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BACKGROUND AND PURPOSE
Obesity is one of the most prevalent chronic diseases worldwide, and dysregulated adipocyte function plays an important role in
obesity-associatedmetabolic disorder. The level of plasma plasminogen activator inhibitor-1 (PAI-1) is increased in obese subjects,
and PAI-1 null mice show improved insulin sensitivity when subjected to high-fat and high-sucrose diet-induced metabolic stress,
suggesting that a best-in-class PAI-1 inhibitor may become a novel therapeutic agent for obesity-associated metabolic syndrome.
TM5441 is a novel orally active PAI-1 inhibitor that does not cause bleeding episodes. Hence, in the present study we examined
the preventive effect of TM5441 on high-fat diet (HFD)-induced adipocyte dysfunction.

EXPERIMENTAL APPROACH
Ten-week-old C57BL/6J mice were fed a normal diet (18% of total calories from fat) or HFD (60% of total calories from fat) for
10 weeks, and TM5441 (20 mg·kg�1 oral gavage) was administered daily with the initiation of HFD.

KEY RESULTS
TM5441 prevented HFD-induced body weight gain and systemic insulin resistance. TM5441 normalized HFD-induced dysregu-
lated JNK and Akt phosphorylation, suggesting that it prevents the insulin resistance of adipocytes. TM5441 also attenuated the
macrophage infiltration and increased expression of pro-inflammatory cytokines, such as inducible nitric oxide synthase, induced
by the HFD. In addition, TM5441 prevented the HFD-induced down-regulation of genes involved in mitochondrial biogenesis
and function, suggesting that it may prevent adipocyte inflammation and dysregulation by maintaining mitochondrial fitness.

CONCLUSION AND IMPLICATIONS
Our data suggest that TM5441 may become a novel therapeutic agent for obesity and obesity-related metabolic disorders.

Abbreviations
ATGL, adipose triglyceride lipase; Cox, cytochrome c oxidase; FAS, fatty acid synthase; FFA, free fatty acid; GTT, glucose
tolerance test; H&E, haematoxylin and eosin; HFD, high-fat diet; HSL, hormone-sensitive lipase; iNOS, inducible nitric
oxide synthase; ITT, insulin tolerance test; KO, knockout; MCP-1, monocyte chemotactic protein-1; mtDNA, mitochon-
drial DNA; ND, normal diet; PAI-1, plasminogen activator inhibitor-1; PGC1α, PPARγ coactivator-1α; Tfam, mitochondrial
transcription factor A; TG, triglyceride; TM5275, 5-chloro-2-[({2-[4-(diphenylmethyl)piperazin-1-yl]-2-oxoethoxy}acetyl)
amino]benzoate; TM5441, 5-chloro-2 {[(2-{[3-(furan-3-yl)phenyl]amino}-2-oxoethoxy) acethyl]amino} benzoic acid; UCP,
uncoupling protein; WAT, white adipose tissue
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Introduction
Obesity, a condition of abnormal or excessive fat accumula-
tion in adipose tissue, is increasing to epidemic proportions
worldwide (Smyth and Heron, 2006). Because obesity leads
to detrimental metabolic effects such as coronary heart
disease, ischaemic stroke and type 2 diabetes mellitus
(Hotamisligil, 2006), a novel effective anti-obesity agent is a
therapeutic goal. Obesity and obesity-related metabolic disor-
ders inflict a variety of stresses on adipose tissues, including
hypertrophy, inflammation and metabolic load. During
obesity, adipose tissue not only becomes resistant to the
effects of insulin but also plays a critical role in regulating
whole body insulin resistance through altered secretion of
adipokines, which act in an autocrine, paracrine and endo-
crine manner (Rudich et al., 2007).

Plasminogen activator inhibitor-1 (PAI-1), a glycoprotein
with a molecular weight of 50 kDa that belongs to a family
of serine protease inhibitors, is an endogenous inhibitor of
tissue-type or urokinase-type plasminogen activators and
blocks fibrinolysis. Increased circulating PAI-1 has been asso-
ciated with not only thrombosis and fibrosis but also insulin
resistance (Juhan-Vague et al., 1991; Mertens et al., 2006).
Mice lacking functional PAI-1 are protected from obesity
and insulin resistance (Ma et al., 2004). Also, primary adipo-
cytes from PAI-1 knockout (KO) mice exhibit improve basal
as well as insulin-stimulated glucose uptake compared with
those from wild type mice (Ma et al., 2004). These findings
suggest that PAI-1 is involved in the regulation of fat accumu-
lation and that PAI-1 inhibition has potential clinical benefits
as a new therapeutic target for treating obesity by reducing
body weight and improving insulin sensitivity. In fact,
pharmacological inhibition of PAI-1 (PAI-039) for 4 weeks
improved high-fat diet (HFD)-induced obesity and circulat-
ing plasma active PAI-1 (Crandall et al., 2006). PAI-039,
however, has not been developed further clinically because
of its lack of activity against vitronectin-bound PAI-1
(Gorlatova et al., 2007). Based on the three-dimensional
structure of PAI-1, a novel orally active PAI-1 inhibitor,
TM5275, has been developed (Izuhara et al., 2010). Further-
more, TM5441, a derivative of TM5275 with an improved
pharmacokinetic profile, has been reported to have beneficial
effects in various conditions. TM5441 attenuates Nω-nitro-l-
arginine methyl ester-induced cardiac hypertension and

