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Insulin sensitizers and incretin mimetics are antidiabetic
agents with vastly different mechanisms of action. Thiazolidi-
nedione (TZD) insulin sensitizers are associated with weight
gain, whereas glucagon-like peptide-1 receptor agonists can
induce weight loss. We hypothesized that combination of a TZD
insulin sensitizer and the glucagon-like peptide-1 receptor
agonist liraglutide would more significantly improve mouse
models of diabetes and nonalcoholic steatohepatitis (NASH).
Diabetic db/db and MS-NASH mice were treated with the TZD
MSDC-0602K by oral gavage, liraglutide (Lira) by s.c. injection,
or combination 0602K+Lira. Lira slightly reduced body weight
and modestly improved glycemia in db/db mice. Comparatively,
0602K-treated and 0602K+Lira-treated mice exhibited slight
weight gain but completely corrected glycemia and improved
glucose tolerance. 0602K reduced plasma insulin, whereas Lira
further increased the hyperinsulinemia of db/db mice. Surpris-
ingly, 0602K+Lira treatment reduced plasma insulin and C-
peptide to the same extent as mice treated with 0602K alone.
0602K did not reduce glucose-stimulated insulin secretion
in vivo, or in isolated islets, indicating the reduced insulinemia
was likely compensatory to improved insulin sensitivity. In MS-
NASH mice, both 0602K or Lira alone improved plasma alanine
aminotransferase and aspartate aminotransferase, as well as liver
histology, but more significant improvements were observed
with 0602K+Lira treatment. 0602K or 0602K+Lira also increased
pancreatic insulin content in both db/db and MS-NASH mice. In
conclusion, MSDC-0602K corrected glycemia and reduced
insulinemia when given alone, or in combination with Lira.
However, 0602K+Lira combination more significantly improved
glucose tolerance and liver histology, suggesting that this com-
bination treatment may be an effective therapeutic strategy for
diabetes and NASH.

Insulin resistance can result in elevated rates of insulin
secretion and hyperinsulinemia. If unresolved, pancreatic beta
cell failure can lead to loss of beta cell mass via cell death or
dedifferentiation (1, 2). Insulin sensitizers are an attractive
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therapeutic strategy as they not only target the core defective
insulin signaling pathways but can also reduce this stress on
beta cells and preserve beta cell mass (3). However, clinical use
of the main class of insulin sensitizers, the thiazolidinediones
(TZDs), is limited owing to side effects such as weight gain,
edema, bone loss, and bladder cancer risk. These side effects are
thought to be due to agonism of the nuclear receptor peroxi-
some proliferator-activated receptor y (PPARy). Yet numerous
studies have described acute, PPARy-independent effects of
TZDs (4-7), which have led to the development of several TZDs
with very low affinity for PPARy, such as MSDC-0602K,
MSDC-0160, and PXL065. The molecular target of these
compounds is the mitochondrial pyruvate carrier (MPC) (8—10),
which is also inhibited by the traditional PPARy-activating
TZDs (9). The clinical profile of PPARy-sparing TZDs appears
improved compared with traditional TZDs with respect to
edema, bone loss, and degree of weight gain (11-13).

Another popular class of antidiabetic agents is the glucagon-
like peptide-1 receptor agonists (GLP-1RA). These incretin-
like peptides improve glycemia by increasing postprandial in-
sulin secretion, suppressing glucagon secretion, and delaying
gastric emptying. GLP-1RAs such as liraglutide can also
induce weight loss in humans and animal models (14, 15).

Insulin resistance and diabetes are driving factors for the
development and progression of nonalcoholic fatty liver dis-
ease (NAFLD) and nonalcoholic steatohepatitis (NASH).
Although there are currently no approved therapies for
treatment of NAFLD/NASH, both TZDs (13, 16-21) and
GLP-1RAs (22-25) can improve aspects of liver pathology in
humans and animal models. The purpose of this current study
was to investigate whether combining the PPARy-sparing TZD
MSDC-0602K and the GLP-1RA liraglutide would better
improve mouse models of diabetes and NASH.

Results

Effects of MSDC-0602K and liraglutide on body weight, tissue
weights, and glycemia of db/db mice

Beginning at 9 weeks of age, db/db mice were treated with
MSDC-0602K, liraglutide, combination, or both vehicle
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MSDC-0602K plus liraglutide in diabetes and NASH

solutions. 0602K treatment caused slight weight gain and Lira
treatment caused slight weight loss compared with vehicle-
treated db/db mice (Fig. 14). Mice treated with 0602K+Lira
combination displayed slight weight gain similar to mice
treated with 0602K alone (Fig. 1A). Blood glucose was moni-
tored weekly and was completely corrected to db/+ levels by
0602K or 0602K+Lira treatments, whereas Lira treatment
more modestly improved glycemia (Fig. 1B). Both drugs indi-
vidually improved glucose tolerance compared with vehicle-
treated db/db mice, and the 0602K+Lira combination
improved glucose tolerance beyond even lean db/+ mouse
levels (Fig. 1, C and D). At sacrifice, 4-h fasted blood glucose
levels were completely corrected by 0602K or 0602K+Lira
(Fig. 1E). Plasma fructosamine levels supported the weekly
glucose measurements indicating that Lira modestly improved

glycemia, whereas 0602K or 0602K+Lira completely corrected
glycemia (Fig. 1F). These results indicate that, although 0602K
alone is able to correct glycemia, the combination of
0602K+Lira better improves glucose tolerance in db/db mice.

Epididymal white adipose tissue weights were unaffected by
drug treatment (Fig. 2A4), but 0602K trended to increase
inguinal subcutaneous white adipose tissue and significantly
increased brown adipose tissue weight whether provided alone
or in combination with Lira (Fig. 2, B and C). Increased liver
weights in db/db mice were not altered by drug treatment
(Fig. 2D), yet hepatic triacylglyceride (TAG) was nearly
significantly reduced by 0602K+Lira (Fig. 2E). Hepatic
glycogen levels were also increased in db/db mice and were
completely normalized by either 0602K or 0602K+Lira
(Fig. 2F). Thus, 0602K increased adiposity and corrected
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Figure 1. MSDC-0602K alone and in combination with liraglutide improves glycemia and glucose tolerance in db/db mice. A, average body weights
of each treatment group. B, average weekly blood glucose concentrations. C and D, blood glucose excursions and calculated area under the curve from an
i.p. glucose tolerance test (GTT). E, 4-h fasted blood glucose concentrations measured at time of sacrifice. F, plasma fructosamine concentrations. N = 7 db/+
Veh; 13 db/db Veh, 12 db/db 0602K, 7 db/db Lira, and 11 db/db 0602K+Lira. All data are mean + SEM. Individual data points represent a single mouse.
Ordinary one-way ANOVA with Tukey’s multiple comparison test: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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Figure 2. Effects of MSDC-0602K or liraglutide on tissue weights, liver triglycerides, and glycogen. A-D, epididymal (visceral) white adipose tissue
(WAT), inguinal (subcutaneous) WAT, intrascapular brown adipose tissue (BAT), and liver weights. E and F, hepatic triglyceride (TAG) and glycogen con-
centrations. N = 7 db/+ Veh; 13 db/db Veh, 12 db/db 0602K, 7 db/db Lira, and 11 db/db 0602K+Lira. All data are mean + SEM. Individual data points represent
a single mouse. Ordinary one-way ANOVA with Tukey’'s multiple comparison test: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

hepatic glycogen levels whether given alone or in combination
with Lira.

