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INTRODUCTION

Obesity, diabetes, cardiovascular disease, and metabolic syn-
drome have all seen significant increases in the last few de-
cades, and this trend is expected to continue into the future. 
These increases are likely the result of changes in modern life-
style, such as an overabundance of nutrition and a lack of ex-
ercise.1 Among these conditions, diabetes may be the most 
dangerous as it causes not only vascular disease, but also vari-
ous other complications, including neuropathy and arterioscle-
rosis, all of which pose serious social and economic burden for 
both patients and society. There are two types of diabetes melli-
tus: type 1, or insulin-dependent diabetes, which is caused by 
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the destruction of pancreatic beta cells by the immune system, 
and type 2, or non-insulin-dependent diabetes, which is in-
duced by insufficient glucose uptake and degradation due to 
insulin resistance in endodermal tissue cells.2,3 Currently, most 
diabetes patients are type 2, and insulin resistance, which is a 
major factor in the development of diabetes, is known to play a 
key role in this metabolic syndrome. 

Several papers have reported a correlation between diabe-
tes and other metabolic diseases. The incidence of hyperten-
sion is proportional to that of diabetes, and hypertension itself 
is one of the major risk factors for aggravating insulin sensitiv-
ity.4-6 Because the survival rate of hypertensive patients with 
diabetes is lower than that of hypertensive patients without di-
abetes, the development of appropriate therapeutic and pre-
ventive medicines based on their shared pathogenesis is nec-
essary.

Fimasartan (2-n-butyl-5-dimethylaminothiocarbonylmeth-
yl-6-methyl-3-[1]pyrimidine-(3H)-one potassium salt trihy-
drate) is a new angiotensin II type 1 receptor (AT1R) blocker 
approved by the Korean Food and Drug Administration in 2010 
for the treatment of hypertension.7 AT1R blockers lower blood 
pressure by inhibiting the binding of angiotensin II to AT1R 
and are therefore widely used in the treatment of hypertension 
and related vascular diseases.8 One recent study reported that 
when angiotensin II-AT1R binding is blocked, angiotensin II 
binds to AT2R instead, inducing various anti-hypertension, an-
ti-stroke, anti-arteriosclerosis, and anti-diabetes effects.9 Addi-
tionally, another study reported that the use of an AT1R blocker 
lowered the prevalence rate of diabetes and heightened regu-
lation effects on lipid and glucose metabolism, compared to 
other antihypertensive drugs.10 In addition, AT1R blockers have 
been found to reduce the progression of diabetes and to be ef-
fective in preventing cardiovascular complications in patients 
with type 2 diabetes and hypertension.11 Although many stud-
ies have suggested a relationship between AT1R blockers and 
diabetes, the underlying reaction mechanism remains unclear. 

Skeletal muscle is a major organ involved in glucose uptake, 
utilization, and storage.12 Furthermore, skeletal muscle is the 
main site of insulin resistance in obesity and type 2 diabetes.13 
The liver also plays a major role in the homeostasis of blood 
glucose by maintaining a balance between glucose uptake and 
storage via glycogenesis, glycogenolysis, and gluconeogene-
sis.14 Although skeletal muscle and the liver are known to be 
involved in the regulation of glucose metabolism in a variety 
of ways, a comprehensive evaluation is lacking on the the effects 
of peroxisome proliferator-activated receptor delta (PPARδ) and 
5' adenosine monophosphate-activated protein kinase (AMPK) 
on insulin signal transduction in both muscle and liver tissues.

Accordingly, this study was designed to clarify how fimasar-
tan regulates glucose metabolism and insulin signal transduc-
tion in type 2 diabetes using in vitro models, focusing particu-
larly on the roles of PPARδ and AMPK. 