vascular senescence (Boe et al., 2013), prolongs lifespan in
klotho null mice (Eren et al., 2014) and elicits anti-
tumorigenic and anti-angiogenic activities in cancer
(Placencio et al., 2015). The effect of TM5441 on obesity
in vivo has not yet been explored.

While the exact mechanism involved in PAI-1-induced
insulin resistance is still elusive, mitochondrial dysfunction
has been proposed to play an important role in the develop-
ment of obesity and metabolic disorder (Patti and Corvera,
2010). A recent report showing that adipose-specific crif1 de-
ficiency reduces mitochondrial oxidative phosphorylation
and obesity (Ryu et al., 2013) supports the notion that mito-
chondrial dysfunction may trigger inflammation and insulin
resistance. We have previously demonstrated that an im-
paired mitochondrial antioxidant system in peroxiredoxin 3
deficiency leads to an increase in adipose PAI-1 levels and in-
sulin resistance (Huh et al., 2012). We, therefore, hypothe-
sized that TM5441 ameliorates dysregulated metabolism in
adipocytes and investigated whether this orally active novel
PAI-1 inhibitor can prevent obesity and adipocyte injury in
diet-induced obese mice. The present study further examined
the pharmacological mechanism of the effects of TM5441 on
dysregulated metabolism in adipocytes focusing on mito-
chondrial fitness.

Methods

Animals
Animal studies are reported in compliance with the ARRIVE
guidelines (Kilkenny et al., 2010; McGrath and Lilley, 2015).
Ten-week-old C57BL/6J mice were housed in a room main-
tained at 22 ± 2°C with a 12 h dark/12 h light cycle and
fed either a normal diet (ND) or an HFD (containing 18.4%
protein-derived calories, 21.3% carbohydrate-derived calo-
ries and 60% fat-derived calories, Harlan TD06414, India-
napolis, IN, USA) and tap water ad libitum for 10 weeks.
Food was freely available, except when fasted prior to the
glucose and insulin tolerance tests (ITTs). Body weight and
calorie intake were measured once each week during the
experimental periods. TM5441 was synthesized by Dr
Toshio Miyata, and its characteristics and specificity were
as described previously (Boe et al., 2013). TM5441 was
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administered daily with the initiation of HFD at a dose of
20 mg·kg�1 by oral gavage. The ND and HFD groups were
administered in an equal volume of 0.25% carboxymethyl
cellulose by oral gavage. All animal experiments were ap-
proved by the Institutional Animal Care and Use Committee
at Ewha Womans University (no. 2011-01-079).

In vivo insulin stimulation
For in vivo insulin stimulation and analysis of insulin signal-
ling in adipose tissue, mice were fasted overnight, anaesthe-
tized and then injected via the inferior vena cava with
Humulin® (10 U·kg�1, Eli Lilly, Indianapolis, IN, USA).
Epididymal white adipose tissue (WAT) from the left side
was removed 4 min after insulin injection as described
previously (Jiang et al., 2011).

Glucose tolerance test and ITT
The glucose tolerance test (GTT) was performed in mice after
16 h of food deprivation by orally administering 2.0 g glucose
kg-1 body weight (Pfluger et al., 2008). Blood samples were
taken from the tail vein to measure blood glucose levels
before and 15, 30, 60, 90 and 120 min after glucose adminis-
tration. The ITT was conducted after 6 h of food deprivation
followed by an i.p. injection of 0.75 U·kg�1 body weight
Humulin (Eli Lilly). Blood glucose was measured using an
ACCU-Check glucose meter (Roche Diagnostics, Laval, QC,
Canada).

Morphometric and immunohistochemical
analysis
Epididymal adipose tissues were fixed in 4% formalin,
dehydrated and embedded in paraffin. Five micron sections
were used for haematoxylin and eosin (H&E) staining. Digital
images were captured with a Zeiss microscope equipped with
an Axio Cam HRC digital camera and Axio Cam software
(CarlZeiss, Thornwood, NY, USA), and a cell area of at least
500 adipocytes was measured with the open-source image
analysis programme ImageJ v1.34s (Rasband, WS, ImageJ,

US National Institutes of Health, Bethesda, MD, http://rsb.
info.nih.gov/ij/, 1997–2006).