Effects of MSDC-0602K and liraglutide on insulinemia and
plasma lipids

Vehicle-treated db/db mice were hyperinsulinemic, and
0602K decreased these plasma insulin concentrations (Fig. 34).
In contrast, Lira treatment further increased plasma insulin, yet
mice treated with 0602K+Lira displayed reduced insulin similar
to 0602K-treated animals (Fig. 34). To resolve whether the
changes in insulinemia were due to insulin secretion versus
insulin  clearance, we measured plasma C-peptide
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concentrations, which were strongly elevated in vehicle-treated
db/db mice. Although Lira further increased C-peptide con-
centrations, 0602K or 0602K+Lira-treated mice displayed
reduced C-peptide (Fig. 3B). An increased insulin/C-peptide
ratio in 0602K-treated mice suggests that 0602K more
strongly reduced insulin secretion versus increased clearance
(Fig. 3C). Plasma nonesterified fatty acids (NEFAs), TAG, and
cholesterol were all increased in vehicle-treated db/db mice, and
reduced by 0602K, Lira, or 0602K+Lira treatments (Fig. 3, D—F).
These results suggest that 0602K reduces hyperinsulinemia by
reducing insulin secretion even in combination with liraglutide,
yet all treatments were able to improve plasma lipids.
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Figure 3. MSDC-0602K reduces insulinemia and plasma lipids. A-f, plasma insulin, C-peptide, insulin/C-peptide ratio, nonesterified fatty acids (NEFA),
triglycerides (TAG), and cholesterol concentrations. N = 7 db/+ Veh; 13 db/db Veh, 12 db/db 0602K, 7 db/db Lira, and 11 db/db 0602K+Lira. All data are
mean + SEM. Individual data points represent a single mouse. Ordinary one-way ANOVA with Tukey’s multiple comparison test: *p < 0.05, **p < 0.01, ***p <

0.001, and ****p < 0.0001.

MSDC-0602K improves insulin sensitivity and partially restores
islet insulin content

A subset of mice was subjected to an i.p. insulin tolerance
test, which when normalized to starting glucose levels, clearly
indicated that only db/+ lean mice, or mice treated with
0602K, had a significant decrease in blood glucose from insulin
(Fig. 4, A and B). Subsequently, mice were injected with insulin
i.p. and sacrificed after 10 min to assess insulin signaling.
Livers from db/+ mice displayed a robust phosphorylation of
AKT upon insulin injection, which was severely blunted in
vehicle-treated db/db livers (Fig. 4, C and D). Although 0602K
treatment partially restored the insulin-stimulated AKT
phosphorylation in the liver, liraglutide treatment resulted in

4 | Biol. Chem. (2021) 296 100807

no improvement (Fig. 4, C and D). These improvements in
insulin sensitivity led to improved pancreatic islet insulin
content, which was very low in vehicle-treated db/db mice
(Fig. 4, E and F). Altogether, these results suggest that 0602K
treatment with or without liraglutide improves insulin sensi-
tivity and partially restores islet insulin content.

MSDC-0602K does not acutely inhibit insulin secretion

We next wanted to test whether 0602K was directly inhib-
iting insulin secretion. This is particularly intriguing as 0602K
inhibits the MPC (9, 10), and we have previously shown that
mice with beta cell-specific MPC deletion display defective
glucose-stimulated insulin secretion (GSIS) (26). In a subset of

SASBMB
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Figure 4. MSDC-0602K improves insulin sensitivity and partially restores islet insulin content. A and B, blood glucose concentrations and glucose
concentrations normalized to T = 0 values during an i.p. insulin tolerance test (n = 5). C and D, representative Western blot and quantified densitometry of
liver lysates for insulin-stimulated AKT phosphorylation (n = 1 saline control and n = 4 insulin injection for all groups). E and F, representative H&E and
insulin/glucagon immunofluorescence images of pancreatic islets (scale bars, 100 um) with islet insulin intensity measured by the islet green fluorescence
normalized to green fluorescence of surrounding exocrine pancreas tissue. Individual data points represent the average intensity of at least 12 islets per
mouse. All data are mean + SEM. Ordinary one-way ANOVA with Tukey’s multiple comparison test: *p < 0.05, **p < 0.01, and ****p < 0.0001.

mice, plasma insulin was measured before and 30 min after an
i.p. injection of glucose. 0602K- or 0602K+Lira-treated mice
displayed significantly lower starting insulinemia; however,
these mice had ~60% increases in insulin concentrations after
glucose injection compared with 7% increase in vehicle-treated
db/db mice (Fig. 5A). Although these results suggest that
0602K treatment does not directly inhibit insulin secretion, we
also tested this in isolated wildtype mouse islets, which also
showed no effect of 0602K treatment on GSIS (Fig. 5B). Of
interest, 0602K does appear to inhibit the MPC in cultured
Beta-TC6 insulinoma cells, as 0602K or the MPC inhibitor
UK-5099 were both able to reduce glucose/pyruvate-
stimulated oxygen consumption and increase glycolysis
(Fig. 5, C and D). Therefore, despite inhibiting the beta cell
MPC and mitochondrial pyruvate metabolism, 0602K does not

SASBMB

acutely inhibit insulin secretion. Finally, a single gavaged dose
of 0602K 16 h prior was able to reduce plasma insulin and C-
peptide concentrations in diet-induced obese fl/fl (wildtype)
and rat insulin promoter (RIP) Cre-driven beta cell MPC2
knockout mice (Fig. 5, E-G). Thus, insulin secretion was
reduced by 0602K even when the molecular target of 0602K
was not expressed in the pancreatic beta cells. Altogether,
these results suggest that 0602K does not acutely inhibit in-
sulin secretion but rather reduces insulin secretion chronically
owing to improved peripheral insulin sensitivity.

MSDC-0602K and liraglutide improve liver pathology in a
mouse model of NASH

Insulin resistance is a strong driver of NAFLD, and 0602K
improves aspects of NASH histology in both mice and humans

J. Biol. Chem. (2021) 296 100807 5
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measured after a single dose of vehicle or 0602K 16 h prior. All data are mean + SEM. Individual data points represent a single mouse. Ordinary one-way

ANOVA with Tukey’s multiple comparison test: *p < 0.05 and **p < 0.01.

(13, 16). To test if NASH was more significantly improved with
dual 0602K and Lira therapy, MS-NASH mice were fed a
Western diet and provided fructose in the drinking water to
develop obesity and NASH. Vehicle, 0602K, Lira, or
0602K+Lira treatments were started after 18 weeks on diet,
and similar to the db/db study, 0602K-treated mice tended to
display increased body weight (Fig. 6, A and B). Plasma alanine
aminotransferase (ALT) and aspartate aminotransferase (AST)
were monitored monthly, and Lira caused modest reductions
in these plasma markers of liver injury, whereas 0602K or
0602K+Lira induced more significant reductions (Fig. 6, C—F).
Only 0602K+Lira reduced liver weights compared with
vehicle-treated mice; however, as a percentage of body weight,
0602K- or 0602K+Lira-treated mice displayed reduced liver
size (Fig. 7, A and B). Liver TAG and glycogen concentrations
were unaffected by any treatment in these mice (Fig. 7, C and
D). Scoring of liver histology agreed with the biochemical
measurements that steatosis was not improved by any treat-
ment (Fig. 7, E and F). However, hepatic inflammation and

6 . Biol. Chem. (2021) 296 100807

ballooning were significantly improved by combination
0602K+Lira treatment (Fig. 7, G and H). 0602K or Lira alone
improved the NAFLD activity score, whereas the 0602K+Lira
combination more significantly improved NASH liver histol-
ogy (Fig. 7, E and I). Fine bridging fibrosis was identified in all
mice, and although the fibrosis histology scores were not
improved by any treatment (data not shown), 0602K or
0602K+Lira treatment reduced the expression of several
collagen and extracellular matrix—related genes (Fig. 7)).
Altogether, these results indicate that the combination of
0602K and Lira improves NASH in this mouse model.

