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Abstract

Aims—Retinoids (vitamin A (retinol), and structurally related molecules) possess metabolic
modulating properties, prompting new interest in their role in the treatment of diabetes and fatty
liver disease, but little is known about the effects of specific retinoic acid receptor (RAR) agonists
in these diseases.

Materials and Methods—Synthetic agonists for retinoic acid receptor RARB2 were
administered to wild type (wt) mice in a model of high fat diet (HFD)-induced type 2 diabetes
(T2D) and to ob/ob and db/db mice (genetic models of obesity-associated T2D).

Results—We demonstrate that administration of synthetic agonists for the retinoic acid
receptor RARP2 to either wild type (wt) mice in a model of high fat diet (HFD)-induced type 2
diabetes (T2D) or to ob/ob and db/db mice (genetic models of obesity-associated T2D) reduces
hyperglycemia, peripheral insulin resistance, and body weight. Furthermore, RARB2 agonists
dramatically reduce steatosis, lipid peroxidation, and oxidative stress in the liver, pancreas, and
kidneys of obese, diabetic mice. RARPB2 agonists also lower levels of mMRNAs involved in
lipogenesis, such as SREBP1 and FASN (fatty acid synthase), and increase mRNAs that mediate
mitochondrial fatty acid p-oxidation, such as CPT1a, in these organs. RARPB2 agonists lower
triglyceride levels in these organs, and in muscle.

Conclusions—cCollectively, our data show that orally active, rapidly acting, high affinity
pharmacological agonists for RARB2 improve the diabetic phenotype while reducing lipid levels
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in key insulin target tissues. We suggest that RARB2 agonists should be useful drugs for T2D
therapy and for treatment of hepatic steatosis.

INTRODUCTION

The term retinoids defines a family of synthetic and natural compounds that exhibits
structural similarities to retinol (vitamin A, [VA]) and its most biologically active
metabolite, all-transretinoic acid (RA) (1, 2). Retinoids play essential roles during fetal
development, including a role in pancreatic and insulin producing B-cell specification (3, 4).
Retinoids act primarily through direct binding to one or more of the three retinoic acid
receptors, RARa, RARS, and RARY (2). RA, an endogenous agonist for all three RARs, can
favorably regulate pathways relevant to some metabolic disorders, including diabetes and
obesity (5, 6). However, little is known about metabolism modulating properties of RAR-
isotype specific synthetic retinoids.

We previously reported a key role for RARS in the differentiation of embryonic stem cells
(ESCs) to insulin positive endocrine cells (7), and for VA in maintaining normoglycemia in
adult mice (8). These data raise the fundamental question of whether synthetic agonists for
RARP possess anti-diabetic properties. Using both high fat diet (HFD)-induced obesity and
genetically obese mouse models of insulin resistance (IR), we demonstrate that the highly
selective, potent RARP2 agonists AC261066 and AC55649 (9) can mitigate obesity driven-
ectopic lipid accumulation in liver, kidney, pancreas, and muscle through modulation of
genes central to lipogenesis and mitochondrial free fatty acid (FFA) oxidation.
Administration of RARB2 agonists reversed the diabetic phenotype marked by
hyperglycemia, IR, and expansion of pancreatic -cell mass without evidence of toxicity or
unwanted weight gain. We show for the first time that high affinity, synthetic RARB2
agonists mitigate diabetes and fatty liver disease.

MATERIALS AND METHODS

Mice, Diet, and Drug Treatments

Genetically obese mice studies: Lep™P (ob/ob stock #000632) and Lepr-P (ab/ab, (stock
#000697) mice (Jackson Labs, Bar Harbor, Maine), that spontaneously develop obesity and
severe insulin resistance by 4-5 weeks of age (10, 11), were used for RARB2 agonist studies
(SI Materials and Methods). Chronic and Short-term High Fat Dietary obesity Studies: Wild
type (wt) C57/BL6 male mice were maintained on either a standard laboratory chow (Con)
diet (# 5053, Pico Diet, St. Louis, MO) or a high fat diet (HFD) with 45% kcals from fat,
(#58125, Test Diet, St. Louis, MO) for RARPB2 agonist studies (SI Materials and Methods).