MATERIALS AND METHODS

Cell culture 
C2C12 (mouse myoblast), HepG2 (human liver cancer cell), 
and Raw264.7 (mouse macrophage) cell lines (Korean Cell Line 
Bank, Seoul, Korea) were cultured in low glucose Dulbecco’s 
modified Eagle’s medium (DMEM) containing 10% fetal bo-
vine serum (FBS) and 1% antibiotic-antimycotic solution (AA) 
(Welgene, Gyeongsan, Korea). The medium was replaced ev-
ery 48–72 h. When the C2C12 cells reached confluence, they 
were placed in differentiation medium containing 1% FBS and 
1% AA and differentiated to myotubes for 72 h. Afterwards, the 
medium was changed to high-glucose DMEM containing 1% 
FBS and 1% AA. The cells were treated with 200 µM fimasar-
tan (Boryung Pharmaceutical Co., Ltd., Seoul, Korea), 50 µM 
GSK0660, and 1 µM compound C (Sigma-Aldrich, St. Louis, 
MO, USA) for 24 h.

When HepG2 and Raw264.7 cells reached 80% confluence, 
the medium was changed to high-glucose DMEM containing 
1% FBS and 1% AA, and the cells were then treated with 200 
µM fimasartan and 50 µM GSK0660 for 24 h.

When 3T3-L1 preadipocytes (Korean Cell Line Bank, Seoul, 
Korea) reached confluence, differentiation medium was ap-
plied to cells, together with fimasartan (30 µmole). The differen-
tiation medium included 10% FBS and a differentiation cocktail 
solution consisting of 1.5 µg/mL insulin, 1 µM dexamethasone, 
500 µM 3-isobutyl-1-methylxanthine, and 1 µM rosiglitazone. 
After differentiation for 2 days, the medium was replaced with 
insulin medium containing 1.5 µg/mL insulin and 10% FBS. 
After incubation in insulin media for 2–4 days, the medium 
was changed to maintenance medium that contained only 
10% FBS.

Membrane protein extraction
Membrane proteins from the C2C12 cells were extracted using 
the Mem-PER Plus Membrane Protein Extraction Kit (Pierce 
Biotechnology, Rockford, IL, USA) according to the manufac-
turer’s protocol.

After collection, the precipitated cells were resuspended in 
a cell wash solution and then transferred to a new tube and 
centrifuged. The cell supernatant was then discarded, and the 
cell pellet was resuspended in permeabilization buffer before 
being briefly agitated. The permeabilized cells were centri-
fuged, and the supernatant containing cytosolic proteins was 
transferred to new tubes. Solubilization buffer was added to 
the cell pellets and resuspended. After centrifugation, the su-
pernatant containing the solubilized membrane and mem-
brane-associated proteins was transferred to a new tube.

Western blot analysis
Cells were lysed in PRO-PREPTM (iNtRON, Seongnam, Korea) 
and centrifuged. The supernatant was then collected, and pro-
teins were separated by SDS-PAGE (10% w/v) and transferred 
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to nitrocellulose membranes. After blocking with 5% skimmed 
milk solution or 1% BSA in Tris-buffered saline containing 
0.05% Tween 20 (TBS-T), the membranes were incubated at 
room temperature for 2 h with the following primary antibod-
ies: AMPK, p-AMPK (at Thr172), AKT, p-AKT, insulin receptor 
substrate-1 (IRS-1), glycogen phosphorylase, liver form (PYGL), 
glycogen synthase (GS), p-GS (Cell Signaling, Danvers, MA, 
USA), glucose transporter type 4 (Glut4), and β-Actin (Santa 
Cruz, CA, USA). After the membranes were incubated with 
appropriate horseradish peroxidase-conjugated secondary 
antibodies (Santa Cruz) at room temperature for 1 h, the mem-
branes were treated with the ClarityTM Western ECL Substrate 
kit (Bio-Rad, Hercules, CA, USA), and images were obtained 
manually using developer fixer reagents (Kodak, Rochester, NY, 
USA) and X-ray film. The results were analyzed using Image J 
software (National Institutes of Health, Bethesda, MD, USA).