MSDC-0602K decreases insulinemia and improves pancreas
insulin content in MS-NASH mice

0602K, Lira, or 0602K+Lira treatment did not reduce blood
glucose in these MS-NASH mice (Fig. 84). However, 0602K or
0602K+Lira treatment strongly reduced plasma insulin
(Fig. 8B). Plasma NEFAs were also significantly reduced by
0602K or 0602K+Lira treatment (Fig. 8C), suggesting

SASBMB
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improved insulin action and decreased adipose lipolysis.
Finally, insulin immunohistochemistry identified a greater
number of insulin+ cells in 0602K- or 0602K+Lira-treated
pancreata (Fig. 8, D and E). Thus, similar to the db/db study,
these results suggest that the improved insulin sensitivity with
0602K increases islet insulin content.

Discussion

The overall goal of these present studies was to assess
whether combination of a novel TZD insulin sensitizer and a
GLP-1RA would improve diabetes and NASH better than
either individual therapy. Studies in db/db mice suggested that
combining MSDC-0602K and liraglutide did indeed provide
more significant improvement in glucose tolerance. Glycemia,
insulinemia, and insulin sensitivity were greatly improved with
0602K and not further improved by 0602K+Lira treatment.
0602K also improved pancreatic insulin content, and
0602K+Lira further increased islet insulin content. In MS-
NASH mice, although plasma biomarkers and some aspects
of NASH histology were improved by each treatment, more
significant improvements were achieved with combination
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0602K+Lira. A secondary goal of these studies was to test if the
weight loss associated with liraglutide could prevent the weight
gain associated with TZDs. In the db/db study, 0602K+Lira-
treated mice displayed similar slight weight gain as 0602K-
treated mice; however, there was some attenuation of weight
gain from combined 0602K+Lira treatment in the MS-NASH
study. A study in diabetic rats using a rather low dose of
Pioglitazone and double the dose of Lira as used in the current
study also observed the greatest improvement in glucose
tolerance with Pioglitazone+Lira, and Lira-treated rats lost
weight, whereas Pioglitazone+Lira did not attenuate the
Pioglitazone-induced weight gain (27). However, a study of
Pioglitazone+Lira in db/db mice did observe attenuation of the
Pioglitazone-induced weight gain with combined Lira treat-
ment (28).

The strongest effects observed in our db/db study were the
complete correction of glycemia and reduction in insulinemia
with 0602K. This decrease in insulinemia with TZDs has been
well described in both humans and animal models of insulin
resistance and diabetes (29-31). The presiding dogma is that
improved insulin sensitivity indirectly reduces the need for
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Figure 7. MSDC-0602K+liraglutide treatment improves NASH pathology. A and B, liver weight and liver weight normalized to body weight (BW). C and
D, liver triglyceride (TAG) and glycogen concentrations. E, representative liver H&E and picrosirius red images (scale bars, 200 pm). F-/, nonalcoholic fatty
liver disease histology scores. J, hepatic gene expression for stellate cell activation, collagen, and extracellular matrix. n = 10 for all groups. All data are
mean + SEM. Individual data points represent a single mouse. Ordinary one-way ANOVA with Tukey’s multiple comparison test: *p < 0.05, **p < 0.01, ***p <
0.001, and ****p < 0.0001.
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insulin hypersecretion, and thus TZDs can improve beta cell
insulin content and function (3, 31-33). However, it has
recently been recognized that traditional and PPARy-sparing
TZDs can bind and inhibit the MPC (8-10), and pyruvate
import into the mitochondria via the MPC plays an important
role in beta cell glucose sensing and GSIS (26, 34). This raises
the possibility that MPC inhibition with TZDs may directly
inhibit beta cell insulin secretion, and indeed there are reports
of acute TZD treatment decreasing GSIS (35, 36). In this study,
however, MSDC-0602K did not reduce GSIS in vivo or in
isolated islets (Fig. 4C), and 0602K was still able to reduce
plasma insulin and C-peptide concentrations in mice lacking
MPC expression in beta cells (Fig. 4, E and F). A similar TZD
molecule, MSDC-0160, was also found to have no effect on
GSIS but improved insulin content and beta cell phenotype in
isolated human islets (37). Of interest, MPC inhibition with the
tool-compound UK-5099 appears to alleviate the metabolic
stress of islets cultured in high glucose (38). Finally, the pre-
served islet insulin content with TZDs can lead to enhanced
insulin secretion during glucose challenge (31, 32), and this
was noted with 0602K or 0602K+Lira treatment in this study

SASBMB

(Fig. 5A). Altogether, these findings suggest that TZDs do not
directly inhibit GSIS, but rather they improved insulin sensi-
tivity indirectly by reducing the need for excessive chronic
insulin secretion.

Although we observed similar decreases in insulinemia with
0602K or 0602K+Lira in the MS-NASH model of nonalcoholic
steatohepatitis, the main goal of this experiment was to analyze
fatty liver pathology. All treatments improved plasma ALT and
AST, as well as certain aspects of liver histology, with the
combination of 0602K+Lira typically resulting in more sig-
nificant improvements (Fig. 6, C—F and Fig. 7, E-I). Similar to
our previous study in which we fed C57BL/6] mice a NASH-
inducing diet (16), 0602K treatment did not improve hepatic
triglycerides and steatosis (Fig. 7, C, E and F). Conversely,
steatosis was improved by 0602K in humans with NASH (13).
Our previous study identified reductions in histologic fibrosis
with 0602K (16), which were not observed in the current
model, even with 0602K+Lira combination. Yet both the
current and previous studies identified reduced expression of
genes related to hepatic stellate cell activation and fibrosis, and
these were not further reduced by 0602K+Lira (Fig. 7).
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Overall, despite no improvements in hepatic steatosis, total
NAFLD histologic scores were improved by both therapies,
and most significantly by the combination of 0602K+Lira.

There were a limited number of analyses that displayed
additive improvement with combined 0602K+Lira treatment.
Namely, glucose tolerance in the db/db mice and liver weights
and combined NAFLD activity scores in the MS-NASH mice
were the main endpoints for which 0602K+Lira outperformed
0602K-only treatment. This could be due to a rather low dose
of liraglutide used in these studies (0.2 mg/kg every other day),
compared with other rodent studies that use similar doses with
daily or even twice daily injections (28, 39, 40). However, we
are confident that we provided an effective dose of liraglutide
as Lira-treated animals displayed weight loss, increased plasma
insulin concentrations, and improved glycemia. It is most
surprising that, even though Lira increased insulinemia,
combination with 0602K resulted in similar suppression of
insulinemia compared with 0602K-treated mice but with
improved effects from the 0602K+Lira combination on glucose
tolerance.

In conclusion, although MSDC-0602K improved many as-
pects of insulin resistance and NASH by itself, glucose toler-
ance and several aspects of NASH were more significantly
improved by combining 0602K and liraglutide. In the MS-
NASH study, Lira attenuated the weight gain associated with
0602K, but this was not the case in db/db mice. This study also
clarifies that TZDs likely reduce insulinemia not by directly
inhibiting GSIS in beta cells but indirectly by improving pe-
ripheral insulin sensitivity and decreasing the need for
heightened secretion. It remains unclear why MPC inhibition
with TZDs does not reduce GSIS unlike genetic MPC deletion
(16). Nonetheless, these studies suggest that combining insulin
sensitizer and GLP-1RA therapies may better improve diabetes
and fatty liver disease and potentially attenuate TZD-induced
weight gain.

