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RESEARCH ARTICLE

Chronic AT1 blockade improves hyperglycemia by decreasing adipocyte
inflammation and decreasing hepatic PCK1 and G6PC1 expression in obese rats

Ruben Rodriguez,1 Andrew Y. Lee,1 Jose A. Godoy-Lugo,1 Bridget Martinez,1 Hiroyuki Ohsaki,2

Daisuke Nakano,3 David G. Parkes,4 Akira Nishiyama,3 Jos�e Pablo Vázquez-Medina, and
Rudy M. Ortiz1

1Department of Molecular & Cellular Biology, University of California, Merced, California; 2Department of Medical Biophysics,
Kobe University Graduate School of Health Sciences, Kobe, Japan; 3Department of Pharmacology, Kagawa University
Medical School, Kagawa, Japan; 4DGP Scientific Inc., Del Mar, California; and 5Department of Integrative Biology, University
of California, Berkeley, California

Abstract

Inappropriate activation of the renin-angiotensin system decreases glucose uptake in peripheral tissues. Chronic angiotensin re-
ceptor type 1 (AT1) blockade (ARB) increases glucose uptake in skeletal muscle and decreases the abundance of large adipo-
cytes and macrophage infiltration in adipose. However, the contributions of each tissue to the improvement in hyperglycemia in
response to AT1 blockade are not known. Therefore, we determined the static and dynamic responses of soleus muscle, liver,
and adipose to an acute glucose challenge following the chronic blockade of AT1. We measured adipocyte morphology along
with TNF-a expression, F4/80- and CD11c-positive cells in adipose and measured insulin receptor (IR) phosphorylation and AKT
phosphorylation in soleus muscle, liver, and retroperitoneal fat before (T0), 60 (T60) and 120 (T120) min after an acute glucose
challenge in the following groups of male rats: 1) Long-Evans Tokushima Otsuka (LETO; lean control; n = 5/time point), 2) obese
Otsuka Long Evans Tokushima Fatty (OLETF; n = 7 or 8/time point), and 3) OLETF þ ARB (ARB; 10 mg olmesartan/kg/day; n = 7
or 8/time point). AT1 blockade decreased adipocyte TNF-a expression and F4/80- and CD11c-positive cells. In retroperitoneal fat
at T60, IR phosphorylation was 155% greater in ARB than in OLETF. Furthermore, in retroperitoneal fat AT1 blockade increased
glucose transporter-4 (GLUT4) protein expression in ARB compared with OLETF. IR phosphorylation and AKT phosphorylation
were not altered in the liver of OLETF, but AT1 blockade decreased hepatic Pck1 and G6pc1 mRNA expressions. Collectively,
these results suggest that chronic AT1 blockade improves obesity-associated hyperglycemia in OLETF rats by improving adipo-
cyte function and by decreasing hepatic glucose production via gluconeogenesis.

NEW & NOTEWORTHY Inappropriate activation of the renin-angiotensin system increases adipocyte inflammation contributing
to the impairment in adipocyte function and increases hepatic Pck1 and G6pc1 mRNA expression in response to a glucose chal-
lenge. Ultimately, these effects may contribute to the development of glucose intolerance.

adiposity; dyslipidemia; gluconeogenesis; macrophage infiltration; renin-angiotensin system

INTRODUCTION

Obesity increases the risk of developing dyslipidemia and
type 2 diabetes (T2D) primarily as a result of its detrimental
effects on peripheral insulin sensitivity and pancreatic b-cell
function (1–3). Insulin resistance develops due to obesity-
associated factors such as inflammation, leptin resistance,
and adipocyte dysfunction (4–6). Additionally, obesity
increases the circulating levels of components of the renin-
angiotensin system (RAS) in animal models and humans (7,
8). Elevated levels of angiotensin II (ANG II), the RAS’s pri-
mary effector, disrupt insulin signaling in insulin-sensitive
tissues (9), suggesting that obesity may contribute to hyper-
glycemia by inappropriately activating the RAS.

Elevated ANG II levels decrease glucose-stimulated insulin
secretion (GSIS) in isolated islets from C57BL/6 mice and
blocking ANG II signaling using an angiotensin receptor type
1 (AT1) blocker (ARB) reverses this effect (9). Furthermore, in
a rat model of obesity, metabolic syndrome, and T2D, the
beneficial effects of AT1 blockade on GSIS are dependent on
the disease state of the organism at the start of the ARB treat-
ment (10, 11). Regardless of its effects on pancreatic function,
chronic AT1 blockade improves glucose homeostasis by
decreasing dyslipidemia and the abundance of large adipo-
cytes (both typically associated with insulin resistance) in a rat
model of metabolic syndrome (10). Additionally, in other ani-
malmodels of obesity andmetabolic syndrome, RAS inhibition
improves the overall metabolic phenotype by decreasing
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visceral fat mass, abundance of large adipocytes, macro-
phage infiltration, and improving adipocyte function (12–
18). Moreover, RAS inhibition increases insulin-depend-
ent glucose uptake in skeletal muscle in rodent models of
obesity and T2D (19, 20), decreases the expression of pro-
teins involved in hepatic gluconeogenesis in type 1 dia-
betic rats (21), and decreases hepatic triglyceride (TG)
accumulation and secretion in obese rats (22). However,
the mechanisms by which chronic RAS inhibition
improves glucose intolerance and subsequent hypergly-
cemia are not fully elucidated.