Metabolic Measurements

Glucose tolerance testing (GTT) and insulin tolerance testing (ITT) were performed as
described (8) (SI Materials and Methods).
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Liver Histology
Liver samples were scored for evidence of steatosis, steatohepatitis, and fibrosis by the

Department of Surgical Pathology at New York-Presbyterian Hospital/Weill Cornell Medical
College using established criteria (12) (SI Materials and Methods).

Insulin Measurements

Pancreatic and serum insulin levels were measured in lysates from pancreatic tissues and
serum using an ultrasensitive Insulin ELISA Kit (Alpco, Salem, NH) per the manufacturers’
instructions as described (8) (SI Materials and Methods).

Measurement of B-Cell Mass and Islet Area Distribution

Pancreatic endocrine cell mass and islet size distributions were determined using direct
morphometry coupled with double immunofluorescence labeling (8) (SI Materials and
Methods).

RNA Isolation and Quantitative RT-PCR (Q-PCR)

Total RNA was isolated from tissue and converted to complementary DNA (cDNA), which,
using gene specific primers (SI Table 1), was used to measure transcripts in multiple tissues,
as described (8) (SI Materials and Methods).

Tissue Triglyceride Analysis

Total tissue lipids were extracted using the Folch method (13) and analyzed with a
commercial triglyceride reagent kit (Waco Diagnostics) (SI Materials and Methods).

4-Hydroxynoneal (4-HNE) and Translocase of outer mitochondrial membrane 20 (Tom20)
Immunohistochemistry

4-HNE and Tom20 tissue staining was performed as described (14) (SI Materials and
Methods).

Statistics

All statistical analyses were performed using GraphPad Prism 6.0 statistical software
(GraphPad Software, San Diego, CA) as previously described(8) (SI Materials and
Methods).

RESULTS

Effects of RARB2 Agonists on Body Weight, Glucose Intolerance, and Insulin Resistance
(IR) in Genetic Models of Diabetes

We examined the effects of 8 weeks of treatment with the RARB2 agonist AC261066, given
in the water, on body weight, glucose intolerance, and insulin resistance (IR), using two
frequently employed, spontaneous genetic models of obesity and IR, ob/oband db/db mice
(10, 11). Compared to chow-fed wt control mice, body weights (BW) were increased by
almost 2-fold in chow-fed ob/ob and db/db mice (Fig. 1A, p < 0.05). Treatment with the
RARP2 agonist AC261066 for 8 weeks had no effect on BW in chow-fed wt mice (Fig 1A).
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After 4-5 weeks of treatment with AC261066, BWSs of ob/ob and db/db mice were
decreasing compared to untreated ob/0b and db/ab controls (Fig S1A, S1B), and by week 8
of treatment, the decrease was 10-11% (Fig. 1A, p < 0.05). ob/ob and db/db mice
spontaneously develop severe glucose intolerance and IR by 5-6 weeks of age (10, 11). Eight
weeks of AC261066 treatment dramatically attenuated glucose excursions, area under the
curve (AUC) glucose, and fasting glucose levels in both ob/0b and db/db mice (Fig. 1B-E).
The glucose lowering effect of AC261066 occurred within 24 hours of administration (Fig.
S1C), and was sustained throughout the 8 weeks of administration in both ob/06 and db/db
mice (S1D, S1E). AC261066 had no effect on food intake (Fig. S1F). AC261066 decreased
fasting serum insulin levels (Fig. 1F), glucose-stimulated insulin secretion (GSIS), and
(AUC) insulin (Fig. 1G, H) in ob/ob mice, but had no effect on fasting insulin levels (Fig.
1F), or GSIS in normoglycemic, wt mice (Fig 1G,H). Consistent with the reductions in
fasting insulin levels (Fig 1F) and improved insulin excursions (Fig 1G), peripheral insulin
sensitivity was markedly improved in both ob/0b and db/db mice treated with AC261066 for
8 weeks (Fig 11-L).