Experimental procedures

All experiments and procedures were approved by the
Institutional Animal Care and Use Committee of Saint Louis
University and conform to NIH guidelines for the care and use
of laboratory animals (41). All mice were housed in standard
rodent caging at 20 to 25 °C with ad libitum access to food and
water with a light cycle from 6:00 AM to 6:00 PM.

db/db Mouse studies

Five-week-old male db/db mice on C57BL/6] background
and age/sex-matched db/+ control mice were purchased from
The Jackson Laboratory (B6.BKS(D)—Leprdb/], stock #000697).
Mice were provided ad libitum access to water and chow
(Laboratory Rodent Diet 20 (5LOB), LabDiet). At 9 weeks of
age, blood glucose was measured by nick of the tail vein and
measuring with a Contour Next glucometer (Ascensia Dia-
betes Care). The db/db mice were then divided into treatment
groups based on averaged body weights and blood glucose
concentrations: Vehicle (Veh), 30 mg/kg MSDC-0602K
(0602K) gavage daily, 0.2 mg/kg liraglutide (Lira) s.c.
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injection every other day, or combined 0602K+Lira. Lira was
obtained from MedChemExpress (HY-P0014). Vehicle gavage
solution was 1% low-viscosity carboxymethylcellulose, 0.1%
Tween-80, and 1% dimethyl sulfoxide (DMSO). A 0.9% NaCl
solution was vehicle for s.c. injection. db/+ and db/db Veh
mice received both the gavage and s.c. injection vehicles.
0602K-treated mice also received vehicle s.c. injection,
whereas Lira-treated mice also received gavage vehicle. After
3 weeks of treatment, mice were euthanized by CO, asphyxi-
ation and blood was collected by cannulation of the inferior
vena cava, placed into an EDTA-containing tube, and centri-
fuged at 8000g for 8 min at 4 °C to collect plasma. Tissues
were dissected, blotted dry, frozen in liquid nitrogen, and
stored at —80 °C. Pieces of liver and pancreas were placed in
neutral buffered formalin for histological evaluation.

Glucose and insulin tolerance tests

For the GTT, at 8:00 AM mice were weighed and fasted.
Four hours later, mice were injected i.p. with 1 g/kg D-glucose
in 0.9% NaCl immediately after measuring blood glucose (T =
0) by a nick to the tail vein and a Contour Next glucometer
(Ascensia Diabetes Care). Blood glucose was monitored at 15,
30, 60, 90, and 120 min post injection by removing the scab
from the tail. In a subset of mice, ~50 to 60 ul of blood was
removed from the tail nick collected by a heparinized capillary
tube both before (T = 0) and 30 min following 1 g/kg glucose
i.p. injection. Plasma insulin was measured as stated below. For
insulin tolerance test, mice were weighed and fasted at 9:00
AM and 4 h later injected ip. with 0.75 U/kg insulin
(Humulin) in 0.9% NaCl, with blood glucose measured from a
lateral nick of the tail vein at T = 0, 30, 60, 90, and 120 min
post injection.

Western blotting for insulin signaling

A subset of mice was injected i.p. with 0.9% NaCl or 5 mU/g
insulin in 0.9% NaCl and sacrificed 10 min post injection.
Tissues were harvested and snap frozen in liquid nitrogen and
stored at —80 °C until analyzed. Approximately 50 mg of liver
tissue was homogenized using a bead homogenizer (Mini-
Beadbeater, Biospec Products Inc) in an NP-40-based lysis
buffer (15 mM NaCl, 25 mM Tris base, 1 mM EDTA, 0.2%
NP-40, 10% glycerol) supplemented with 1X complete prote-
ase inhibitor cocktail and phosphatase inhibitors (1 mM
Na3VO, 1 mM NaF, and 1 mM PMSF). Protein concentra-
tions were measured by MicroBCA (ThermoFisher Scientific),
and 50 pg of protein was electrophoresed on precast Criterion
4% to 15% polyacrylamide gels (Bio-Rad) and transferred onto
0.45 pm Immobilon polyvinyldifluoride membranes (Milli-
poreSigma). Membranes were then blocked in 5% bovine
serum albumin (BSA) in Tris-buffered saline with Tween-20
(TBST) for 1 h. Primary antibodies were then used at 1:1000
in 5% BSA-TBST overnight while rocking at 4 °C. Antibodies
for phosphorylated AKT S473 and total AKT were from Cell
Signaling (4060 and 4691, respectively), whereas antibody for
a-Tubulin was from Sigma (T5168). After primary antibody
incubation, membranes were washed with TBST and probed
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with near-IRDye secondary antibodies (926-32213 and 926-
68072) in 5% BSA-TBST for 1 h, washed, and then developed
on a LiCor Odyssey imager. AKT activation by insulin was
quantified by measuring the densitometry of pAKT-S473 and
total AKT using LiCor ImageStudio Lite software and calcu-
lating the ratio of phosphorylated AKT/total AKT.

MS-NASH mouse studies

Studies of the MS-NASH mouse model (Jackson Laboratory
MSNASH/PcoJ, stock #030888) were performed at Crown-
Biosciences Inc. Beginning at 9 weeks of age, male MS-NASH
mice were fed ad libitum with a “Western diet” (D12079B,
Research Diets Inc) containing 40% kcal fat, 17% kcal protein,
43% kcal carbohydrate, and 1.5 g/kg cholesterol and ad libitum
drinking water containing 5% (w/v) fructose. Body weight was
measured weekly, and blood was collected via the tail vein for
measurement of blood glucose and plasma ALT and AST
every 4 weeks as described below. Based on average ALT
concentrations, mice were divided into four treatments: Veh,
0602K, Lira, or 0602K+Lira, performed identically to the db/db
studies described above for a duration of 6 weeks. Mice were
euthanized by CO, asphyxiation, and blood was collected via
cardiac puncture. Tissues were dissected and frozen in liquid
nitrogen. Pieces of liver and pancreas were fixed in neutral
buffered formalin for histological examination.

RIPCreMPC2—/- mouse studies

Generation of Mpc2 floxed mice and RIPCreMPC2-/-
pancreatic beta cell MPC2-/- mice on the C57BL/6] background
was reported previously (10, 26). For these studies, 6-week-old
male RIPCreMPC2-/- and littermate fl/fl control mice were fed
60% high-fat diet for 10 weeks (D12492, Research Diets Inc).
Based on body weight, mice were divided into two single gavage
treatments: Vehicle or 30 mg/kg 0602K. Sixteen hours post
gavage, mice were euthanized by CO, asphyxiation. Blood was
collected from the inferior vena cava into an EDTA-coated tube
and processed as above, and plasma was stored at —80 °C.

Seahorse analysis

Beta TC6 insulinoma cells were purchased from ATCC
(ATCC-CRL-11506) and were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) +15% FBS and 1% Pen/Strep in a 5%
CO, incubator. The day prior to assay, cells were trypsinized
and plated onto a Seahorse 96-well XFe plate at a density of
15,000 cells per well. On the next day, 1 h prior to assay, cells
were changed to Seahorse DMEM medium with either DMSO
vehicle, 20 uM MSDC-0602K, or 5 uM UK-5099 and placed in
a CO,-free incubator. The assay DMEM medium contained
20 mM glucose and 2 mM pyruvate. After the 1-h pre-
incubation, cells were assayed with a “mitochondrial stress
test” in a Seahorse XFe96 bioanalyzer (Agilent). Injected
compounds were 2 uM oligomycin, 2 pM FCCP, and 1 pM
rotenone and antimycin A. At baseline and after each injection
both oxygen consumption rates and extracellular acidification
rates (glycolysis) were measured three times with 2-min mix-
ing periods between each measurement.
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Pancreatic islet isolation and glucose-stimulated insulin
secretion assay

Wildtype male and female C57BL/6] mice were obtained
(Jackson Laboratory, stock #000664) and maintained on
normal chow. Between 10 and 20 weeks of age, mice were
euthanized by 3% to 5% isoflurane inhalation and cervical
dislocation. Islets were isolated similar to previously described
procedures (26, 42), after perfusion of the pancreas through
the common bile duct with 5 to 10 ml of calcium-free Hanks-
buffered saline solution supplemented with 0.4 mg/ml Type V
collagenase (C9263, Sigma). After overnight culture, islets
were treated with either 1 or 23 mM glucose and either DMSO
vehicle or 10 pM 0602K in a 37 °C incubator for 1 h. Insulin
concentration of the supernatants was measured with a
mouse/rat insulin ELISA (EZRMI-13K, EMD Millipore).