In previous studies, the effects of RAS inhibition on insu-
lin signaling in peripheral tissues were evaluated at a single
time point or in a single tissue after exogenous insulin chal-
lenge (17, 23–25). Although this method is informative, it
does not capture the dynamic cellular responses of all con-
tributing tissues following an acute glucose challenge that
would provide insights to the mechanisms contributing to
improvements in glucose intolerance. Therefore, the objec-
tive of this study was to evaluate the static and dynamic
responses of soleus muscle, liver, and adipose to an acute
glucose challenge following chronic blockade of AT1. To
address this objective, we used the Otsuka Long Evans
Tokushima Fatty (OLETF) rat, which is a model of diet-
induced obesity, metabolic syndrome, and T2D (26, 27). We
tested the hypothesis that AT1 blockade decreases hypergly-
cemia after an acute glucose challenge by improving adipo-
cyte function and decreasing the expression of genes
involved in hepatic gluconeogenesis.

METHODS

All experimental procedures were reviewed and
approved by the institutional animal care and use com-
mittees of Kagawa Medical University (Kagawa, Japan)

and the University of California, Merced. The present
manuscript complements our previous studies using the
same animals, in which we assessed the contributions of
AT1 activation to cardiac redox balance and the contribu-
tions of AT1 and tumor necrosis factor-a activation to
blood pressure regulation and renal function (28, 29).

Animals

Ten-week-old male, Long-Evans Tokushima Otsuka (LETO;
279±7 g) and OLETF (359±3 g) rats were studied (Japan SLC
Inc., Hamamatsu, Japan). Rats were randomly assigned to
their study groups based on body mass (BM), so that the
mean BM of the OLETF groups were within 5% of each other
at the onset of the study. The study groups were 1) LETO (lean
control; n = 15) þ vehicle (0.5% carboxymethyl cellulose in
water, by oral gavage once daily), 2) untreated OLETF (n = 23)

Table 1. Primer sequences used for qRT-PCR

Primer Name Sequence (5 0–3 0)

FOXO1-FW1
FOXO1-RV1
PCK1-FW1

CAGCCAGGCACCTCATAACA
TCAAGCGGTTCATGGCAGAT
GGATGTGGCCAGGATCGAAA

PCK1-RV1 ATACATGGTGCGGCCTTTCA
G6PC-FW1 AACTCCAGCATGTACCGCAA
G6PC-RV1 GGGCTAGGCAGTAGGGGATA
TBP-FW1 TGGGCTTCCCAGCTAAGTTC
TBP-RV1 TGCTGGTGGGTCAACACAAG

Table 2. Means (± SD) liver mass and fasting plasma lev-
els for glycoalbumin and total cholesterol

LETO OLETF OLETF þ ARB

Sample sizes, n 5–8 6–11 7–10
Liver mass, g 10.2 ± 0.6 17.2 ± 1.0# 15.1 ± 1.3#†
Relative liver mass, g/100 g BM 2.7 ± 0.1 3.2 ± 0.1# 3.0 ± 0.1#†
Glycoalbumin, ng/mL 46 ± 10 69 ± 17# 77 ± 16#
Total cholesterol, mg/dL 46 ± 8 60 ±9# 63 ±2#

#P < 0.05 vs. LETO, †P < 0.05 vs. OLETF. ARB, angiotensin re-
ceptor type 1 (AT1) blocker; BM, body mass; LETO, Long-Evans
Tokushima Otsuka; OLETF, Otsuka Long-Evans Tokushima Fatty.
Cholesterol and for male 15- to 16-wk-old LETO, OLETF and
OLETF þ ARB rats.
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Figure 1. Chronic AT1 blockade decreases hyperglycemia before and after
an acute glucose challenge. Means (±SD) plasma glucose (A), TG (B), and
NEFA (C) in Long-Evans Tokushima Otsuka (LETO, n = 5/time point), Otsuka
Long-Evans Tokushima Fatty (OLETF, n = 6–8/time point), and OLETF þ
ARB (n = 6–8/time point) prior (T0) and 60 (T60) and 120 (T120) min after
challenge of glucose. Comparisons were assessed using a mixed-model
ANOVA with group and time as between-subject factors. Multiple compari-
sons were carried out using a Holm–Sidak correction. G = group P < 0.05;
I = interaction P < 0.05; T = time P < 0.05. #P < 0.05 vs. LETO; †P < 0.05
vs. OLETF; §P < 0.05 vs. T0; ‡P < 0.05 vs. T60. ARB, angiotensin receptor
type 1 (AT1) blocker; NEFA, nonesterified fatty acids; TG, triglyceride.
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þ vehicle, and 3) OLETF þ ARB (ARB; 10mg olmesartan/kg/
day by oral gavage at a volume of 500 mL; for 6 wk; n = 22).
Olmesartan was chosen because it does not have peroxisome
proliferator-activated receptor-c activity (30), allowing us to
better assess the direct effects of AT1 inhibition on glucose ho-
meostasis independent of PPARc. All animals were main-
tained in groups of three or four animals per cage in a specific
pathogen-free facility under controlled temperature (23�C)
and humidity (55%) with a 12-h light, 12-h dark cycle. All ani-
mals were given free access to water and standard laboratory
rat chow consisting of 5% fat, 24% protein, and 54% carbohy-
drates (MF; Oriental Yeast Corp., Tokyo, Japan).

Body Mass

BM was measured every day to calculate the appropriate
ARB dose (28, 29) and to confirm the diet-induced obesity
phenotype.

Blood Pressure

Systolic blood pressure was measured in conscious rats by
tail-cuff plethysmography (BP-98A; Softron Co., Tokyo,
Japan) (28, 29) to confirm the strain-dependent hypertension
and the effectiveness of the ARB treatment.

