cells infiltrating the livers of rats fed high Cho and
gavaged with sitagliptin. m—p Hepatic mRNA levels of markers of
cell recruitment were measured. In rats fed the high-Cho diet, sit-
agliptin increased the gene expression of m Ccl3 (**p<0.01 vs.
Con + Vehicle, Con + Sitagliptin groups, respectively, and $p <0.05
vs. Cho+ Vehicle group), n Cxcl2 (**p<0.01 vs. Con+ Vehicle,
Con + Sitagliptin groups, respectively, and *p <0.05 vs. Cho + Vehi-
cle group), o Vcaml (¥*p<0.05, **p<0.001 vs. Con+ Vehicle
group; *p<0.05, #p<0.001 vs. Con+ Sitagliptin group; *p <0.05
vs. Cho + Vehicle group) and p Icaml (**p<0.01 vs. Con+ Vehicle,
Con + Sitagliptin groups, respectively, and ®p <0.05 vs. Cho + Vehicle
group). All data are presented as the mean + SEM (n="7-8 per group)

Con diet, irrespective of whether they were administered
sitagliptin or not (Fig. 2e). However, serum TNF-a was
detectable in rats on the high-Cho diet gavaged with vehicle
(Fig. 2e). More importantly, rats on the high-Cho diet gav-
aged with sitagliptin showed a further 14-fold increase in
serum TNF-a (Fig. 2e). Collectively, these findings establish
that sitagliptin acts synergistically with the high-Cho diet
to increase expression of hepatic and circulating markers of
inflammation.

The effects of high-Cho diet and sitagliptin
on structural changes in liver

To test for corresponding histopathological changes in
liver, H&E-stained liver sections were examined and
scored (1-4) to quantify the severity of hepatic lesions.
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ate and severe hepatic lesions, respectively. The lesions
monitored were necrosis, fat infiltration, fibrosis and
mononuclear cell infiltration. As anticipated, no hepatic
lesions were detected in rats on the Con diet regardless
of whether they were gavaged with vehicle or sitaglip-
tin (Fig. 3, Table 2). However, fat infiltration and necro-
sis were observed in livers from rats on high-Cho diet.

Sitagliptin
N T RA LY

— = 7
2 1 L pat o oy U7

e des ik f:ﬁ‘é\t\,}u 2

LI e SRR

5

C
£5 310 Vehicke ##
2 % [l Sitagliptin $
@
£S 6
SE
S = *
Sc 4 #
O & —
25
i 2
D
g Nml

Con Cho

E
g2 |0 vehicte #
TE 4 B Sitagliptin
@
£S
s
$E 3
Q&
O% -
Q0 =
b
8_ <@ 1 ——
T3

h N

Con Cho

For example, in vehicle-administered rats on high-Cho
diet, 75% had minimal necrosis (Score 1) and moderate
to severe fat infiltration (scores 3—4) (Fig. 3, Table 2).
However, when sitagliptin was administered to rats on the
high-Cho diet, fat infiltration was not reduced but necro-
sis became severe and further confounded by fibrosis
and infiltration of mononuclear cells. Fat infiltration was
observed in 75% of these rats, while necrosis was present
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Fig.5 (continued)

in 50% of the rats, with scores ranging from 3 to 4 and 2
to 3 for the respective pathologies. Additionally, moderate
fibrosis and mononuclear cell infiltration were observed in
50% of these rats, corresponding to a score of 2 (Fig. 3,
Table 2). In summary, the histopathological evaluation of
liver tissues reveals a significant interaction between sit-
agliptin and the high-Cho diet that exacerbates the severity
of hepatic lesions.
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The effects of high-Cho diet and sitagliptin
on hepatic necrosis