Plasma hormone, metabolite, and ALT and AST assays

Plasma fructosamine levels were measured with a colori-
metric kit (K450-100, BioVision Inc). Plasma insulin and C-
peptide were measured with mouse/rat ELISAs (EZRMI-13K
and EZRMCP2-21K, respectively, EMD Millipore). Plasma
NEFAs were measured by enzymatic colorimetric assay
(NEFA-HR(2), FUJIFILM Wako). Plasma triacylglycerol
(TAG) and cholesterol were measured with colorimetric assays
(TR22421 and TR13421, respectively, ThermoFisher Scienti-
fic). Plasma ALT and AST concentrations were measured with
kinetic spectrophotometric assays (A524-150 and A559-150,
respectively, Teco Diagnostics).

Liver TAG and glycogen assays

Liver TAG concentrations were measured as described (16).
Frozen tissue, 40 to 140 mg, was homogenized using a bead
homogenizer (Mini-Beadbeater, Biospec Products Inc) in 0.9%
NaCl at a volume to provide 0.1 mg liver/pl. Liver homogenate
was combined (1:1) with 1% sodium deoxycholate, vortexed,
and placed at 37 °C for 5 min to solubilize lipids. TAG was
then measured by colorimetric assay (TR22421, ThermoFisher
Scientific).

Liver glycogen was measured using previously described
methods (43). Liver tissue, 20 to 75 mg, was boiled in 300 pl of
30% KOH at 100 °C for 30 min. Tubes were cooled on ice, and
100 ul of 2% Na,SO, and 800 pl of 100% EtOH was added and
the tubes were vortexed. Tubes were boiled for 5 min and
centrifuged at 16,000g for 5 min; then the supernatant was
aspirated. The pellet was dissolved in 1 ml of 80% EtOH and
recentrifuged at 16,000¢ for 5 min. The final pellets were
resuspended in 200 pul of 0.3 mg/ml amyloglucosidase (Sigma)
in 0.2 M sodium acetate. Serial dilutions of 10 mg/ml oyster
glycogen (Sigma) were prepared as standards. Samples and
standards were incubated in a 40 °C water bath for 3 h and
then diluted 1:1 with H,O; 5 pl of each was added to a 96-well
plate. Two hundred microliters of glucose assay buffer (0.3 M
triethanolamine, pH~7.5, 4 mM MgCl,, 2 mM ATP, 0.9 mM
NADP+, and 5 pg/ml glucose-6-phosphate dehydrogenase)
was added to each well, and absorbance was measured at
340 nm. Hexokinase (1 pg; Sigma) was then added to each
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well, the plate incubated at room temperature in the dark for
30 min, and absorbance remeasured at 340 nm.

Pancreas and liver histology and immunohistochemistry
analyses

Formalin-fixed liver and pancreas sections were embedded
in paraffin blocks, processed routinely, and sectioned onto
glass slides. Liver slides were stained for H&E and picrosirius
red and were evaluated by a histopathologist blinded to mouse
treatment and group designations. Liver slides were scored for
NAFLD activity (combined scores of steatosis, inflammation,
and hepatocyte ballooning) and fibrosis similar to human bi-
opsy scoring (44).

For the db/db study, unstained pancreas slides were used for
immunofluorescence as described (26). Slides were rehydrated
then permeabilized with 1 mg/ml trypsin (T7168, Sigma) in
H,O for 25 min at room temperature. Slides were washed 2 x
5 min with 0.2% NP40-PBS and blocked with 0.2% NP40-PBS
containing 3% BSA for 30 min at room temperature. Slides
were incubated with primary antibodies overnight at 4 °C in a
humidity chamber. Primary antibodies were guinea pig anti-
insulin polyclonal and mouse anti-glucagon monoclonal,
both 1:100 (ab7842 and ab10988, respectively, Abcam). On the
following day, slides were washed 3 x 5 min with 0.2% NP40-
PBS, then incubated with secondary antibodies for 2 h at room
temperature. Secondary antibodies were goat anti-guinea pig,
Alexa Fluor 488 and goat anti-mouse, Alexa Fluor 594
(A11073 and A21125, respectively, ThermoFisher Scientific).
Slides were washed 3 x 5 min with 0.2% NP40-PBS, and glass
coverslips were mounted with ProLong Diamond with DAPI
(P36971, ThermoFisher Scientific). Slides were imaged on a
Leica DM5500B fluorescence microscope with Leica DFC365
FX camera (Leica Microsystems Inc). Intensity of the green
insulin fluorescence of pancreatic islets relative to nearby
exocrine pancreas was measured using NIH Image] software.

For the MS-NASH study, pancreas slides were stained with
H&E or prepared for insulin immunohistochemistry by per-
forming heat-induced epitope retrieval using EnVision FLEX
Target Retrieval Solution, low pH~6 (Dako, K8005; Agilent),
with preheating to 80 °C and increased temperature to 95 °C
for 20 min after slides were added. Slides were then incubated
in 3% H,O, for 5 min and incubated with rabbit anti-Insulin
antibody, 1:100, for 45 min (#4590, Cell Signaling Technol-
ogy). Slides were then washed, and secondary antibody EnVi-
sion+ anti-rabbit labeled polymer-HRP was applied for 30 min
(Dako, K4003; Agilent), followed by DAB+ chromogen solu-
tion for 5 min. Slides were then rinsed in water and counter-
stained with modified Harris hematoxylin (Dako, S3301;
Agilent). Slides were covered with coverslip and scanned at
20X on an Aperio Scanscope XT (Leica Biosystems), and in-
sulin+ cells were quantified by HALO software (Indica Labs).

RNA isolation, cDNA synthesis, and quantitative RT-PCR
analyses

Frozen liver tissue, 5 to 20 mg, was homogenized in 1 ml
RNA-STAT reagent (Tel-Test) with isopropanol and EtOH
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precipitation. RNA pellets were resuspended in 200 pl water
and assessed by Nanodrop (ThermoFisher Scientific). RNA, 1
pg, was reverse transcribed into cDNA by Superscript VILO
kit (ThermoFisher Scientific), using an Applied Biosystems
2720 Thermal Cycler (ThermoFisher Scientific). qPCR was
performed for all samples in duplicate with Power SYBR Green
using an Applied Biosystems QuantStudio-3 real-time ther-
mocycler (ThermoFisher Scientific). Target gene Ct values
were normalized to reference gene (Rplp0) Ct values by the
2724C method. Oligonucleotide primer sequences are listed in
electronic supplementary material Table S1.