Tissue Collection

At the end of the study, animals were randomly assigned
to three different subgroups within each group: LETO (n = 5/
time point), OLETF (n = 7 or 8/time point), and ARB (n = 7 or
8/time point). Subgroups corresponded to animals that were
taken following a 12-h fast at baseline (T0) and 60 (T60) and
120 (T120) min after an acute glucose challenge (2 g/kg) (28).
Animals were decapitated, and trunk blood was collected

into chilled vials containing 50 mM EDTA and protease
inhibitor cocktail (PIC; Sigma-Aldrich, St. Louis, MO).
Immediately after, the liver, soleus muscle, and retroperito-
neal and epididymal fat depots were rapidly removed,
weighed, and snap-frozen in liquid nitrogen. Additionally, a
piece of retroperitoneal fat and liver was fixed in 4% parafor-
maldehyde, dehydrated, and embedded in paraffin. Frozen
samples were kept at �80�C until analyzed. Blood samples
were centrifuged (3,000 g for 15 min at 4�C), and plasma was
transferred to cryovials, frozen by immersion in liquid nitro-
gen, and immediately stored at�80�C.

Histological Analysis of Adipose Tissue and Liver

Paraffin-embedded retroperitoneal fat was sectioned (10
mm thick), deparaffinized, rehydrated, and stained with he-
matoxylin and eosin (H&E; Sigma-Aldrich, St. Louis, MO).
The adipocyte area was measured as previously described
(10). Paraffin-embedded liver samples were sectioned (5-mm
thick), deparaffinized, rehydrated, and stained with H&E at
the UC Davis Research Histology Core. H&E-stained sections
of liver were used to quantify lipid deposition using the par-
ticle analysis function in Fiji-ImageJ as previously described
(31). Hepatic fibrosis and necrosis were evaluated by a pa-
thologist in a blind fashion.

Immunofluorescence

The sections used for histology were deparaffinized,
rehydrated using xylene and ethanol, permeabilized,
blocked, and incubated overnight at 4�C with primary
antibodies (F4/80, GenTex, Cat. No. GTX101895, 1:100
dilution; CD11c, Abcam, Cat. No. ab11029, 1:150 dilution;
TNF-a Invitrogen, Cat. No. PA5-19810, 1 mg/mL) as previ-
ously described (32). Sections were washed and incubated
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Figure 2. Effects of chronic AT1 blockade on glucor-
egulatory hormones. Means (±SD) plasma GLP-1 (A),
insulin (B), glucagon (C), and corticosterone (D) in
Long-Evans Tokushima Otsuka (LETO; n = 4 or 5/
time point), Otsuka Long-Evans Tokushima Fatty
(OLETF; n = 5–8/time point), and OLETF þ ARB (n =
5–8/time point) prior (T0) and 60 (T60) and 120
(T120) min after challenge of glucose. Comparisons
were assessed using a mixed-model ANOVA with
group and time as between-subject factors. Multiple
comparisons were carried out using a Holm–Sidak
correction. G = group P < 0.05; I = interaction P <
0.05; T = time P < 0.05. #P < 0.05 vs. LETO; †P <
0.05 vs. OLETF; §P< 0.05 vs. T0; ‡P< 0.05 vs. T60.
ARB, angiotensin receptor type 1 (AT1) blocker; GLP-1,
glucagon-like peptide-1.
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with Alexa Fluor 488- or 594-specific secondary antibodies
diluted 1:200, and with anti-perilipin-Alexa 405-conju-
gated antibodies diluted 1:100 (Novus, Cat. No. NB110-
40760AF405). Sections were mounted using Vectashield
antifade mounting medium and imaged at the UC
Berkeley Molecular Imaging Center using a Zeiss LSM 780
AxioExaminer microscope fitted with a �20 water-immer-
sion objective. F4/80- and CD11c-positive cells and adipo-
cytes in six different fields per slide were counted using
Fiji-ImageJ. Results are expressed in % of positive cells per
100 adipocytes (33). The signal intensity of TNF-a was
quantified from at least seven fields per slide using Fiji-
ImageJ. The signal intensity from the seven fields was

averaged, and results are presented as change from
LETO.

Quantitative PCR

Total RNA was isolated using TRIzol reagent (Invitrogen,
Carlsbad, CA). RNA concentration and integrity were ana-
lyzed bymeasuring the absorbance at 260/280 nm and by 1%
agarose gel electrophoresis. Contamination of genomic DNA
in total RNA was eliminated by digestion with DNase I
(Roche, Indianapolis, IN). Total DNA-free RNA (2 μg) was
used to synthesize cDNA for each sample using oligo-dT and
the high-capacity cDNA reverse transcription kit (Applied
Biosystems, Foster City, CA). Specific primers for each gene
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Figure 3. Chronic AT1 blockade increases IR
phosphorylation in retroperitoneal fat of
Otsuka Long-Evans Tokushima Fatty (OLETF)
rats. Means (±SD) IR phosphorylation (A), IR-b
(B), p-IR:IR-b ratio (C), AKT phosphorylation
(D), AKT (E), and p-AKT:AKT ratio (F) [%
change from Long-Evans Tokushima Otsuka
(LETO) T0] and their representative Western
blot bands in LETO (n = 4 or 5/time point),
OLETF (n = 5–8/time point), and OLETF þ
ARB (n = 5–8/time point) prior (T0) and 60
(T60) and 120 (T120) min after challenge of
glucose. Comparisons were assessed using
a mixed-model ANOVA with group and time
as between-subject factors. Multiple compari-
sons were carried out using a Holm–Sidak
correction. G = group P< 0.05; I = interaction
P < 0.05; T = time P < 0.05. #P < 0.05 vs.
LETO; †P < 0.05 vs. OLETF; §P < 0.05 vs.
T0. ARB, angiotensin receptor type 1 (AT1)
blocker; IR, insulin receptor.
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were designed based on the nucleotide sequences deposited
in the GenBank database (Table 1). qPCR reactions were per-
formed for Forkhead box protein O1 (Foxo1), phosphoenolpyr-
uvate carboxykinase 1 (Pck1), and glucose-6-phosphatase 1
(G6pc1). PCR reactions were run in duplicate (QuantStudio 3
Real-Time PCR System, Applied Biosystems, Foster City, CA)
in a final volume of 15 μL containing 7.5 μL of Power SYBR
Green PCRMaster Mix (Applied Biosystems, Foster City, CA),
5.5 μL of H2O, 0.50 μL of each primer (20 μM), and 1 μL of
cDNA (equivalent to 100 ng of the original total RNA). After
an initial denaturing step at 94�C for 10 min, amplifications
were performed for 40 cycles at 94�C for 15 s and 63�C for 1
min with a single fluorescence measurement, and a final
melting curve program increasing 0.3�C each 20 s from 60�C
to 95�C. Positive and negative controls were included for
each gene. Standard curves for each gene were run to deter-
mine the efficiency of amplification using dilutions from
5E�2 to 5E�7 ng/μL of PCR fragments. Quantitative PCR reac-
tions were performed separately for each gene and normal-
ized by the mRNA expression of TATA box binding protein
(Tbp).