Reverse transcription polymerase chain reaction
Total RNA was extracted using TRIzol reagent according to the 
manufacturer’s instructions. Complementary DNA synthesis 
was performed according to the protocol provided by the Prime-
ScriptTM RT Master Mix (Takara Bio Inc, Shiga, Japan). The 
temperature protocol for RT was as follows: 37°C for 15 min, 
followed by 85°C for 5 sec. The primer sequences used were 
as follows: forward 5'-CATCTTCTCAAAATTCGAGTGACAA-3' 
and reverse 5'-GGGAGTAGACAAGGTACAACCC-3' for mouse 
TNF-α; forward 5’-TAAAACGCAG CTCAGTAACAGTCCG-3' 
and reverse 5'-TGGAATCCTGTGGACTCCATGAAAC-3' for 
mouse β-actin. For quantitative PCR, TOPrealTM qPCR 2X Pre-
MIX (Enzynomics Co Ltd, Daejeon, Korea) and CFX96TM Re-
al-Time System (Bio-Rad) were used. All reactions were re-
peated three times under the following conditions: initial 
denaturation at 95°C for 10 min, followed by 35 cycles at dena-
turation step for 10 sec at 95°C, annealing for 15 sec at 60°C, 
and elongation for 15 sec at 72°C. Relative gene expression val-
ues were determined using the 2-ΔΔCq method.

Cell mito stress test
The oxygen consumption rate (OCR) in C2C12 cells was esti-
mated using the Cell Mito Stress kit and Seahorse XFp system 
(Agilent, Santa Clara, CA, USA) according to the manufactur-
er’s protocol. Cells (1×104/well) were plated, allowed to settle, 
and treated with fimasartan before being incubated overnight. 
A sensor cartridge and utility plate (cartridge+utility) contain-
ing the calibrant was incubated overnight in a CO2-free incuba-
tor at 37°C. Oligomycin, carbonyl cyanide-4-(trifluoromethoxy) 
phenylhydrazone (FCCP), and antimycin A/rotenone were sep-
arately injected into each drug port in the sensor cartridge+ 
utility plate and incubated in a CO2-free incubator for 10 min, 
after which OCR was measured.

ELISA for ATP, AMPK, glycogen synthase kinase-3, 
and pyruvate carboxylase
C2C12 and HepG2 cells (2×105/well) were seeded in 1 mL of 
medium per well in a 12-well plate and incubated for 48 h. The 
supernatants from these cells were then assayed for ATP, AMPK 
and glycogen synthase kinase-3 (GSK-3) using commercial 
ELISA kits (MyBioSource, San Diego, CA, USA) according to 
the manufacturer’s instructions. Absorbance was measured us-
ing a microplate reader (Molecular Devices LLC., Sunnyvale, 
CA, USA) at 450 nm.

Glucose uptake test
C2C12 myotubes were washed twice with PBS and starved in 
100 μL of PBS containing 2% (w/v) bovine serum albumin for 
40 min. The myotubes were treated with insulin (100 μM) for 
20 min, and 2-deoxyglucose was added to the myotubes and 
incubated for 20 min. After three washes with PBS, myotubes 
were extracted using an extraction buffer. These extracts were 
centrifuged at 500 rpm for 1–2 min, and the supernatants 
were transferred to fresh tubes. The enzyme mixture, glutathi-
one reductase, substrate, and recycling mixture were added to 
diluted extracts with assay buffer, and the reaction mixture 
was incubated for 10 min. Optical density was then measured 
at 412 nm.

Immunofluorescence
C2C12 myotubes were treated with fimasartan (200 μM) and 
GSK0660 (50 μM) in the presence of 25 mM glucose (high glu-
cose state) for 24 h. Immunofluorescence analysis was per-
formed using primary antibodies against Glut4. Green fluo-
rescence indicates Glut4 expression. The nuclei in all groups 
were stained blue with 4',6-diamidino-2-phenylindole (DAPI), 
and all images were acquired using a fluorescence microscope 
(EVOS FL Auto Imaging System, Thermo Fisher Scientific Inc, 
Bothell, WA, USA) at 200× magnification.

Statistical analyses
Data analyses were performed using GraphPad Prism 7.0 
(GraphPad Software Inc., San Diego, CA, USA), and statistical 
significance was assessed using Student’s t-test or one-way 
analysis of variance. Statistical significance was defined as a 
two-tailed p value<0.05.