Statistics

All data are expressed as means + SEM, with individual
data points shown as dot plots, or curves over time dis-
played as means + SEM. Individual data points represent a
single mouse. No data were excluded from any study
measurements. Investigators were not blinded to genotype
or treatment. The db/db study was performed with three
separate cohorts/replicates of mice and combined. For liver
histology analysis of the MS-NASH studies, the pathologist
was blinded to mouse number and treatment groups. The
MS-NASH study was performed with a single cohort of
mice. Statistical analyses were performed using GraphPad
Prism 8 (GraphPad) using ordinary one-way ANOVA and
Tukey’s multiple comparisons tests, and p < 0.05 was
considered statistically significant.

Data availability

All data generated during these studies are included in the
text, figures, and tables of this article and electronic supple-
mentary material. Source data or materials will be supplied by
the corresponding author with reasonable request.

Supporting  information—This article contains

information.

supporting

Acknowledgments—The MS-NASH mouse study was performed at
Crown Biosciences Inc and was funded by Cirius Therapeutics.

Author contributions—D. R. K, K. D.P,, M. C. S,,L. N. H,, and K. S.
M. formal analysis; D. R. K,, K. D. P,, M. C. S,, L. N. H,, and K. S. M.
investigation; D. R. K., K. D. P.,, M. C. S,, and K. S. M. methodology;
D.R. K, K. D.P, M. C. S, and K. S. M. writing-original draft; D. R.
K,K. D.P,M.C.S,L. N. H, J. R C, and K. S. M. writing-review
and editing; J. R. C. and K. S. M. conceptualization; K. S. M. data
curation; K. S. M. supervision; K. S. M. funding acquisition; K. S. M.
project administration.

Funding and additional information—K. S. M. is supported by
NIH R00 HL136658. The db/db study and analyses received no
specific grant funding from any public or commercial agency.
The content is solely the responsibility of the authors and does
not necessarily represent the official views of the National In-
stitutes of Health.

Conflict of interest—]. R. C. is an employee, chief scientific officer,
and stockholder of Cirius Therapeutics, which is developing

SASBMB



MSDC-0602K for NASH. All other authors declare no relationships
or conflicts of interest.

Abbreviations—The abbreviations used are: ALT, alanine trans-
aminase; AST, aspartate transaminase; DMEM, Dulbecco’s modi-
fied Eagle’s medium; DMSO, dimethyl sulfoxide; GLP-1RA,
glucagon-like peptide-1 receptor agonist; GSIS, glucose-stimulated
insulin secretion; Lira, liraglutide; MPC, mitochondrial pyruvate
carrier; NAFLD, nonalcoholic fatty liver disease; NASH, nonalco-
holic steatohepatitis; NEFA, nonesterified fatty acid; PPARy,
peroxisome proliferator-activated receptor y; RIP, rat insulin pro-
moter; TAG, triacylglyceride; TBST, Tris-buffered saline with
Tween-20; TZD, thiazolidinedione; Veh, vehicle solution.

References

1.

10.

11.

12.

13.

Donath, M. Y., Ehses, J. A., Maedler, K., Schumann, D. M., Ellingsgaard,
H., Eppler, E., and Reinecke, M. (2005) Mechanisms of beta-cell death in
type 2 diabetes. Diabetes 54 Suppl 2, S108—S113

. Talchai, C.,, Xuan, S., Lin, H. V., Sussel, L., and Accili, D. (2012) Pancreatic

beta cell dedifferentiation as a mechanism of diabetic beta cell failure. Cell
150, 1223-1234

. Campbell, I. W., and Mariz, S. (2007) Beta-cell preservation with thia-

zolidinediones. Diabetes Res. Clin. Pract. 76, 163-176

. Adams, M. D., Raman, P., and Judd, R. L. (1998) Comparative effects of

englitazone and glyburide on gluconeogenesis and glycolysis in the iso-
lated perfused rat liver. Biochem. Pharmacol. 55, 1915-1920

. Raman, P,, Foster, S. E., Stokes, M. C,, Strenge, J. K., and Judd, R. L. (1998)

Effect of troglitazone (Rezulin) on fructose 2,6-bisphosphate concentra-
tion and glucose metabolism in isolated rat hepatocytes. Life Sci. 62,
PL89-PLY4

. Raman, P, and Judd, R. L. (2000) Role of glucose and insulin in

thiazolidinedione-induced alterations in hepatic gluconeogenesis. Eur. J.
Pharmacol. 409, 19-29

. Chen, Z, Vigueira, P. A, Chambers, K. T, Hall, A. M., Mitra, M. S., Qi,

N., McDonald, W. G., Colca, J. R, Kletzien, R. F., and Finck, B. N. (2012)
Insulin resistance and metabolic derangements in obese mice are
ameliorated by a novel peroxisome proliferator-activated receptor
gamma-sparing thiazolidinedione. J. Biol. Chem. 287, 23537—23548

. Colca, J. R, McDonald, W. G., Cavey, G. S., Cole, S. L., Holewa, D. D,,

Brightwell-Conrad, A. S., Wolfe, C. L., Wheeler, J. S., Coulter, K. R,
Kilkuskie, P. M., Gracheva, E., Korshunova, Y., Trusgnich, M., Karr, R,
Wiley, S. E., et al. (2013) Identification of a mitochondrial target of
thiazolidinedione insulin sensitizers (mTOT)-relationship to newly
identified mitochondrial pyruvate carrier proteins. PLoS One 8, e61551

. Divakaruni, A. S., Wiley, S. E., Rogers, G. W., Andreyev, A. Y., Petrosyan,

S., Loviscach, M., Wall, E. A, Yadava, N., Heuck, A. P., Ferrick, D. A,
Henry, R. R., McDonald, W. G., Colca, J. R., Simon, M. I, Ciaraldi, T. P.,
et al. (2013) Thiazolidinediones are acute, specific inhibitors of the
mitochondrial pyruvate carrier. Proc. Natl. Acad. Sci. U. S. A. 110, 5422—
5427

McCommis, K. S., Chen, Z., Fu, X., McDonald, W. G., Colca, J. R,
Kletzien, R. F., Burgess, S. C., and Finck, B. N. (2015) Loss of mito-
chondrial pyruvate carrier 2 in the liver leads to defects in gluconeo-
genesis and compensation via pyruvate-alanine cycling. Cell Metab. 22,
682-694

Colca, J. R, VanderLugt, J. T., Adams, W. J., Shashlo, A., McDonald, W.
G., Liang, J., Zhou, R, and Orloff, D. G. (2013) Clinical proof-of-concept
study with MSDC-0160, a prototype mTOT-modulating insulin sensi-
tizer. Clin. Pharmacol. Ther. 93, 352—359

Fukunaga, T., Zou, W., Rohatgi, N., Colca, J. R., and Teitelbaum, S. L.
(2015) An insulin-sensitizing thiazolidinedione, which minimally
activates PPARgamma, does not cause bone loss. /. Bone Miner. Res. 30,
481-488

Harrison, S. A., Alkhouri, N., Davison, B. A., Sanyal, A., Edwards, C,,
Colca, J. R,, Lee, B. H,, Loomba, R., Cusi, K., Kolterman, O., Cotter, G.,

SASBMB

MSDC-0602K plus liraglutide in diabetes and NASH

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

and Dittrich, H. C. (2020) Insulin sensitizer MSDC-0602K in non-
alcoholic ~ steatohepatitis: A randomized, double-blind, placebo-
controlled phase IIb study. /. Hepatol. 72, 613—-626

Vilsboll, T., Zdravkovic, M., Le-Thi, T., Krarup, T., Schmitz, O., Cour-
reges, J. P., Verhoeven, R., Buganova, L., and Madsbad, S. (2007) Lir-
aglutide, a long-acting human glucagon-like peptide-1 analog, given as
monotherapy significantly improves glycemic control and lowers body
weight without risk of hypoglycemia in patients with type 2 diabetes.
Diabetes Care 30, 1608—1610