Western Blot Analyses

For whole cell homogenates, proteins were extracted and
assayed as previously described (10). Plasma membrane pro-
teins from the soleus were extracted using a commercially
available kit (Invent Biotechnologies, Plymouth MN). Blots
were incubated with the following antibodies: phosphoryl-
ated (p)-IGF-1 receptor-b (Tyr1135/1136)/(p)-insulin receptor
(IR)-b 1:500 (Tyr1150/1151; Cat. No. 3024), p-AKT 1:1,000
(ser473; Cat. No. 4060), AKT 1:2,000 (Cat. No. 4691), GAPDH
1:1,000 (Cat. No. 2118), glucose transporter-4 1:1,000 (GLUT4;
Cat. No. 2213, Cell Signaling, Danvers, MA), IR-b 1:500 (Cat.
No. SC-711), sodium-potassium ATPase 1:250 (Naþ /Kþ

ATPase; Santa Cruz Biotechnology, Santa Cruz, CA), and glu-
cose transporter-4 1:1,000 (GLUT4; Cat. No. ab654, Abcam,
Cambridge, MA) in Odyssey blocking solution þ 0.2%
Tween 20 at 4�C. Membranes were scanned in an Odyssey
infrared imager (LI-COR Biosciences, Lincoln, NE) or an
Azure c500 imager (Azure Biosystems, Dublin, CA). In addi-
tion to loading the same amount of total protein per well,
densitometry values were further normalized by correcting
for the densitometry values of Ponceau S staining as previ-
ously described (28) or total protein stain (LI-COR Bio-
sciences, Lincoln, NE). Western blot results were acquired
from a total of four to six blots that were run simultaneously.
All Western blots included one to two samples from each
group at all three time points. Densitometry values from
each protein were divided by the densitometry values of the
total protein stain. Results are presented as percent change
from LETO at T0.

Biochemical Analyses

Fasting plasma glucose, total cholesterol (TC), and TG
were measured using an automatic analyzer (7020 clinical
analyzers, Hitachi, Tokyo, Japan). Plasma nonesterified fatty
acids were measured using a commercially available kit
(WAKO, Osaka, Japan). Plasma adiponectin, corticosterone
(R&D Systems, Minneapolis, MN), glycated albumin (My
BioSource, San Diego, CA), glucagon (Mercodia Inc., Winston

Salem, NC), glucagon-like peptide-1 (Phoenix Pharmaceu-
ticals, Inc., Burlingame, CA), and insulin (EMD Millipore,
Billerica, MA) were measured using commercially available,
rat-specific RIA and ELISA kits. All samples were analyzed in
duplicate with intra-assay, percent coefficients of variability
of<10% for all assays.

Statistics

Means (± standard deviation) were calculated using all
samples unless otherwise noted. We used a one-way
ANOVA followed by Tukey’s post hoc test for BM, systolic
blood pressure (SBP), and organ masses. For all other
data, we used a mixed model ANOVA with group and
time as between-subject factors unless otherwise speci-
fied in the figure legend. When significant differences
were observed, multiple comparisons were carried out
using a Holm–Sidak correction. Outliers were detected
using Grubbs’ test and removed. Statistical significance
was set at P < 0.05. Statistical analyses were performed
with GraphPad Prism 8.4.3 (GraphPad Software, San
Diego, CA).

RESULTS

AT1 Blockade Protected against Lean Body Mass Loss
and Reduced Fat Accumulation

Mean BM, relative soleus muscle, liver, and epididymal
and retroperitoneal fat masses were measured to assess the
effects of AT1 blockade on body composition. Data on BM,
SBP, and relative epididymal and retroperitoneal fat masses
have been previously published (28, 29) but are briefly
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Figure 4. Chronic AT1 blockade increases retroperitoneal fat GLUT4 protein
expression. Means (±SD) GLUT4 protein expression [% change from Long-
Evans Tokushima Otsuka (LETO) T0] and the representative Western blot
bands of LETO (n = 5/time point), Otsuka Long-Evans Tokushima Fatty (OLETF;
n = 6–8/time point), and OLETF þ ARB (n = 6–8/time point) prior (T0) and 60
(T60) and 120 (T120) min after challenge of glucose. Comparisons were
assessed using a mixed-model ANOVA with group and time as between-sub-
ject factors. Multiple comparisonswere carried out using aHolm–Sidak correc-
tion. G = group P < 0.05. #P < 0.05 vs. LETO; †P < 0.05 vs. OLETF. ARB,
angiotensin receptor type 1 (AT1) blocker; GLUT4, glucose transporter-4.
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included here for context. At the end of the study, BM was
greater in OLETF compared with LETO (366±32 vs. 503± 24
g; P < 0.05) and ARB (481± 11 g; P > 0.05) did not affect BM
(28, 29). SBP was greater in OLETF compared with LETO
(114±6 vs. 142±5 mmHg; P < 0.05) and ARB (120±6 mmHg;
P < 0.05 vs. OLETF) completely reversed the elevated arte-
rial pressure (28, 29). Relative soleus mass was reduced 19%
in OLETF compared with LETO (0.042±0.004 vs. 0.034±
0.002 g/100 g BM; P < 0.05) and ARB (0.037±0.004 g/100 g
BM; P > 0.05 vs. LETO) prevented this effect. Absolute and
relative liver masses were increased 69% and 19%, respec-
tively, in OLETF compared with LETO. ARB decreased