Immunohistochemistry was performed using
immunoperoxidase procedures and a commercially available
kit (Dako, Glostrup, Denmark). The tissue sections were
deparaffinized, and endogenous peroxidase was quenched
with peroxidase solution (Dako) for 30 min. The sections
were then washed and incubated with serum-free blocking
solution (Dako), followed by incubation with anti-F4/80
(1:200, Santa Cruz Biotechnology Inc., Santa Cruz, CA,
USA) overnight at 4°C. After being washed in PBS, sections
were incubated with an LSAB2 kit (Dako) before exposure to
3, 3′-diaminobenzidine for 1min. Images were photographed
as described for the morphometric analysis.

Measurement of blood parameters and ELISA
Bloodwas centrifugedat 900 g for 15min at 4°C, and the serum
in the supernatant was collected. Fasted plasma triglyceride
(TG), glycerol, free fatty acid (FFA) and total cholesterol were
measuredusing anEnzyChrom™ colorimetric assaykit (BioAs-
say Systems, Hayward, CA, USA). For fasted plasma PAI-1 and
insulin measurements, commercial ELISA kits (R&D Systems)
were used according to the manufacturer’s instruction.

Real-time quantitative reverse transcription
PCR
The expression of mRNAs was assessed by real-time quantita-
tive reverse transcription PCR using a SYBRGreen PCRMaster
Mix kit (Applied Biosystems, Foster City, CA,USA)with anABI
7300 real-time PCR thermal cycler (Applied Biosystems). The
mRNA expression levels of the test genes were normalized to
18S rRNA levels. The primer sequences are listed in Table 1.

Western blot analysis
Adipose tissues were lysed and centrifuged at 16 000 g at 4°C
for 15 min. The concentration of protein was determined
using the Bradford methods (Bio-Rad Laboratories, Hercules,
CA, USA), and aliquots of tissue homogenates were mixed

Table 1
Primer sequences

Gene name Forward Reverse

ATGL 5′-CTCATTCGCTGGCTGCGGCT-3′ 5′-CCCCAGTGACCAGCGCTGTG-3′

Cox4 5′-TCGATCGTGACTGGGTGGCCA-3′ 5′-GCCGAGGGAGTGAGGGAGGC-3′

Crif1 5′-CGCAATGCGGAGTGGCTAT-3′ 5′-CGACTCTTGCATGGTCGCTA-3′

FAS 5′-CCTGGATAGCATTCCGAACCT-3′ 5′-GCACATCTCGAAGGCTACACA-3′

HSL 5′-TGGGGAGCTCCAGTCGGAAGA-3′ 5′-CATTAGACAGCCGCCGTGCTG-3′

iNOS 5′-GGCAGCCTGTGAGACCTTTG-3′ 5′-CATTGGAAGTGAAGCGTTTCG-3′

MCP-1 5′-CTTCTGGGCCTGCTGTTCA-3′ 5′-CCAGCCTACTCATTGGGATCA-3′

mtDNA 5′-CCACTTCATCTTACCATTTA-3′ 5′-ATCTGCATCTGAGTTTAATC-3′

PAI-1 5′-AGGGCTTCATGCCCCACTTCTTCA-3′ 5′-AGTAGAGGGCATTCACCAGCACCA-3′

PGC1α 5′-TCGATGTGTCGCCTTCTTGC-3′ 5′-ACGAGAGCGCATCCTTTGG-3′

Tfam 5′-CGTGAGACGAACCGGACGGC-3′ 5′-GCACATCTCGACCCCCGTGC-3′

UCP-1 5′-ACGTCCCCTGCCATTTACTG-3′ 5′-CCCTTTGAAAAAGGCCGTCG-3′
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with sample buffer containing SDS and β-mercaptoethanol
and heated at 95°C for 5 min. The samples were then applied
to an SDS-PAGE gel and separated by electrophoresis. The
proteins were transferred onto a PVDF membrane (GE
Healthcare BioSciences Co., Piscataway, NJ, USA) in a
transblot chamber with Tris buffer. The membrane was
blocked for 1 h at room temperature with 5% skimmed milk
in TBS-Tween 20 buffer, followed by an overnight incubation
at 4°C in a 1:1000 dilution of the indicated antibodies. The
following primary antibodies were purchased from Cell
Signaling Technology (Danvers, MA, USA): anti-phospho-
Akt (Ser473), anti-Akt, anti-phospho-hormone-sensitive
lipase (HSL) (Ser563), anti-HSL antibody, adipose triglyceride
lipase (ATGL) antibody, anti-phosphor-JNK (Thr183/Tyr185)
and anti-JNK. Anti-PAI-1 and anti-β-tubulin were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA, USA),
anti-uncoupling protein (ucp)-1 was purchased from Abcam
(Cambridge, MA, USA) and anti-β-actin was purchased from
Sigma-Aldrich (St Louis, MO, USA) for immunoblotting.
The membrane was then washed and incubated with
peroxidase-conjugated secondary antibody for 1 h at room
temperature. The washes were repeated, and the membrane
was developed with an enhanced chemiluminescence
detection reagent (GE Healthcare BioSciences Co.) according
to the manufacturer’s instructions. Positive immunoreactive
bands were quantified using a densitometer (LAS-3000,
FUJIFILM Corporation, Tokyo, Japan), normalized by
β-tubulin, and compared with each control.