RESULTS

Effects of fimasartan on C2C12 cells 
Fimasartan in the range of 50–200 µmole increased the cell vi-
ability of C2C12 cells. Cell viability was the highest at 200 
µmole and decreased at over 250 µmole (Fig. 1A). Compared to 
the high glucose control group, cells treated with fimasartan 
showed elevated levels of p-AMPK, IRS-1, p-AKT, and ATP. 
However, these increases were reversed following the addi-
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tion of the PPARδ antagonist GSK0660 (Fig. 1B and D). PPARδ 
protein expression in C2C12 myotubes grown in the presence 
of high glucose was not changed in response to treatment with 
the AMPK antagonist compound C (Fig. 1C). Fimasartan treat-
ment also increased OCRs in C2C12 myocytes (Fig. 1E).

Fimasartan increases glucose uptake and Glut4 
expression in C2C12 cells
Fimasartan increased membranous Glut4 expression, but its 
effect was offset by GSK0660 (Fig. 2A and B). The uptake of 
2-deoxy-glucose, which decreased under high glucose condi-
tions, was increased in cells treated with fimasartan or insulin 

(Fig. 2C).

Fimasartan inhibits glycogenolysis, but alleviates 
glycogenesis in HepG2 cells 
We determined the effects of fimasartan on glucose metabo-
lism in liver cells treated with high glucose by evaluating the 
expression of various glycogen production and glucose homeo-
stasis biomarkers, including PGYL, GS, and GSK-3, in HepG2 
cells. Protein levels of PYGL, p-GS, and GSK-3 were decreased 
in fimasartan-treated cells compared to the high glucose con-
trol group, and these changes were attenuated in the presence 
of GSK0660. GS protein levels were higher in the fimasartan-

Fig. 1. Effects of fimasartan on C2C12 cells. (A) The viability of C2C12 cells was increased with fimasartan treatment at 50–200 µmole. **p<0.01, 
***p<0.001 vs. Ctrl. (B and D) Protein levels of p-AMPK, IRS-1, and phosphorylated AKT (p-AKT) and ATP concentrations were elevated with fimasar-
tan, compared to the high glucose group. The increases were reversed by PPARδ antagonist (GSK0660) treatment. (B) *p<0.05 vs. Ctrl, †p<0.05, 
††p<0.01 vs. HG, ‡‡p<0.01, ‡‡‡p<0.001 vs. Fima. (D) ***p<0.001 vs. Ctrl, †p<0.05 vs. HG, ‡‡p<0.01 vs. Fima. (C) The AMPK antagonist compound C decreased 
the levels of p-AMPK, but did not affect PPARδ expression. **p<0.01 vs. Ctrl. (E) Fimasartan elevated OCRs. **p<0.01 vs. Ctrl. Values represent means± 
SEM (n=3 or 8). p-AMPK, phosphorylated 5' adenosine monophosphate-activated protein kinase; IRS-1, insulin receptor substrate 1; ATP, adenosine 
5'-triphosphate; PPARδ, peroxisome proliferator-activated receptor delta; GSK, glycogen synthase kinase.
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Fig. 3. The effects of fimasartan on glycogenolysis and glycogenesis in HepG2 Cells. (A) PYGL and p-GS expression decreased in response to fima-
sartan treatment, while GS expression increased. †p<0.05, ††p<0.01 vs. HG. (B) GSK-3 concentrations decreased in the fimasartan-treated group, al-
though this decrease was reversed following the addition of GSK0660. **p<0.01 vs. Ctrl, ††p<0.01 vs. HG, ‡‡‡p<0.001 vs. Fima. Values represent means± 
SEM (n=3).

Fig. 2. The effects of fimasartan on glucose uptake and Glut4 expression in C2C12 cells. Glut4 was stained using a green fluorescent dye, and nuclei were 
stained blue using DAPI in all groups. Glut4 expression decreased in the high glucose treatment group, but this decrease was reversed in response to fi-
masartan. (A) The effect of fimasartan was attenuated by the addition of PPARδ antagonist GSK0660. (B) Western blot against Glut4 supported the immu-
nofluorescence assays. †p<0.05 vs. HG, ‡p<0.05 vs. Fima. (C) Decreases in 2-deoxy-glucose uptake induced by high glucose were reversed in response to 
fimasartan. †p<0.05, †††p<0.001 vs. HG. Values represent means±SEM (n=3). Glut4; glucose transporter type 4; PPARδ, peroxisome proliferator-activated 
receptor delta; GSK, glycogen synthase kinase.
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treated group than in the high glucose control group (Fig. 3).