absolute and relative liver masses by 12% and 6%, respec-
tively, compared with OLETF (Table 2). Relative epididy-
mal and retroperitoneal fat masses were 83% (1.2 ± 0.1 vs.
2.2 ± 0.3 g/100 g BM; P < 0.05) and 170% (1.5 ± 0.1 vs.
4.0 ± 0.6 g/100 g BM; P < 0.05) greater, respectively, in
OLETF compared with LETO. ARB reduced relative epi-
didymal and retroperitoneal fat masses by 14% (1.9 ± 0.1 g/
100 g BM; P < 0.05) and 20% (3.2 ± 0.4 g/100 g BM; P <
0.05), respectively, compared with OLETF (29). Collectively,
these results demonstrated that AT1 blockade normalizes
relative lean body mass and reduces the accumulation of fat
in OLETF rats.
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Figure 5. IR phosphorylation and AKT phos-
phorylation are not impaired in soleus of
Otsuka Long-Evans Tokushima Fatty (OLETF)
rats. Means (±SD) IR phosphorylation (A), IR-b
(B), p-IR:IR-b ratio (C), AKT phosphorylation
(D), AKT (E), and p-AKT:AKT ratio (F) [%
change from Long-Evans Tokushima Otsuka
(LETO) T0] and their representative Western
blot bands in LETO (n = 4 or 5/time point),
OLETF (n = 6–8/time point), and OLETF þ
ARB (n = 6–8/time point) prior (T0) and 60
(T60) and 120 (T120) min after challenge of
glucose. Comparisons were assessed using
a mixed-model ANOVA with group and time
as between-subject factors. Multiple compari-
sons were carried out using a Holm–Sidak
correction. G = group P < 0.05; T = time P <
0.05. #P < 0.05 vs. LETO; §P < 0.05 vs. T0;

‡P< 0.05 vs. T60. ARB, angiotensin receptor
type 1 (AT1) blocker; IR, insulin receptor.
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AT1 Blockade Decreased the Glucose and TG
Responses to an Acute Glucose Challenge

Plasma glucose, TG, nonesterified fatty acids (NEFA),
glycated albumin, TC, glucagon-like peptide-1 (GLP-1), in-
sulin, glucagon, corticosterone, and adiponectin were
measured to assess the responses of chronic AT1 blockade
on lipid and glucoregulatory hormones to an acute glucose
challenge. At all-time points, mean plasma glucose was
greater in OLETF than in LETO and ARB reduced it (Fig.
1A). At T0, plasma TG levels were greater in OLETF com-
pared with LETO. At T60 and T120, plasma TG increased
in OLETF and ARB compared with LETO, and levels
decreased 28% and 38% in ARB at T60 and T120, respec-
tively, compared with OLETF (Fig. 1B). There were signifi-
cant group and time effects on plasma NEFA. Mean
plasma NEFA decreased in response to the glucose chal-
lenge. Mean plasma NEFA levels were greater in OLETF
and ARB than LETO (P = 0.0508; Fig. 1C). Baseline mean
plasma glycated albumin was 50% and 67% greater in
OLETF and ARB, respectively, compared with LETO (Table
2). Additionally, baseline mean plasma TC was 30% and
37% higher in OLETF and ARB, respectively, compared
with LETO (Table 2). There was a significant time but no
group effect on plasma GLP-1 (Fig. 2A). There were signifi-
cant group and time effects on mean plasma insulin and
glucagon. Mean plasma insulin and glucagon increased
with the glucose challenge. Furthermore, plasma insulin
and glucagon were greater in OLETF and ARB than in
LETO (Figs. 2B and 1C). At T0 and T60, mean plasma corti-
costerone was not different between the groups; however,
at T120, mean plasma corticosterone was 72% lower in
ARB than OLETF (Fig. 2D). There was a significant group
but no time effect on plasma adiponectin. Mean group
plasma adiponectin was greater in OLETF (4.7 ± 0.8 mg/mL;
P < 0.05) and ARB (4.5 ± 0.8 mg/mL; P < 0.05) compared
with LETO (3.7 ± 0.5 mg/mL). These results collectively
demonstrated that AT1 blockade reduces glucose intoler-
ance and that these effects are independent of its effects
on glucose regulatory hormones during these measure-
ment periods. These results also demonstrated that AT1

blockade reduces the typical OLETF TG response to an
acute glucose challenge.

Chronic AT1 Blockade Increased IR Phosphorylation in
Retroperitoneal Fat after an Acute Glucose Challenge

IR phosphorylation and AKT phosphorylation were meas-
ured in retroperitoneal fat and soleusmuscle at baseline (T0)
and 60 (T60) and 120 (T120) min after an acute glucose chal-
lenge to determine the impacts of the obesity-associated
hyperglycemia, and ARB treatment, on peripheral IR phos-
phorylation and AKT phosphorylation.