Effects of RARB2 Agonists On Glucose Intolerance and Insulin Resistance in a High Fat
Diet Model of Obesity and Insulin Resistance

We next measured the effects of either AC261066 or a second RAR[B2 agonist with a
different chemical structure, AC55649, in a high fat diet (HFD, 45% Kcal/fat) model of T2D
in wt mice. We performed GTT on chow-fed and HFD-fed wt mice and found that, similar
to our observations in genetically obese mice, 16 weeks of treatment with either AC261066
or AC55649 markedly improved fasting hyperglycemia, glucose excursions, and AUC
glucose (Fig. 2A, B, C). 16 weeks of treatments with AC261066 or AC55649 had not effect
on BW in HFD-fed wt mice (Fig. 2D).

Acute Administration of RARB2 Agonist Reverses Hyperglycemia and Insulin Resistance
in a High Fat Diet Model of T2D

We investigated the more acute effects of AC261066 treatment on hyperglycemia and insulin
resistance in HFD-fed wt mice. AC261066 was administered in the drinking water for seven
days to wt mice fed a HFD for 3 months that, compared to wt-chow fed mice, had increased
BW (Fig. 3A). Short-term treatments with AC261066 had no effect on BW, water, or food
intake (Fig. 3A, Fig.S2A, S2B).

Within 24 hrs of administration AC261066 markedly reduced random glucose levels (Fig.
3B), and maintained lower random glucose in HFD-fed wt mice for the length of the
treatment (Fig. 3B). After seven days we performed metabolic testing and found that HFD-
fed wt mice treated with AC261066 had reduced fasting glucose (Fig 3C), improved glucose
excursions, reduced AUC glucose (Fig 3D, E), reduced fasting insulin levels (Fig 3F), and
greater insulin sensitivity (Fig. 3G, H) compared to HFD-fed mice.

RARB2 Agonist Reduces the Numbers of Large Pancreatic Islets and Pancreatic Insulin
Content in High Fat Diet and Genetic Models of Obesity and Diabetes

In response to increasing peripheral insulin demands, individuals with T2D show marked
expansion of B-cell mass, islet area, and compensatory pancreatic insulin secretion (15). We
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measured pancreatic cell mass, insulin content, and islet size distribution to determine if
RARP2 agonists affected the pancreatic endocrine compensatory response. Compared to
chow-fed wt mice, pancreatic sections from HFD-fed wt mice and chow-fed ob/0b mice
showed increased numbers of larger islets (Fig. 4A [a, vs. ¢, €]), more insulin positive B-cells
(Fig. 4A [g, vs. i, K]), increases in pancreatic insulin levels (Fig. 4B) and increased [-cell
mass (Fig. 4C). We analyzed islet size distributions and found that, consistent with the
increases in pancreatic islet sizes and insulin content, HFD-fed wt and genetically obese,
chow-fed ob/0b mice showed 66% to 75% increases in the numbers of larger islets
(20000-50000 pm?) and a 50-80% reduction in small (5000-1000 pm?2) and medium size
islets (5000-20000 pm?) compared to chow fed wt mice (Fig. 4D). We also observed very
large islets (> 50000 pm2) in both HFD-fed wt mice and chow-fed ob/0b mice, but not in
chow-fed wt mice (wt con, Fig. 4D). HFD-fed wt and chow-fed ob/0b mice treated with the
RAR[2 agonist AC261066 exhibited 50% reductions in the numbers of larger islets and
40%-62% reductions in very large islets compared to HFD-fed wt and chow-fed ob6/0b mice
(Fig. 4C). We also detected 44%-68% increases in the percentages of small to medium sized
islets in AC261066 treated mice (Fig 4D). Thus, AC261066 treatments shifted the islet size
distributions in HFD-wt and chow-fed ob/ob mice, reducing the percentages of larger islets
and increasing the percentages of medium to small islets.