DISCUSSION

Angiotensin 1–7 has been reported to exert anti-diabetic effects 
mediated by phosphorylation of AKT via the modulation of G 
protein coupled- and Mas receptors.15 The angiotensin 1–7, 
Mas receptor, angiotensin II, and angiotensin II receptor path-
ways protect β-cells against oxidative stress and reduce insulin 
resistance induced by the accumulation of ectopic fat.16 Re-
search has shown that the AT1R blocker candesartan improves 
insulin resistance by increasing adiponectin levels17 and that 
another AT1R blocker, telmisartan, ameliorates glucose intol-
erance in obese mice.18 While several studies have demonstrat-
ed anti-diabetic effects for AT1R blockers, the underlying 
mechanism of these effects remains unknown. Meanwhile, re-
cent reports suggest that the new AT1R blocker fimasartan elic-
its positive effects in several diseases, including nonalcoholic 
fatty liver disease and inflammation.19-21 

Tumor necrosis factor-α (TNF-α), which is primarily secreted 
by activated macrophages, induces insulin resistance.22 In this 
study, fimasartan reduced the increased expression of TNF-α 
mRNA elicited by high glucose in Raw264.7 macrophages; 
however, the effect of fimasartan was reversed by the PPARδ 
antagonist GSK0660 (Supplementary Fig. 1, only online). This 
suggests that that the anti-diabetic effects of fimasartan can 
be partially attributed to the downregulation of TNF-α depen-
dent on PPARδ. 

Although a recent clinical study reported an effect of in-
creased insulin secretion for fimasartan in type 2 diabetic pa-
tients,23 relatively few studies have described the effects or 
mechanism of fimasartan-mediated improvements in glucose 
metabolism. 

Skeletal muscle is the major organ regulating the uptake, de-
composition, and storage of glucose and accounts for approxi-
mately 75% of the total body glucose absorption under insulin 
stimulation. The activation of insulin signaling molecules, such 
as IRS-1 and AKT, stimulates glucose uptake in skeletal mus-
cle.24 It is also well known that skeletal muscle is the major tis-
sue inducing insulin resistance in obesity and type 2 diabetes, 
and several studies have identified both AMPK and PPARδ as 
major therapeutic targets for metabolic disease.25,26 

AMPK acts as an intracellular energy state sensor and is acti-
vated by an energy shortage in which the concentration of AMP 
is increased in comparison to ATP. AMPK is composed of a cat-
alytic α-subunit and two regulatory β- and α-subunits. When 
cells are identified as energy deficient, AMPK undergoes phos-
phorylation of the 172 threonine residue in the α-subunit, which 
activates its signaling cascade.27 AMPK is an important regula-
tor of diabetes-related transcription factors, and AMPK activity 
regulates hepatic and intramuscular glucose transport.28 

PPARs regulate gene transcription associated with fatty acid 

and glucose metabolism, and they interact with the renin-an-
giotensin system. Moreover, PPARs play important roles in in-
sulin signal transduction and fat burning, and improve meta-
bolic diseases, such as diabetes, obesity, hyperlipidemia, and 
atherosclerosis.29 It has been reported that treatment with AT1 
receptor blockers improves insulin sensitivity by activating 
PPARγ, although these interactions have been largely inferred 
based on the molecular structure of the drug.30 Thus, studies 
on the relationship between AT1 receptor blockers and PPARs 
have primarily focused on PPARγ, which is expressed mainly 
in adipose tissues for fat storage; however, it is not expressed in 
skeletal muscle, which is the major tissue associated with insu-
lin resistance.31 PPARδ is relatively highly expressed in skeletal 
muscle and is known to play an important role in glucose me-
tabolism and insulin action.32 In addition, the activation of 
PPARδ has been found to induce an increase in fatty acid trans-
port and glucose uptake in cells and to elevate the expression of 
genes related to lipid and glucose metabolism in skeletal mus-
cle.33,34 However, few studies have demonstrated how AMPK 
and PPARδ interact with AT1 receptor blockers in glucose me-
tabolism.