Retroperitoneal fat.
At T0, mean IR phosphorylation was not different among
the groups; however, at T60, IR phosphorylation was 155%
greater in ARB than in OLETF, and at T120, IR phosphoryla-
tion was 116% greater in OLETF than in LETO (Fig. 3A).
There was a significant group but no time effect on IR. Mean
IR was lower in OLETF than in LETO, and ARB was not

different from LETO or OLETF (Fig. 3B). There were signifi-
cant group and time effects on the ratio of IR phosphoryla-
tion and nonphosphorylated IR (p-IR:IR). Mean p-IR:IR ratio
was greater in OLETF and ARB compared with LETO (Fig.
3C). There was no group or time effect on AKT phosphoryla-
tion (Fig. 3D). At T0, mean AKT was lower in OLETF and
ARB than in LETO (Fig. 3E). There was a significant group
but no time effect on the ratio of AKT phosphorylation and
nonphosphorylated AKT (p-AKT:AKT; Fig. 3F). Mean p-AKT:
AKT ratio was greater in OLETF than in LETO, and ARB nor-
malized the levels (Fig. 3F). Additionally, glucose trans-
porter-4 (GLUT4) protein expression was measured in
retroperitoneal fat to determine the contribution of AT1-
mediated signaling on GLUT4 protein expression. There was
a significant group but no time effect on GLUT4. Mean
GLUT4 was lower in OLETF and OLETF þ ARB compared
with LETO; however, mean GLUT4 was greater in OLETF þ
ARB than in OLETF (Fig. 4). In summary, these results
indicate that acute glucose exposure alters IR phosphoryl-
ation and GLUT4 expression in retroperitoneal fat of
OLETF rats and that these effects are partially mitigated
by ARB treatment.

Soleus muscle.
There were significant group and time effects on soleus IR
phosphorylation and p-IR:IR ratio; however, there was only
a group effect on IR (Fig. 5, A–C). Mean IR phosphorylation
increased following the acute glucose challenge in all the
groups, and the response was greater in OLETF and ARB
than in LETO (Fig. 5A). Mean p-IR:IR ratio increased
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Figure 6. Effects of chronic AT1 blockade on adipocyte morphology. A:
representative images of adipocytes from retroperitoneal fat. Means (±SD)
adipocyte area distribution (B) of Long-Evans Tokushima Otsuka (LETO;
n = 5), Otsuka Long-Evans Tokushima Fatty (OLETF; n = 7), and OLETF þ
ARB (n = 7). Comparisons were assessed using a mixed-model ANOVA
with group as between-subjects factor and adipocyte area as a within-sub-
jects factor/multiple comparisons were carried out using a Holm–Sidak
correction. A = adipocyte area P< 0.05; G = group P< 0.05; I = interaction
P < 0.05. �P < 0.05 LETO vs. OLETF; �P < 0.05 LETO vs. OLETF þ ARB;

†P < 0.05 OLETF vs. OLETF þ ARB. ARB, angiotensin receptor type 1
(AT1) blocker.
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postglucose challenge in all the groups, and it was greater in
OLETF and ARB than in LETO (Fig. 5C). There was a signifi-
cant time but no group effect on AKT phosphorylation and
p-AKT:AKT ratio. Mean AKT phosphorylation and p-AKT:
AKT were greater postglucose challenge in all the groups
compared with T0 (Fig. 5, D and F). There was no group or
time effect on AKT (Fig. 5E). We also measured GLUT4 pro-
tein expression in the plasma membrane from soleus and
found no difference among the groups (data not shown).
These results collectively suggest that acute glucose expo-
sure does not alter IR phosphorylation or AKT phosphoryla-
tion and GLUT4 translocation in soleus at this stage in
OLETF rats.

Chronic AT1 blockade decreased adipocyte inflammation.
Adipocyte morphology, along with TNF-a, and F4/80- and
CD11c-positive cells in adipose were measured to assess
whether the improvement in IR phosphorylation and GLUT4
expression was associated with a reduction in the relative
abundance of large adipocytes and adipocyte inflammation.
The abundance of adipocytes between 1,500 and 4,000 mm2

was greater in OLETF and OLETF þ ARB than in LETO (Fig. 6,
A and B). Additionally, the abundance of adipocytes between
6,000 and 14,000 mm2 was greater in OLETF and OLETF þ

ARB than in LETO (Fig. 6, A and B). AT1 blockade reduced the
abundance of adipocytes between 15,000 and 15,500 mm2 as
compared with OLETF (Fig. 6, A and B). Adipocyte F4/80- and
CD11c-positive cells were 173% and 174% greater, respectively,
in OLETF compared with LETO, and ARB normalized the lev-
els (Fig. 7, A–C). Adipocyte TNF-a levels decreased 52% in
OLETF þ ARB compared with OLETF (Fig. 8, A and B). These
results collectively demonstrated that prophylactic treatment
with Olmesartan in 10-wk-old OLETF rats has modest effects
on adipocytemorphology but does help prevent the inflamma-
tory state observed in adipose of untreated OLETF rats.

Chronic AT1 Blockade Decreased the Expression of
Genes Involved in Hepatic Gluconeogenesis