RARB2 Agonist Reduces Hepatic Steatosis and Ectopic Triglycerides (TGs) in the
Kidneys, Pancreas, and Muscle in Dietary and Genetic Models of Diabetes

Ectopic accumulation of TGs and free fatty acids (FFAS) contributes to the pathogenesis of
T2D (16-18). We performed histological examinations and measurements of tissue lipids in
HFD-fed wt and genetically obese mice. Compared to chow-fed wt, HFD-fed wt and chow-
fed ob/ob mice displayed marked increases in hepatic steatosis (Fig. 5A[a, b, c], B);
however, compared to untreated obese mice, development of steatosis was attenuated in
livers of AC261066 treated HFD-fed wt by 51% (Fig. 5B, p < 0.001) and by 31% in ob/ob
(Fig. 5B, p < 0.001). In agreement with our lipid histology analyses, total hepatic TG
content was increased in HFD-fed wt and ob/0b mice (Fig. 5C, p < 0.001, vs. chow-fed wt),
but mitigated by ~42% in AC261066 treated HFD-fed wt and 0b/0b mice (Fig. 5C, Fig. 5B,
p < 0.001, vs. untreated, HFD-fed wt and chow-fed 0b6/0b, respectively). An in-depth
histopathology analysis found no evidence of liver injury marked by steatohepatitis
(inflammation) or fibrosis (e.g. collagen deposition) in livers from wt-HFD fed or
AC261066 treated, HFD-fed wt (Fig. S3).

We analyzed lipid histology in kidney sections and also found dramatic increases in lipid
accumulation in HFD-fed wt mice (Fig. 5D[a,b]). The renal lipid accumulation in HFD-fed
wt was almost exclusively in the proximal tubules (Fig. 5D[a,b], white arrows).
Measurements of total renal TG content confirmed increased renal TG levels in HFD-wt, as
well as in ob/ob mice (Fig. 5E). We found a marked reduction in lipid vacuoles in the
proximal tubules of AC261066 treated, HFD-fed wt (Fig. 5D[b, c], white arrows), a 64%
reduction in renal TG content in HFD-wt (Fig. 5E), and a 39% reduction in renal TGs in
ob/ob mice (Fig. 5E). We also measured total TG content in the pancreas and muscle and
found that, consistent with our liver and kidney analyses, total pancreatic and muscle TGs
were increased in HFD-fed wt and in chow-fed ob/0b mice (Fig. 5F,G, p < 0.001, vs. chow-
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fed wt), but were 35%-45% lower in pancreas and 66%-73% lower in muscle of AC261066
treated, HFD-fed wt and chow-fed ob6/06 mice (Fig. 5F,G).

RARB2 Agonist AC261066 Alters Expression of Genes Involved in Lipogenesis and
Mitochondrial Oxidation of Lipids

We next assessed the mechanism by which AC261066 functions by measuring the
expression of key genes involved in de novo lipogenesis and fatty acid p-oxidation in
multiple tissues. Compared to chow-fed wt, livers from HFD-fed wt and chow-fed ob/0b
mice showed increases in transcripts of genes involved in de novo lipogenesis, including
peroxisome proliferator-activated receptor gamma (PPAR-y), fatty acid-binding protein 4
(FABP4), sterol regulatory element-binding transcription factor 1 (SREBP1), fatty acid
synthase (FASN), acetyl-CoA carboxylase (ACC1), stearoyl-CoA desaturase (SCD), and
diglyceride acyltransferase (DGATL1) (Fig. S4A). We also detected increases in pancreatic
MRNA levels of SREBP1 and ACC1, and kidney mRNA levels of SREBP1 and FASN in
HFD-fed wt and chow-fed 0b/0b mice, respectively (Fig. S4C, D); these increases were
eliminated or attenuated by AC261066 treatment (Fig. S4C, D).