Secher, A., Jelsing, J., Baquero, A. F., Hecksher-Sorensen, J., Cowley, M.
A., Dalboge, L. S., Hansen, G., Grove, K. L., Pyke, C., Raun, K., Schaffer,
L., Tang-Christensen, M., Verma, S., Witgen, B. M., Vrang, N., et al.
(2014) The arcuate nucleus mediates GLP-1 receptor agonist liraglutide-
dependent weight loss. J. Clin. Invest. 124, 44734488

McCommis, K. S., Hodges, W. T., Brunt, E. M., Nalbantoglu, 1., McDo-
nald, W. G., Holley, C., Fujiwara, H., Schatffer, J. E., Colca, J. R., and Finck,
B. N. (2017) Targeting the mitochondrial pyruvate carrier attenuates
fibrosis in a mouse model of nonalcoholic steatohepatitis. Hepatology 65,
1543-1556

Kalavalapalli, S., Bril, F., Koelmel, J. P., Abdo, K., Guingab, J., Andrews, P.,
Li, W. Y, Jose, D., Yost, R. A, Frye, R. F., Garrett, T. J., Cusi, K., and
Sunny, N. E. (2018) Pioglitazone improves hepatic mitochondrial function
in a mouse model of nonalcoholic steatohepatitis. Am. J. Physiol. Endo-
crinol. Metab. 315, E163—-E173

Musso, G., Cassader, M., Paschetta, E., and Gambino, R. (2017) Thia-
zolidinediones and advanced liver fibrosis in nonalcoholic steatohepatitis:
A meta-analysis. JAMA Intern. Med. 177, 633—640
Neuschwander-Tetri, B. A, Brunt, E. M., Wehmeier, K. R, Oliver, D., and
Bacon, B. R. (2003) Improved nonalcoholic steatohepatitis after 48 weeks
of treatment with the PPAR-gamma ligand rosiglitazone. Hepatology 38,
1008-1017

Sanyal, A. J., Chalasani, N., Kowdley, K. V., McCullough, A., Diehl, A. M.,
Bass, N. M., Neuschwander-Tetri, B. A., Lavine, J. E., Tonascia, J., Unalp,
A., Van Natta, M., Clark, J., Brunt, E. M., Kleiner, D. E., Hoofnagle, J. H.,
et al. (2010) Pioglitazone, vitamin E, or placebo for nonalcoholic steato-
hepatitis. N. Engl. J. Med. 362, 1675-1685

Cusi, K., Orsak, B., Bril, F., Lomonaco, R., Hecht, J., Ortiz-Lopez, C., Tio,
F., Hardies, J., Darland, C., Musi, N., Webb, A., and Portillo-Sanchez, P.
(2016) Long-term pioglitazone treatment for patients with nonalcoholic
steatohepatitis and prediabetes or type 2 diabetes mellitus: A randomized
trial. Ann. Intern. Med. 165, 305-315

Duparc, T., Briand, F., Trenteseaux, C., Merian, J., Combes, G., Najib, S.,
Sulpice, T., and Martinez, L. O. (2019) Liraglutide improves hepatic
steatosis and metabolic dysfunctions in a 3-week dietary mouse model of
nonalcoholic steatohepatitis. Am. J. Physiol. Gastrointest. Liver Physiol.
317, G508-G517

Eguchi, Y., Kitajima, Y., Hyogo, H., Takahashi, H., Kojima, M., Ono, M.,
Araki, N., Tanaka, K., Yamaguchi, M., Matsuda, Y., Ide, Y., Otsuka, T,
Ozaki, I, Ono, N., Eguchi, T., et al. (2015) Pilot study of liraglutide
effects in non-alcoholic steatohepatitis and non-alcoholic fatty liver dis-
ease with glucose intolerance in Japanese patients (LEAN-]). Hepatol. Res.
45, 269-278

Newsome, P. N., Buchholtz, K., Cusi, K., Linder, M., Okanoue, T., Ratziu,
V., Sanyal, A. ], Sejling, A. S., Harrison, S. A., and Investigators, N. N.
(2021) A placebo-controlled trial of subcutaneous semaglutide in nonal-
coholic steatohepatitis. N. Engl. J. Med. 384, 1113-1124

Somm, E., Montandon, S. A., Loizides-Mangold, U., Gaia, N., Lazarevic,
V., De Vito, C, Perroud, E., Bochaton-Piallat, M. L., Dibner, C,
Schrenzel, J., and Jornayvaz, F. R. (2021) The GLP-1R agonist liraglutide
limits hepatic lipotoxicity and inflammatory response in mice fed a
methionine-choline deficient diet. Transl. Res. 227, 75-88

McCommis, K. S., Hodges, W. T., Bricker, D. K., Wisidagama, D. R,
Compan, V., Remedi, M. S., Thummel, C. S., and Finck, B. N. (2016) An
ancestral role for the mitochondrial pyruvate carrier in glucose-
stimulated insulin secretion. Mol. Metab. 5, 602—614

Larsen, P. J., Wulff, E. M., Gotfredsen, C. F., Brand, C. L., Sturis, J., Vrang,
N., Knudsen, L. B., and Lykkegaard, K. (2008) Combination of the insulin
sensitizer, pioglitazone, and the long-acting GLP-1 human analog,

J. Biol. Chem. (2021) 296 100807 13


http://refhub.elsevier.com/S0021-9258(21)00602-5/sref1
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref1
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref1
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref2
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref2
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref2
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref3
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref3
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref4
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref4
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref4
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref5
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref5
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref5
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref5
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref6
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref6
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref6
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref7
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref7
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref7
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref7
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref7
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref8
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref8
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref8
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref8
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref8
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref8
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref9
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref9
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref9
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref9
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref9
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref9
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref10
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref10
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref10
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref10
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref10
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref11
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref11
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref11
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref11
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref12
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref12
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref12
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref12
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref13
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref13
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref13
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref13
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref13
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref14
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref14
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref14
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref14
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref14
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref14
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref15
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref15
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref15
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref15
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref15
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref16
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref16
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref16
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref16
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref16
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref17
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref17
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref17
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref17
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref17
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref18
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref18
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref18
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref19
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref19
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref19
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref19
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref20
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref20
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref20
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref20
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref20
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref21
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref21
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref21
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref21
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref21
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref22
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref22
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref22
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref22
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref22
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref23
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref23
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref23
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref23
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref23
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref23
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref24
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref24
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref24
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref24
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref25
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref25
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref25
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref25
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref25
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref26
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref26
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref26
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref26
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref27
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref27
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref27

MSDC-0602K plus liraglutide in diabetes and NASH

28.

29.
30.

31.

32.

33.

34.