IR phosphorylation and AKT phosphorylation along with
Pck1 and G6pc1 mRNA expressions were measured in the
liver at baseline (T0) and 60 (T60) and 120 (T120) min after
an acute glucose challenge to evaluate the contributions of
AT1-mediated signaling on hepatic IR phosphorylation and
AKT phosphorylation and gluconeogenesis. There were sig-
nificant group and time effects on hepatic IR phosphoryla-
tion. Mean IR phosphorylation increased in all the groups 60
min postglucose challenge (Fig. 9A). Mean IR phosphoryla-
tion was greater in OLETF and ARB than in LETO (Fig. 9A).
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Figure 7. Chronic AT1 blockade decreases mac-
rophage infiltration in retroperitoneal adipose tis-
sue. A: representative images of adipocytes
stained with F4/80, CD11c, and perilipin. Means
(±SD) F4/80þ (B) and (C) CD11cþ cells of Long-
Evans Tokushima Otsuka (LETO; n = 5), Otsuka
Long-Evans Tokushima Fatty (OLETF; n = 8), and
OLETF þ ARB (n = 7). For F4/80þ , comparisons
were assessed using a one-way ANOVA fol-
lowed by Holm–Sidak post hoc test. For CD11cþ ,
comparisons were assessed using a Krustal–
Wallis test followed by Dunn’s post hoc test.
#P < 0.05 vs. LETO; †P < 0.05 vs. OLETF. ARB,
angiotensin receptor type 1 (AT1) blocker. Scale
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There was a significant group but no time effect on IR. Mean
IR was lower in OLETF and ARB compared with LETO (Fig.
9B). There was a significant group but no time effect on p-IR:
IR ratio. Mean p-IR:IR ratio was greater in OLETF and ARB
compared with LETO (Fig. 9C). There was a significant time
but no group effect on AKT phosphorylation and p-AKT:AKT
ratio (Fig. 9, D and F). There was no group or time effect on
AKT (Fig. 9E).

mRNA expression.
There was a significant time but no group effect on Foxo1
mRNA expression (Fig. 10A). At T0 and T60, mean Pck1
mRNA expression was not different between LETO and
OLETF; however, at T0 and T60, mean Pck1 mRNA expres-
sions were reduced by 58% and 64%, respectively, in ARB
compared with OLETF (Fig. 10B). At T120, mean Pck1mRNA
expression was reduced by 70% and 85% in OLETF and ARB,
respectively, compared with LETO (Fig. 10B). At T0 and
T120, mean G6pc1 mRNA expressions were not different
among the groups (Fig. 10C). At T60, mean G6pc1 mRNA
expression was 6.0-fold greater in OLETF than in LETO, and
ARB normalized the levels (Fig. 10C). These results collec-
tively suggest that acute glucose exposure does not alter

hepatic IR phosphorylation and AKT phosphorylation at this
stage of the disease in OLETF rats. However, AT1-mediated
signaling is sufficiently elevated to contribute to the hyper-
glycemia such that chronic blockade of AT1 decreases the
potential for de novo hepatic glucose production.

Hepatic injury.
Additionally, hepatic lipid deposition, fibrosis, and necrosis
were evaluated to determine whether the improvements in
gluconeogenic enzyme expression were associated with
changes in liver health. There was a significant group effect
on particle diameter as a marker of hepatic lipid deposition.
Mean particle diameter was greater in OLETF compared
with LETO, and ARB treatment had no effect (Fig. 11, A and
B). There were no detectable differences in fibrosis and ne-
crosis among the groups at this stage.

DISCUSSION

Obesity predisposes individuals to the development of car-
diovascular and metabolic disorders (34, 35). Notably, some
hypertension treatments are associated with the develop-
ment or worsening of hyperglycemia (36, 37). Nevertheless, a
meta-analysis found that RAS inhibitors delay the new onset
of T2D in hypertensive or individuals with a high risk for car-
diovascular disease (38). Furthermore, in rodent models of
obesity and insulin resistance, RAS blockade’s benefits on
dysglycemia seem to be isolated to improvements in insu-
lin signaling in skeletal muscle, adipose, and liver (17, 25,
39–41). Nevertheless, these tissues’ dynamic cellular
responses that may contribute to the beneficial effects of
chronic AT1 blockade on glucose intolerance are not well-
defined. Therefore, we aimed to evaluate the static and
dynamic responses of soleus muscle, liver, and adipose to
an acute glucose challenge following the chronic blockade
of AT1. This study demonstrates that chronic AT1 blockade
in OLETF rats 1) decreases adipocyte inflammation and 2)
increases GLUT4 protein expression in retroperitoneal fat.
Additionally, chronic AT1 blockade 3) increases IR phos-
phorylation in retroperitoneal fat and 4) decreases the
expression of genes involved in hepatic gluconeogenesis
after an acute glucose challenge. Collectively, these results
suggest that the overactivation of RAS associated with the
manifestation glucose intolerance in OLETF rats contrib-
utes to the development of hyperglycemia by increasing
the adipocyte inflammatory response and by decreasing
IR phosphorylation in adipose while also increasing he-
patic glucose production.

Insulin suppresses hepatic glucose production directly by
decreasing the expression of genes involved in hepatic glu-
cose production (42). Nevertheless, insulin can still regulate
hepatic glucose production in mice that lack components of
hepatic insulin signaling and Foxo1 (43, 44) suggesting that
insulin can regulate hepatic gluconeogenesis through its
actions on other tissues. In the present study, acute glucose
exposure had no effect on hepatic IR phosphorylation and
AKT phosphorylation in OLETF and chronic AT1 blockade
had no profound effects in this regard. However, AT1 block-
ade decreased hepatic Pck1 and G6pc1 mRNA expressions
suggesting that RAS inhibition may decrease hepatic gluco-
neogenesis independent of its effects on hepatic IR
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phosphorylation and AKT phosphorylation. In streptozoto-
cin-induced type 1 diabetic rats, AT1 inhibition decreased
hepatic phosphoenolpyruvate carboxykinase protein (21).
Obesity is associated with increased hypothalamic-pituitary-
adrenal (HPA) axis activity (45). In obese Zucker rats, chronic
ANG II treatment increases the pituitary-adrenal response to
a corticotropin-releasing hormone (CRH) challenge (46), and
in spontaneously hypertensive rats, both AT1 and angioten-
sin-converting enzyme inhibition decreased the pituitary-
adrenal response to a CRH challenge (47). In the latter study,
spontaneously hypertensive rats treated with candesartan
also had lower plasma glucose and higher plasma insulin in
response to the CRH challenge (47). Additionally, we

previously showed that chronic AT1 inhibition decreased
corticosterone in OLETF rats (48). In the present study, we
found glucose suppressed corticosterone levels only at the
120-min time point in the ARB group suggesting that chronic
inhibition of AT1 does not likely alter the expression of gluco-
neogenic genes statically via corticosterone but may do so
dynamically in response to a glucose load. Therefore, we
hypothesize that ANG II may act directly in the nucleus to
regulate gene expression as ANG II is increased in hepatic
nuclei and increased RNA transcription (49, 50). ANG II may
also regulate the activity of gluconeogenic enzymes as intra-
venous infusion of ANG II increased hepatic glucose produc-
tion within 10 min (51–53). However, these hypotheses need
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a mixed-model ANOVA with group and time
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to be tested to determine the mechanism by which AT1 inhi-
bition decreases hepatic glucose production, especially in
relation to changes in glucocorticoids.