We then measured genes involved in the mitochondrial oxidation of fatty acids and
associated with IR and T2D (19, 20). Our Q-PCR analysis showed that, compared to chow-
fed wt mice, transcripts of genes involved in lipid f-oxidation in livers, pancreata, and
kidneys of HFD-fed wt and chow-fed 0b/0b mice, including peroxisome proliferator-
activated receptor-a (PPARa), carnitine palmitoyltransferase-a (CPT1-a), carnitine
palmitoyltransferase 2 (CPT2), malonyl-CoA decarboxylase (MCD), and acetyl-CoA
acetyltransferase 1 (ACAT1), were decreased (Fig. S4B). However, compared to HFD-fed
wt and ob/ob without AC261066, transcripts of these genes were increased in livers of
AC261066 treated, HFD-fed and chow-fed ob/0b mice (Fig. S4B). We also detected
increased transcript levels of PPARa, CPT1-a, CPT2, MCD, and PDK1 in the pancreata,
and PPARa and CPT1-qa in the kidneys of AC261066 treated HFD-fed wt and chow-fed
ob/ob mice (Fig. S4C, D). Thus, the RARB2 agonist AC261066 regulates the expression of
genes involved in both lipogenesis and oxidative fatty acid metabolism. These results
indicate that the lipid lowering properties of RARB2 agonists involve transcriptional
regulation of genes involved in both lipogenesis and fatty acid oxidation.

RARB2 Agonist AC261066 Increases Mitochondrial Marker Tom20 in Livers of Diabetic

Mice

Given the increased transcript levels of genes involved in mitochondrial oxidation of FFAS in
AC261066 treated, HFD-fed mice, we measured hepatic protein expression of translocase of
outer mitochondrial membrane 20 (Tom20), a marker of mitochondrial oxidative
phosphorylation (21), and found that compared to chow-fed wt, livers of wt HFD-fed mice
showed reductions in Tom20 immunopositive areas, whereas livers of HFD-fed mice treated
with AC261066 for 16 weeks did not (Fig. S5). These data, combined with our gene
expression analyses (Fig. S4), further support our conclusion that AC261066 treatments
result in changes in pathways central to mitochondrial fatty acid oxidation and oxidative
phosphorylation.
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RARB2 Agonist AC261066 Reduces Oxidative Stress In Liver, Pancreas, and Kidney

Increased peroxidation of FFAs promotes cellular oxidative stress and exacerbates the
pathogenesis of T2D (22). The lipid peroxidation byproduct, 4-hydroxy-2-nonenal (4-HNE),
is a reliable marker of oxidative stress, and therefore we examined 4-HNE in the liver,
pancreas, and kidneys. Compared to chow-fed wt mice, the liver, pancreas, and kidneys of
HFD-fed wt mice showed increased 4-HNE levels (Fig. S6, liver [a,b], pancreas [d,e],
kidney [g,h]), and these increases were attenuated by AC261066 (Fig.S6, liver [b,c],
pancreas(e,f], kidney[h,i]).

Discussion

There is a growing interest in the metabolism-modulating properties of retinoids (5), but, to
date, synthetic, RAR-selective retinoids have not been tested in mice as anti-diabetic drugs.
Our metabolic studies demonstrate that the specific RARB2 agonists AC261066 and
AC55649 dramatically improve hyperglycemia and peripheral IR in both HFD-driven and
genetic obesity-driven models of IR (Fig. 1B-D, I-L; 2A-C, 3B-H). Given our previous
findings that VA deficiency can decrease 3-cell mass and insulin secretion (8), we were
particularly interested in the effects of RARPB2 agonists on the pancreatic endocrine profiles
(e.g. B-cell mass, insulin content, and GSIS). RARP2 agonists did not correct hyperglycemia
by stimulating basal insulin secretion or GSIS (Fig. 1F,G), as we did not observe an increase
in GSIS, but rather an ~83% decrease in basal insulin and GSIS in AC261066 treated, 0b/0b
mice (Fig. 1F,G). Unlike the insulin secretagogue class of oral hypoglycemic drugs, such as
sulfonylureas, incretins, and DPP-4 inhibitors, that stimulate pancreatic insulin independent
of metabolic profile (23), AC261066 had no effect on fasting insulin levels or GSIS in non-
diabetic chow fed wt mice (Fig 1F, G), furthering supporting that AC261066 does not restore
euglycemia by enhancing insulin secretion.