Necrosis is one form of cell deaths that has been rec-
ognized to have role in various acute and chronic liver
pathologies. To corroborate our histopathological findings
and to explore whether necrosis was increased in livers of
rats fed high Cho and gavaged with sitagliptin, we assessed
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the expression of high mobility group box 1 (HMGB1)
protein by staining the liver sections with HMGBI1 anti-
body (Fig. 4). HMGBI is a ubiquitous nuclear protein
and is passively released by necrotic cells. Liver sections
of rats fed Con diet revealed nuclear staining of HMGB1
(Fig. 4). A slight increase in cytoplasmic translocation of
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HMGBI in addition to nuclear staining was detectable in
rats on Cho diet (Fig. 4). Interestingly, when sitagliptin
was gavaged to high-Cho group, the cytoplasmic stain-
ing of HMGBI1 (indicative of necrosis) was markedly
increased (Fig. 4).
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The effects of high-Cho diet and sitagliptin £ £
on mononuclear cell infiltration in the liver T Eop
2 Bs
Histopathological data from our studies demonstrated %‘: 5 §
increased hepatic influx of mononuclear cells in rats on ; g :‘:
high-Cho diet and gavaged with sitagliptin (Fig. 5a). Next, E 'é’ g
we aimed to identify the cellular nature of hepatic inflamma- w oo | E &
tion resulting from the high-Cho diet and sitagliptin. Among S8R 828| & 28
the mononuclear cells, macrophages and T cells have been ‘é f| i i i i ; § §
demonstrated to play crucial roles in the pathogenesis of E“ S o a § § g gfv
NAFLD. Therefore, using real-time PCR and IHC, mark- o g b? 'c'i
ers specific to macrophages and T cells were analyzed in ; = %D
the liver tissues. Using mRNA expression of Cdl1b, Cd68 g = 3
and Ibal as markers of macrophage infiltration, we found 5 i 8
that sitagliptin increased hepatic expression of each of these § § §
genes in rats fed the high-Cho diet (Fig. 5b—d). Some of _2 kS 'g_
these markers were directly influenced by diet alone. For § g“ g
example, the high-Cho diet had no effect on Cd/1b expres- S S § § ;
sion (Fig. 5b). However, the mRNA levels of Cd68 and Ibal TS 3s3|E &F
were notably increased by high-Cho diet alone (Fig. Sc, % c;l ;' :gl g oy E“ 2 i
d). Unlike the high-Cho group, sitagliptin was without _L\:O) 2 SRS S £ 3 3
effect on expression of these markers in rats on the Con £ % §
diet (Fig. 5b—d). Additionally, like macrophage markers, a = 38
synergistic interaction between sitagliptin and the high-Cho E g é
diet was observed with respect to T-cell marker expression - iﬁ
(Fig. 5e—g). Cd3, which is a pan-T-cell-specific marker, was g § § g
shown to be upregulated in the high-Cho group gavaged with % ; '-g 60
sitagliptin (Fig. 5e). Expression of Cd3 was not increased § - o E S g 5
by the high-Cho diet alone (Fig. 5e). In addition, the Con A T2 88|5g 2=
diet did not affect the expression of Cd3 with or without = =l B 25 £ 5
sitagliptin (Fig. Se). To further characterize the specific T § gﬂ é ; - § § § "E § é
cell population as T helper or T cytotoxic, mRNA expression :—.‘; @ o 2 f e go
of Cd4 and Cd8, respectively, were evaluated. Compared % a ﬁ : 2
to controls, Cd4 expression was increased only in the liv- g ,§’ é’ LE
ers of rats fed high-Cho diet (Fig. 5f). Although sitagliptin - 52 ig
did not produce a significant increase in Cd4 expression in = g g 3 ‘;3
Cho group, it was still significantly greater than in rats on é § § %D g
Con diet (Fig. 5f). Further, the high-Cho diet alone did not é =z 8
increase Cd8 expression, but gavage of this group with sit- 3 T e o 2 ; %’; .g i
agliptin produced a significant increase in Cd8 expression g « 2222 E £ g:‘:
To further support our findings, immunohistochemistry z|18|2| & S o | =2 g 5% 2
using anti-IBA-1 and anti-CD-3 antibodies was performed B B g 3 '*_3 &
to assess the hepatic influx of macrophages and T cells, E 3 2 55 ¢&
respectively (Fig. 5h, i). Consistent with our gene expres- é > E g ; _§ CE
sion data, liver histology showed that rats fed high Cho and To;u = § % g k= ; %’
gavaged with sitagliptin had severe hepatic inflammation E ) § g é 2
with inflammatory cell clusters composed of macrophages g . E E 3= 8 go H
(Fig. 5h) and T cells (Fig. 5i), with macrophages being the = < P ¥ 3 z ER g
predominant cells infiltrating the liver (Fig. 51). Quantita- 2|8 E % ® E % B2 g —g‘ 2
tive analysis using ImageJ software revealed a significant i 2 g é ‘E «E i ; ,%D g ol
influx of macrophages (Fig. 5j) and T cells (Fig. 5k) in the 2 2 2 aw ¥|E S 573
livers of rats fed high-Cho diet and gavaged with sitagliptin. S |2 2R i2L5I28 288
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Recruitment of these inflammatory cells in livers of this
group was mediated by a marked increase in chemoattract-
ant such as Ccl3 (Fig. 5Sm), Cxcl2 (Fig. 5n) and endothelial-
expressed cell adhesion molecules such as Vecaml (Fig. 50)
and Icaml (Fig. 5p).