35.

liraglutide, exerts potent synergistic glucose-lowering efficacy in severely
diabetic ZDF rats. Diabetes Obes. Metab. 10, 301-311

Kimura, T., Kaneto, H., Shimoda, M., Hirukawa, H., Okauchi, S., Kohara,
K., Hamamoto, S., Tawaramoto, K., Hashiramoto, M., and Kaku, K.
(2015) Protective effects of pioglitazone and/or liraglutide on pancreatic
beta-cells in db/db mice: Comparison of their effects between in an early
and advanced stage of diabetes. Mol. Cell. Endocrinol. 400, 78—89
Miyazaki, Y., Matsuda, M., and DeFronzo, R. A. (2002) Dose-response
effect of pioglitazone on insulin sensitivity and insulin secretion in type 2
diabetes. Diabetes Care 25, 517-523

Tozzo, E., Bhat, G., Cheon, K,, and Camacho, R. C. (2015) Pioglitazone
increases whole body insulin sensitivity in obese, insulin-resistant rhesus
monkeys. PLoS One 10, 0126642

Diani, A. R, Sawada, G., Wyse, B., Murray, F. T., and Khan, M. (2004)
Pioglitazone preserves pancreatic islet structure and insulin secretory
function in three murine models of type 2 diabetes. Am. J. Physiol.
Endocrinol. Metab. 286, E116—E122

Qian, X., Wang, H,, Yang, G., Gao, Z,, Luo, Y., Dong, A., Zhang, F., Xu, M.,
Liu, S., Yang, X,, Chen, Y., and Li, G. (2018) Pioglitazone improved insulin
sensitivity and first phase insulin secretion among obese and lean people
with diabetes: A multicenter clamp study. Diabetes Ther. 9, 815-826
Matsui, J., Terauchi, Y., Kubota, N., Takamoto, I., Eto, K., Yamashita, T,
Komeda, K., Yamauchi, T., Kamon, J., Kita, S., Noda, M., and Kadowaki,
T. (2004) Pioglitazone reduces islet triglyceride content and restores
impaired glucose-stimulated insulin secretion in heterozygous peroxi-
some proliferator-activated receptor-gamma-deficient mice on a high-fat
diet. Diabetes 53, 2844—2854

Patterson, J. N., Cousteils, K., Lou, ]. W., Manning Fox, J. E., Macdonald,
P. E,, and Joseph, J. W. (2014) Mitochondrial metabolism of pyruvate is
essential for regulating glucose-stimulated insulin secretion. /. Biol. Chem.
289, 13335-13346

Lamontagne, J., Pepin, E., Peyot, M. L., Joly, E., Ruderman, N. B., Poitout,
V., Madiraju, S. R, Nolan, C. J., and Prentki, M. (2009) Pioglitazone
acutely reduces insulin secretion and causes metabolic deceleration of the
pancreatic beta-cell at submaximal glucose concentrations. Endocrinology
150, 3465—3474

14 J Biol Chem. (2021) 296 100807

36.

37.

38.

39.

40.

41.

42.

43.

Lamontagne, J., Jalbert-Arsenault, E., Pepin, E., Peyot, M. L., Ruderman,
N. B, Nolan, C. J,, Joly, E., Madiraju, S. R., Poitout, V., and Prentki, M.
(2013) Pioglitazone acutely reduces energy metabolism and insulin
secretion in rats. Diabetes 62, 2122-2129

Rohatgi, N., Aly, H., Marshall, C. A., McDonald, W. G., Kletzien, R. F.,
Colca, J. R., and McDaniel, M. L. (2013) Novel insulin sensitizer modu-
lates nutrient sensing pathways and maintains beta-cell phenotype in
human islets. PLoS One 8, 62012

Chareyron, I, Christen, S., Moco, S., Valsesia, A., Lassueur, S., Dayon, L.,
Wollheim, C. B., Santo Domingo, J., and Wiederkehr, A. (2020)
Augmented mitochondrial energy metabolism is an early response to
chronic glucose stress in human pancreatic beta cells. Diabetologia 63,
2628-2640

Buganova, M., Pelantova, H., Holubova, M., Sediva, B., Maletinska, L.,
Zelezna, B., Kunes, J., Kacer, P., Kuzma, M., and Haluzik, M. (2017) The
effects of liraglutide in mice with diet-induced obesity studied by
metabolomics. J. Endocrinol. 233, 93—104

Abdulreda, M. H., Rodriguez-Diaz, R., Caicedo, A., and Berggren, P. O.
(2016) Liraglutide compromises pancreatic beta cell function in a hu-
manized mouse model. Cell Metab. 23, 541-546

Guide for the Care and Use of Laboratory Animals (8th Ed,. (2011) The
National Academies Press (US), Washington, DC

Vigueira, P. A, McCommis, K. S., Schweitzer, G. G., Remedi, M. S,,
Chambers, K. T., Fu, X,, McDonald, W. G., Cole, S. L., Colca, J. R,
Kletzien, R. F., Burgess, S. C., and Finck, B. N. (2014) Mitochondrial
pyruvate carrier 2 hypomorphism in mice leads to defects in glucose-
stimulated insulin secretion. Cell Rep. 7, 2042—2053

Suzuki, Y., Lanner, C,, Kim, J. H,, Vilardo, P. G., Zhang, H., Yang, J.,
Cooper, L. D., Steele, M., Kennedy, A., Bock, C. B, Scrimgeour, A.,
Lawrence, J. C., Jr., and DePaoli-Roach, A. A. (2001) Insulin control of
glycogen metabolism in knockout mice lacking the muscle-specific pro-
tein phosphatase PP1G/RGL. Mol. Cell. Biol. 21, 2683-2694

. Brunt, E. M., Janney, C. G., Di Bisceglie, A. M., Neuschwander-Tetri, B.

A., and Bacon, B. R. (1999) Nonalcoholic steatohepatitis: A proposal for
grading and staging the histological lesions. Am. J. Gastroenterol. 94,
2467-2474

SASBMB


http://refhub.elsevier.com/S0021-9258(21)00602-5/sref27
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref27
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref28
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref28
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref28
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref28
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref28
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref29
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref29
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref29
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref30
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref30
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref30
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref31
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref31
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref31
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref31
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref32
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref32
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref32
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref32
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref33
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref33
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref33
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref33
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref33
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref33
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref34
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref34
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref34
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref34
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref35
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref35
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref35
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref35
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref35
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref36
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref36
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref36
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref36
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref37
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref37
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref37
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref37
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref38
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref38
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref38
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref38
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref38
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref39
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref39
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref39
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref39
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref40
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref40
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref40
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref41
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref41
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref42
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref42
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref42
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref42
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref42
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref43
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref43
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref43
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref43
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref43
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref44
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref44
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref44
http://refhub.elsevier.com/S0021-9258(21)00602-5/sref44

	Novel insulin sensitizer MSDC-0602K improves insulinemia and fatty liver disease in mice, alone and in combination with lir ...
	Results
	Effects of MSDC-0602K and liraglutide on body weight, tissue weights, and glycemia of db/db mice
	Effects of MSDC-0602K and liraglutide on insulinemia and plasma lipids
	MSDC-0602K improves insulin sensitivity and partially restores islet insulin content
	MSDC-0602K does not acutely inhibit insulin secretion
	MSDC-0602K and liraglutide improve liver pathology in a mouse model of NASH
	MSDC-0602K decreases insulinemia and improves pancreas insulin content in MS-NASH mice

	Discussion
	Experimental procedures
	db/db Mouse studies
	Glucose and insulin tolerance tests
	Western blotting for insulin signaling
	MS-NASH mouse studies
	RIPCreMPC2−/− mouse studies
	Seahorse analysis
	Pancreatic islet isolation and glucose-stimulated insulin secretion assay
	Plasma hormone, metabolite, and ALT and AST assays
	Liver TAG and glycogen assays
	Pancreas and liver histology and immunohistochemistry analyses
	RNA isolation, cDNA synthesis, and quantitative RT-PCR analyses
	Statistics

	Data availability
	Author contributions
	Funding and additional information
	References