RARP2 agonists greatly reduce the classic islet expansion and compensatory insulin
response typical of early stage IR and T2D (24) (Fig 4A). AC261066 reduced pancreatic
insulin levels, B-cell mass, and percentages of very large (> 50000 pm2), and large
(20000-50000 pm2) islets in HFD wt and chow-fed ob/0b mice (Fig. 4B-D). The diminished
insulin secretion and p-cell mass sizes in AC261066 treated mice are consistent with the
observations that conventional weight loss, weight loss from bariatric surgery, and/or
intensive therapy with thiazolidinediones (TZDs) in individuals with T2D reduce GSIS and
improve peripheral insulin responses, leading to reduced but more functional -cell mass
(25, 26).

We found that the transcriptional expression profiles of key, lipid-metabolizing genes, such
as SREBP1 (lipogenesis), PPARa, and CPT1a (mitochondrial fatty acid p-oxidation), in
HFD-fed and chow-fed 0b6/0b mice are consistent with previous reports in rodents and
humans with obesity, IR, and T2D (Fig. S4A-D) (27-29). We show here that AC261066
treatment lowers mMRNA levels of lipogenic genes, such as SREBP1 and FASN (Fig. S4A, C,
D), and increases mMRNA levels of key mediators of mitochondrial fatty acid 3-oxidation,
such as PPARa and CPT1a, in the liver, pancreas, and kidneys compared to the levels in
obese mice (Fig. S4B-D). Our gene expression studies in AC261066 treated obese mice
reflect findings in normoglycemic mice that short treatments with RA at very high doses
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(100 mg/kg BW) promote lipid catabolism through modulation of lipogenic and p-oxidation
genes (30-34).

Our data with RAR[2 selective agonists demonstrate that in addition to liver, activation of
RARB2 by AC261066 results in reductions in TG levels in many tissues (Fig. 5). From a
drug development perspective, our findings highlight the benefits of highly selective agonists
for RAR[2, as the doses of the endogenous, pan-RAR agonist RA used to achieve similar
reductions of tissue TGs in rodents (30, 32, 33) would likely have side-effects in humans
(35). RA is an endogenous agonist for all three RARs (2), which have broad tissue
expression patterns in mammals (2). The dose of ~5.4 mg/kg BW of AC261066 was well
tolerated by mice (e.g. no observed adverse effects), and close to FDA approved doses of
retinoids used for oral RA treatment of acute promyelocytic leukemia in humans (36).

A previous study reported that RA mitigates insulin resistance through leptin signaling
pathways (37). However, our experiments demonstrate that the glucose lowering and insulin
sensitizing of RARB2 agonists are unlikely to be mediated through leptin or leptin
independent pathways, as leptin receptor knockout db/db mice had equally marked
improvements in glucose tolerance (Fig. 1C,D) and insulin sensitivity (Fig. 1K,L) compared
to HFD-fed (Fig. 2B, 3E) and ob/0b mice (Fig. 1B,D, 1, J). Our data show that AC261066
does not activate PPARY or elevate PPARy mRNA,; in fact, Q-PCR studies of liver show that
AC261066 decreased transcripts of both a PPARY responsive gene, FABP4, and FASN, a
gene activated by PPARY agonists in liver (38, 39). Moreover, compared to TZDs, which are
PPARYy agonists known to cause unwanted weight gain in humans (40), long-term treatments
with RARf2 agonists did not lead to weight gain, but resulted in approximately a 10%
decrease in BW in chow-fed ob/ob and db/db mice (Fig. 1A), and had not effect on BW in
HFD-fed wt mice (Fig 2D).