The effects of high-Cho diet and sitagliptin on body
composition and energy balance

To assess whether the experimental diet and sitagliptin
were affecting inflammatory markers independently through
effects on body weight or body composition, the effects of
each combination on energy balance were examined. Analy-
sis of final body weight, lean mass and adiposity did not
show significant differences across the groups (Table 3).
Also, the food and energy intake per unit body weight did
not differ among the groups (Table 3). Thus, feeding diets
enriched with Cho and administration of sitagliptin did not
have major effects on body weight, composition, and energy
balance (Table 3). Although sitagliptin increased the expres-
sion of inflammatory markers in rats fed the high-Cho diet,
it seems unlikely that this response is related to changes in
body weight or body composition among the groups.

Discussion

A large number of genetic and environmental factors such as
lifestyle and diet have been associated with obesity, insulin
resistance and diabetes which are recognized as important
risk factors for the development of NAFLD [35]. Several
studies have reported a positive association between West-
ern dietary pattern and the risk of NAFLD [36]. Western
diets are primarily comprised of meat, poultry and dairy
products which contain high amounts of Cho. Emerging evi-
dence suggests that Cho is an important risk factor in NAFL/
NASH pathogenesis, in addition to triglycerides and free
fatty acids [13, 37—41]. Therefore, increased consumption
of meat, poultry and dairy products directly would translate
to higher intake of Cho, and thus contribute to the disease
burden of NAFL and its progression to more severe inflam-
matory stage, NASH.

The inflammatory response is particularly relevant, as it
is a key factor in the development and progression of not
only NAFLD but also CVD, which can be life threatening.
Therefore, we investigated the effects of dietary enrichment
with Cho in relation to inflammation in adult male SD rats.
Rodents generally do not experience elevated serum Cho
when fed high-Cho diet unless it is a transgenic strain, such
as ApoE—/—, or they consume a high-Cho diet supplemented
with cholic acid or other bile salts [42]. Therefore, to induce
hypercholesterolemia in the experiment presented here, rats
were fed custom-made diets enriched with 2% Cho containing

0.5% cholic acid. As anticipated, the serum Cho levels of rats
fed high-Cho diet were significantly higher compared to rats
on Con diet, thus proving the diets were effective in induc-
ing hypercholesterolemia in these animals. We carried out
intervention studies with sitagliptin, due to its known anti-
inflammatory and other health benefits that are independent
of its hypoglycemic properties [18—24]. Sitagliptin belongs
to the class of DPP-4 inhibitors and is an oral medication in
clinical practice for the management of type 2 diabetes.