Decreased mitochondrial function, including reduced ATP 
production rate and increased ROS generation, in skeletal 
muscle tissue results in insulin resistance, diabetes, and obe-
sity.35-37 Mitochondrial DNA mutations impair ATP-generation 
in the mitochondria, leading to a deficit in ATP, which is re-
quired for the transport of glucose and insulin.38 OCR is directly 
proportional to the cellular concentration of ATP, and if the 
intracellular mitochondria are damaged and there are any 
problems in the oxidative phosphorylation process, the mito-
chondria do not consume oxygen and ultimately stop produc-
ing ATP. Therefore, the amount of oxygen consumed in the mi-
tochondrial electron transport system is an important indicator 
for evaluating mitochondrial function, and it can be an im-
portant tool in the diagnosis and treatment of metabolic syn-
drome.39 In our study, fimasartan was found to elevate the 
protein expression levels of IRS-1, P-AKT, P-AMPK, and mem-
branous Glut4 in skeletal muscle cells treated with high glu-
cose. Moreover, the effects of fimasartan on glucose utilization 
were shown to be PPARδ dependent, and the final effect of fi-
masartan on glucose metabolism appeared to be related with 
increases in OCR and ATP levels. 

The liver is an important organ in both glucose and lipid me-
tabolism. The liver is responsible for the storage and release of 
glucose: the liver will begin to store carbohydrates in the form 
of glycogen when there is a nutritional oversupply, which can 
then be released in the form of glucose when the body enters 
low blood glucose conditions.40 Therefore, the liver plays an 
essential role in maintaining glucose homeostasis in the body. 
Glycogen is a multi-branched polysaccharide consisting of glu-
cose, which functions as a readily available energy source and 
is primarily stored in the liver and muscle. Thus, the regulation 
of glycogen content is important for the homeostasis of glu-
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cose metabolism, with glycogen synthase and glycogen phos-
phorylase acting as the key regulators in glycogen metabolism. 
Glycogen synthase and glycogen phosphorylase regulate the 
synthesis and degradation of polysaccharides, respectively, and 
the level of cellular glycogen can be controlled by suppressing 
their catalytic activity.41

In hepatic glycogen metabolism, GSK-3 activity, which is a 
negative regulator of glycogen synthase, is inhibited in response 
to hyperglycemic conditions.42 Here, we found that PPARδ was 
stimulated by fimasartan, which increased the expression of 
biomarkers related to glucose utilization in skeletal muscle 
cells and decreased concentrations of GSK-3. This downregu-
lation of GSK-3 may inhibit glycogen phosphorylase in hepato-
cytes, thereby altering glycogen metabolism in these cells. This 
suggests that fimasartan may contribute to the amelioration of 
glycogen metabolism via modulation of PPARδ in hyperglyce-
mic hepatocytes. 

Consequently, fimasartan may ameliorate glucose metabo-
lism dysfunction in response to increased glucose availability 
through modulation of PPARδ in skeletal and liver cells (Fig. 4). 
Interestingly, fimasartan did not affect pyruvate kinase, which is 

a key enzyme in gluconeogenesis (Supplementary Fig. 2B, only 
online). This suggests that fimasartan is involved in the regula-
tion of glucose levels through the control of glycogen metabo-
lism in hepatocytes. 

Additionally, adipocytes uptake glucose and converse to lac-
tate, thus participating in the regulation of blood glucose lev-
els.43 In this study, fimasartan significantly increased glucose 
uptake rates in differentiated 3T3-L1 cells (Supplementary 
Fig. 2A, only online). It is supposed that fimasartan can ame-
liorate elevated blood glucose levels through activation of glu-
cose uptake in both skeletal muscle cells and adipocytes. 