We did detect increases in liver mRNA levels of PPARa and PPARa-regulated genes
involved in B-oxidation of fatty acids, suggesting that AC261066 can activate PPARa
signaling pathways; however, compared to the highly selective PPAR«a agonist fenofibrate,
which improves steatosis and renal lipotoxicity in rodents (41, 42) but fails to show anti-
diabetic properties in both animal and large-scale human studies (43, 44), RARB2 agonists
greatly reduce hyperglycemia and insulin resistance. Thus, our data suggest that the anti-
diabetic and anti-steatosis effects of AC261066 and AC55649 are not primarily mediated
through PPARa but rather through RARp itself. Furthermore, both AC261066 and AC55649
show more than 100-fold selectivity for RARB2 over RARa, RARy and RXRa, RXRp and
RXRYy (9). Thus, we suggest that the strikingly similar reductions in tissue TGs (Fig. 5A-G),
decreased expression of lipogenic genes, and increased expression of fatty acid f-oxidation
genes in AC261066 treated obese mice (Fig. S4A-D) by RARB2 agonists result from a
RARp2-driven metabolic program that increases mitochondrial lipid catabolism rather than
from a broader activation of other hormone nuclear receptor signaling, such as signaling by
PPARY, PPARa, and/or other RARS.

The lipotoxicity model proposes that in states of obesity ectopic accumulation of FFAs and
oxidative stress from increased FFA peroxidation in key insulin mediating and responsive
organs contributes to the pathogenesis of IR and T2D (16-18, 22, 45). Therefore, given that
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RAR[2-agonist treated HFD-fed wt mice showed marked reductions in tissue TGs and
oxidative stress (Fig 5A-G, Fig S6), some of the glucose lowering and insulin sensitizing
effects of RARP2 agonists likely result from an increase in lipid metabolism and a decrease
in oxidative stress.

Retinoids promote mitochondrial lipid and energy metabolism (34) and among the RARSs,
RARp can promote hepatic lipid catabolism (46). Given a strong clinical interest in
developing novel pharmacological agents that can mitigate both hyperglycemia and
consequences of NAFLD and tissue TG accumulation, our data demonstrate that RARB2
agonists possess both of these properties, and, thus, should be further developed as novel
anti-diabetic and anti-NAFLD drugs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure. 1. Retinoic Acid Receptor § (RARp) Agonists Diminish Body Weight I ncreases, Glucose
Intolerance, and Insulin Resistancein Genetic M odels of Diabetes

A) Body weights of wild type (wt) chow-fed C57/BI6, and genetically obese 0b/0b and
ab/db male mice that were fed either a standard chow diet (con, 13% Kecal/fat), or a con diet
plus the RARB2 agonist AC261066 (AC261) in their drinking water for 8 weeks. (Wt Con,
n=4), (Wt Con + AC261, n=3), (ob/ob, con, n=3), (ob/ob, con + AC261, n=3), (ab/db, con,
n=3), (db/db, con + AC261, n=3). B-D) Glucose tolerance tests (GTT) and Area Under the
Curve Glucose (AUC) from wt and ob/ob and adb/db mice described in A. (B and C: Wt Con
(dark blue line) and Wt Con + AC261 (light blue line) groups are repeated in GTT
experiments in Fig 1B and 1C). E) Fasting glucose levels in wt and 06/0b mice described in
A. F) Fasting insulin, G) insulin secretion, and H) AUC insulin of ob/0b mice subjected to
ITT. I-L) Insulin tolerance testing (ITT) and ITT AUC glucose levels of ob/ob and db/db
mice described in A. Errors bars represent £ SEM. *=p < 0.05, **=p < 0.01, ***=p < 0.001,
***%k=p < 0.0001.
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A) Fasting glucose levels of wt C57/BI6 male mice after 16 weeks of being fed either: a
standard control chow (13% Kcal/fat) diet (Wt Con, n=4); a high fat (45%Kcal/fat) diet