Sitagliptin has also been shown to impact lipid levels, and
in type 2 diabetic patients with hyperlipidemia, treatment
with this drug improved lipid profile by lowering serum lev-
els of triglycerides and total Cho [26]. In the current study,
sitagliptin mediated a reduction in circulating triglyceride
as well as Cho levels in the serum of the rodents consuming
the Con diet. Feeding a high-Cho diet, however, masked the
beneficial effect of sitagliptin on lipid profile, providing a
strong case that Cho is a significant risk factor and high-Cho
diets have the potential to undermine the beneficial effects
of sitagliptin.

Importantly, although it was anticipated that sitagliptin
would reduce the inflammatory profiles of hypercholester-
olemic animals, these rats, in fact, experienced an increase
in hepatic inflammation. These results were highly repro-
ducible, and we were able to unequivocally demonstrate
the hepato-inflammatory effects of sitagliptin in a high-Cho
background in three independent animal studies conducted
by our group. A search of the literature indicates a relation-
ship between hypercholesterolemia and pathological altera-
tions in the liver [43]. Consistent with these studies, we also
found minimal necrosis and mild fat infiltration in the liver
of hypercholesterolemic rats. Upon dosing with sitagliptin,
there was an additional increase in the severity of hepatic
lesions. Rats consuming the high-Cho diet that were treated
with sitagliptin had higher injury scores and other lesions
such as fibrosis and infiltration of mononuclear cells. Fur-
ther, macrophages and T cells were identified as the major
cells contributing to hepatic inflammation evident in rats fed
high Cho and gavaged with sitagliptin.

Sitagliptin has been shown to reduce food intake and
also has weight-neutral effects [44]. There were no differ-
ences between food intake or body weight and composition
between the dietary groups, nor did the parameters change
with sitagliptin treatment for the duration of our study
(35 days). Additionally, fasting blood glucose levels were
not significantly different among the groups at any point dur-
ing the study, irrespective of the intervention with the drug.
Although sitagliptin is known to attenuate hyperglycemia,
the animals in this study were euglycemic and did not expe-
rience hyperglycemia and were, therefore, unable to respond
to the drug in this manner.

The phenomenal increase in hepatotoxic markers by sit-
agliptin in rats fed high Cho is very interesting and merits
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additional investigations. This unanticipated finding is con-
trary to the anti-inflammatory properties of this drug as
reported by previous workers [45, 46]. However, based on
some recent reports and our own findings, it is possible that
previously reported anti-inflammatory effects of DPP-4
inhibitors may vary based on the extent and duration of the
dietary intake of Cho. Since there are reports of increased
cardiovascular, and hepatic and pancreatic pathologies due
to sitagliptin/DPP-4 inhibitor therapies, more studies are
needed to better understand potential diet/drug interactions
that may compromise the beneficial effects of the drug. Also,
whether the observed increase in inflammatory responses
due to sitagliptin is specific, or a generalized effect of all
DPP-4 inhibitors, merits further investigations. Multiple
mechanisms may culminate in sitagliptin-mediated exacer-
bation of hepatotoxicity of rats on high-Cho diet. The stud-
ies on the mechanisms of hepatotoxic effects of sitagliptin
in hypercholesterolemia, however, are beyond the scope of
the present manuscript. The current work would pave way
for mechanistic studies by other investigators in addition to
our own efforts.

In summary, data from our studies explicitly demonstrate
that sitagliptin exacerbates hepatic inflammation in rats on
the high-Cho diet. Future studies in diabetic animal models
fed a high-Cho diet and administered sitagliptin would shed
light on the safety of this drug in hyperglycemic conditions
combined with hypercholesterolemia. This would be rel-
evant in furthering our understanding of the management
of hyperglycemia in diabetic patients who are hypercholes-
terolemic and, therefore, we believe our findings may have
important translational implications.
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