Research has indicated that telmisartan has anti-diabetic 
function and that the PPARδ-AMPK pathway is essential in the 
treatment of various diseases, including diabetes.44,45 However, 
our study, for the first time, systematically investigated the an-
ti-diabetes related functions of a new angiotensin II receptor 
blocker, fimasartan, by examining the effects thereof on insu-
lin signal transduction in skeletal muscle cells and glycogen 
metabolism in hepatocytes. Notwithstanding, the precise mech-
anism of fimasartan awaits elucidation through further experi-
ments aiming to document the effects and mechanisms of fi-

AMPK ↑

IRS-1 ↑

AKT ↑

Glut4 ↑

Glucose
Uptake↑

OCR ↑

ATP ↑

Glucose
Uptake↑

GS ↑
PGYL ↓
GSK-3 ↓ Normalize

Glucose
Metabolism

TNF-α ↓

PPARδ

Fimasartan

Muscle

Liver

Adipocytes

Macrophages

Fig. 4. Hypothetical diagram showing the effects and mechanism of fimasartan on the regulation of biomarkers related to glucose metabolism in sev-
eral cells. Fimasartan can ameliorate glucose metabolism disturbed by a high glucose state primarily through the stimulation of insulin signal trans-
duction and ATP-producing biomarkers in skeletal muscle cells and through elevated glycogen synthase and reduced glycogen phosphorylase in 
hepatocytes. Furthermore, fimasartan appears to elicit elevated glucose uptake in adipose cells and decreased inflammation in macrophages. 
Meaning of symbols: horizontal arrow means stimulation, up arrow means increase, and down arrow means decrease. AMPK, 5' adenosine mono-
phosphate-activated protein kinase; OCR, oxygen consumption rate; ATP, adenosine 5'-triphosphate; IRS-1, insulin receptor substrate 1; Glut4; glu-
cose transporter type 4; PPARδ, peroxisome proliferator-activated receptor delta; GSK, glycogen synthase kinase.
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masartan on insulin secretion in islet cells and diabetic animal 
models. 

Fimasartan was originally developed to treat hypertension. 
Also, treating concentration (200 µmole) of fimasartan used in 
this study was limited to only cell-based studies. In this study, 
200 µmole fimasartan was optimal in cell viability tests, ELISA 
for PPARδ and AMPK, and glucose uptake test; however, at the 
same concentration, telmisartan was not effective in view of 
cell physiology (Supplementary Fig. 3, only online). Accord-
ingly, we deemed that fimasartan may better ameliorate bio-
markers related to diabetes disturbed by high glucose at a rela-
tively high concentration, compared to telmisartan. Thus the 
fimasartan concentration used in our cell-based diabetic study 
may be inappropriate in clinical applications.
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Supplementary Fig. 1. mRNA expression of TNF-α in Raw264.7 macro-
phage cells treated with fimasartan and GSK0660 in a high glucose 
condition. Elevated expression of TNF-α mRNA in high glucose condi-
tion was decreased by fimasartan. The effect of fimasartan was re-
versed by treatment with the PPARδ antagonist GSK0660. ***p<0.001 
vs. Ctrl, ††p<0.01 vs. HG, ‡‡‡p<0.001 vs. Fimas. Values represent means± 
SEM (n=3). 
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Supplementary Fig. 2. Glucose uptake rate in differentiated 3T3-L1 cells treated with fimasartan. Pyruvate carboxylase concentration in HepG2 cells 
treated with fimasartan and GSK0660 in a high glucose condition. (A) Glucose uptake rate was higher in the fimasartan-treated group than the differ-
entiation controls. **p<0.01, ***p<0.001 vs. Ctrl, ††p<0.01 vs. HG. (B) Pyruvate carboxylase concentrations did not change in the presence of fimasar-
tan, compared to the high glucose control group. *p<0.05 vs. Ctrl, ‡‡p<0.01 vs. Fima. Values represent means±SEM (n=4–6).
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Supplementary Fig. 3. Cell viability test in C2C12 cells treated with various concentrations of telmisartan. PPARδ and AMPK levels and glucose uptake 
rate in C2C12 cells treated with fimasartan and telmisartan. (A) Cell viability was decreased at all concentrations of telmisartan. ***p<0.001 vs. Ctrl. (B) 
PPARδ concentrations were increased in groups treated with 200 µmole of fimasartan and telmisartan. *p<0.05, ***p<0.001 vs. Ctrl. (C and D) AMPK 
concentrations and glucose uptake rate increased in the group treated with 200 µmole of fimasartan. (C) *p<0.05 vs. Ctrl. (D) *p<0.05 vs. Ctrl. Values rep-
resent means±SEM (n=3–8). PPARδ, peroxisome proliferator-activated receptor delta; AMPK, 5' adenosine monophosphate-activated protein kinase.