Skeletal muscle accounts for the majority of postprandial
glucose disposal (54). Notably, the deletion of the IR in skele-
tal muscle decreases insulin-stimulated glucose uptake in
muscle. However, the IR null mice do not develop hypergly-
cemia or glucose intolerance due to other tissues, such as

adipose, compensating for this defect (55). In contrast, the
deletion of the IR in adipose leads to lipodystrophy, systemic
insulin resistance, and the development of nonalcoholic
fatty liver disease (NAFLD) that progresses to nonalcoholic
steatohepatitis (NASH) (56, 57). Disruption of insulin signal-
ing in adipose without deleting the IR, by knocking out the
target of rapamycin complex 2, decreases glucose uptake,
lipogenesis, and increases inflammation in adipose while also
increasing hepatic glucose production (58, 59). Furthermore,
mice with deletion of the phosphatase and tensin homolog
(PTEN) in adipocytes are characterized by enhanced insulin
signaling in adipose and increased fat mass. However, these
mice have decreased inflammation and do not develop
fasting hyperglycemia, glucose intolerance, or NAFLD in
response to a high-fat diet (60). These studies suggest that dis-
ruption of insulin signaling in adipose reduces glucose
uptake, lipogenesis, increases inflammation, and lipolysis in
adipose resulting in systemic insulin resistance and ectopic
lipid deposition in peripheral tissues. In the present study, we
demonstrated that chronic AT1 inhibition increased IR phos-
phorylation in response to acute glucose exposure and
decreased TNF-a expression and macrophage infiltration in
adipose. In addition, we previously showed in age-matched
OLETF rats that treatment with etanercept, a TNF-a inhibitor,
improved glucose tolerance to greater levels than AT1 inhibi-
tion and cotreatment did not have an additive effect (29).
Although chronic AT1 inhibition increased IR phosphoryla-
tion after an acute glucose exposure, this effect did not trans-
late into increased AKT phosphorylation. The lack of an
increase in AKT phosphorylation may result from measuring
its phosphorylation at the whole cell level instead of that
bound to the plasma membrane, which was shown in 3T3-L1
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Figure 10. AT1 blockade reduces the expression of genes involved in he-
patic gluconeogenesis. Means (±SD) Forkhead Box O1 (FOXO1; A), phos-
phoenolpyruvate carboxykinase 1 (PCK1; B), and glucose-6-phosphatase 1
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cose. Comparisons were assessed using a mixed-model ANOVA with
group and time as between-subject factors. Multiple comparisons were car-
ried out using a Holm–Sidak correction. G = group P < 0.05; I = interaction
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adipocytes to determine its activity (61). Nevertheless, chronic
AT1 blockade increased GLUT4 protein levels suggesting that
AKT activity was likely increased at some point that was not
captured in our measurement periods here. Collectively, our
results suggest that at this early stage of the disease, inap-
propriately activated RAS may increase the adipocyte inflam-
matory response leading to decreased IR phosphorylation
and GLUT4 expression that ultimately contribute to the de-
velopment of hyperglycemia.

We previously demonstrated that chronic AT1 blockade
decreased the abundance of large adipocytes and that
this improvement in adipocyte morphology was associ-
ated with an improvement in the ability to suppress
NEFA levels (lipolysis) after an acute glucose challenge in
OLETF rats (10). In the present study, chronic AT1 block-
ade had minor effects on adipocyte morphology and did
not affect plasma NEFA levels postglucose challenge at
the measurement time points. The discrepancies between
these two studies may result from the animals being
younger in the present study (16 wk compared with 24
wk) and less insulin-resistant. Other tissues such as the
liver may compensate and sequester the excess free fatty
acids released from lipolysis at this stage of the condition.
Indeed, at this stage of the disease, OLETF rats have
greater lipid deposition as demonstrated by particle anal-
ysis in the present study and greater hepatic triglycerides
in our previous study (48). Collectively, these results sug-
gest that at this stage of the disease, peripheral tissues
such as the liver sequester free fatty acids at a rate that
surpasses that of lipolysis; however, as the condition pro-
gresses, the capacity of peripheral tissues to compensate
for the increase in lipolysis leading to a sustained eleva-
tion in free fatty acids following the acute glucose chal-
lenge is diminished.

Conclusions

In summary, the present study demonstrated that chronic
activation of AT1 worsened glucose tolerance by increasing
adipocyte inflammation and impairing adipose IR phospho-
rylation and GLUT4 expression and by increasing the
expression of genes involved in hepatic gluconeogenesis,
likely resulting in elevated hepatic glucose production.
Thus, the early onset of hyperglycemia is characterized by
impaired IR phosphorylation in adipose following an acute
glucose challenge (or postprandial event) that is, at least par-
tially, AT1-mediated. In adipose, the impaired IR phospho-
rylation coincides with increased adipocyte inflammation
and our results suggest that adipocyte inflammation may
precede the impairment in adipocyte IR phosphorylation.
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