(HFD, n=5); or Con chow plus HFD with the RARB2 agonist, AC261066 (Wt Con +

AC261, n=3, Wt HFD + AC261, n=4) or another RARB2 agonist, AC55649 (Wt Con +
AC556, n=3, Wt HFD + AC556, n=4), in their drinking water. B) Glucose tolerance tests
(GTT) and C) Area under the curve (AUC) glucose from mice described in A. D) Body

weights of mice described in A. Errors bars represent £ SEM. ***=p < 0.0001.
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Figure. 3. Acute Administration of RARB Agonist Reduces Glucose Intolerance and Insulin
Resistancein a High Fat Model of Diabetes After an Extended Exposureto a High Fat Diet

A) Body weights of wild type (wt) C57/BI6 con and wt-HFD-fed male mice after 3 months
of being fed either: standard chow (13% Kcal/fat) diet (Wt Con, n=4); or a high fat
(45%Kcal/fat) diet (HFD, n=8); followed by 8-day treatment with the RARB2 agonist,
AC261066, in wt-HFD fed mice (Wt HFD + AC261, n=4). B) Random glucose of mice
described in A. C) Fasting glucose, D) Glucose tolerance test (GTT), and E) Area Under the
Curve Glucose (AUC) glucose of mice described in A. F) Fasting insulin, G) Insulin
tolerance tests (ITT) and, H) AUC insulin of mice of mice described in A. Errors bars
represent + SEM. *=p < 0.05.
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Figure. 4. RARB2 Agonist AC261066 Decreases the Number of Large Pancreatic |letsand
Pancreatic Insulin Content in High Fat and Genetic M odels of Diabetes

A) Representative images of Hematoxylin and Eosin [a-f] and insulin stained (green) [g-1]
islets in Wt and ob/0b mice fed experimental diets as described in Fig. 1A and Fig. 2A,
respectively. Magnification 400X, Scale Bars =100 um. B) Pancreatic insulin content (ng/ug
of pancreatic protein) in Wt Con and ob/0b mice fed experimental diets with and without the
RARP2 agonist as described in Fig. 1A and Fig 1E, respectively. C). Pancreatic -Cell mass
(mg/pancreas) in Wt Con, Wt HFD, and chow-fed ob/0b mice with and without the RARB2
agonist as described in Fig. 1A and Fig. 2A, respectively. Errors bars represent + SEM. *=p
< 0.05, += p < 0.05 vs. Wt con (blue bars). D) Relative percentages of very large islets: (area
> 50,000 um?), large islets: (area = 20,000-50,000 pm?2) medium islets: (area =5,000-20,000
um?) and small islets: (area=1,000-5000 pm?) in Wt and ob/0b mice fed HFD and chow
diets, respectively, with and without the RARPB2 agonist, as described in Fig. 1A and Fig 2A,
respectively. Errors bars represent + SEM. += p < 0.05 vs. Wt con (blue bars), *=p < 0.05
vs. Wt HFD-fed wt mice, #=p < 0.05 vs. chow-fed 0b/0b mice.
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Figure. 5. RARB2 Agonist AC261066 Reduces the Accumulation of Liver, Pancreas, Kidney,
Muscle and Adipose Triglyceridesin Dietary and Genetic M odels of Diabetes

A) Representative images of Hematoxylin and Eosin stained liver sections (a-f), from wt and
ob/ob mice fed either HFD or chow, respectively, +/- AC261066 as in Fig. 1A and Fig. 2A.
Magnification 200X, Scale Bars =50 um. B) Percent hepatic steatosis and C) hepatic
triglycerides (mg/gram of tissue) from mice described in A. D) Representative images of
Hematoxylin and Eosin stained kidney sections (a-c), from Wt mice fed a HFD +/-
AC261066 for 4 months, as in Fig. 2A. Magnification 200X, Scale Bars =50 pm. E-G)
Kidney, pancreatic, and muscle (gastrocnemius) triglycerides (mg/gram of tissue) from mice
described in 2A. Errors bars represent + SEM. * = p <0.05, ** = p < 0.01, **** =p <

0.0001.
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