Statistical analysis
The data and statistical analysis comply with the recommen-
dations on experimental design and analysis in pharmacol-
ogy (Curtis et al., 2015).

All results are expressed as the mean ± SEM. ANOVA was
used to assess differences between multiple groups. A P value-
< 0.05 was considered significant.

Results

TM5441 prevents HFD-induced obesity and
systemic insulin resistance in mice
To generate a diet-induced obesity model, 10-week-old
mice were placed on an HFD containing 60% calories
from fat for 10 weeks. Rapid increase of body weight
was observed from 4 weeks after the initiation of HFD
compared with ND containing 18% calories from fat
(Figure 1A). The weight gain was manifested by increased
accumulation of both subcutaneous and epididymal fats.
Absolute epididymal fat and subcutaneous fat from HFD
mice weighted fivefold and eightfold more, respectively,
than that of ND mice (Figure 1B). This change was consis-
tent when corrected by body weight (Figure 1C). TM5441
significantly inhibited the HFD-induced increase in body
weight and fat mass (Figure 1B, C). Calorie intake was
not modified by TM5441 treatment: calorie intake in
HFD and TM5441-treated HFD mice was 13.4 ± 0.7 and
12.6 ± 1.0 kcal day�1 respectively. HFD mice exhibited en-
larged adipocytes compared with ND mice, and TM5441

effectively reduced the adipocyte size, as shown by H&E
staining (Figure 1D). The increased mean adipocyte size
in HFD mice was consistently reduced in mice adminis-
tered TM5441 (Figure 1E).

Administration of TM5441 significantly suppressed HFD-
induced plasma TG and glycerol (Table 2). Although plasma
FFA levels did not differ between the ND and HFD groups,
TM5441 significantly reduced the plasma FFA concentration
up to 30% compared with HFD mice (P < 0.05). Increased
levels of LDL cholesterol in HFD mice were suppressed by
TM5441 administration, although little change was observed
in total and HDL cholesterol levels (Table 2).

HFD mice also exhibited glucose intolerance determined
by GTT, and TM5441-administered HFD mice presented a
trend of lowered blood glucose levels during the test
(Figure 1F, H). ITT in HFD mice showed that TM5441 admin-
istration ameliorated glucose level in response to insulin from
30 to 120 min after injection (Figure 1G, I). In parallel, HbA1c

levels in the TM5441-administered HFDmice were decreased,
when compared with HFD group. The high levels of fed and
fast plasma insulin in HFD mice were decreased by 44% and
26%, respectively, by TM5441 administration. Results from
GTT, ITT and fasting insulin levels suggest that TM5441 treat-
ment may improve HFD-induced insulin resistance (Table 2).

TM5441 prevents HFD-induced dysregulation
of lipid metabolism
HSL and ATGL protein levels were determined in the epididy-
mal WAT to assess lipolysis in adipose tissue. HFD mice ex-
hibited a significant reduction in phosphorylation of HSL
(Ser563) and ATGL, suggesting a low lipolysis level, followed
by excess TG storage in the WAT. TM5441 pretreatment
prevented the decrease in HSL phosphorylation and ATGL
(Figure 2A, B). These results are consistent with expansion
of adipocyte size in HFD mice, which was reduced by
TM5441 treatment (Figure 1D, E). Although HSL mRNA ex-
pression tended to be lower in HFD mice and was minimally
altered after TM5441 treatment (Figure 2C), ATGL mRNA
levels were significantly reduced up to 30% by the HFD and
restored in TM5441-treated mice (Figure 2D). Fatty acid syn-
thase (FAS), a lipogenic enzyme in epididymal WAT, was in-
creased 3.5-fold by the HFD, in contrast to HSL and ATGL,
and was significantly suppressed by TM5441 pretreatment
(Figure 2E).

TM5441 prevents insulin resistance in the
epididymal WATof HFD mice
We then measured Akt Ser473 phosphorylation in epididymal
WAT homogenates to determine the effect of TM5441 on
HFD-induced insulin resistance. Western blot analysis indi-
cated that insulin stimulation in vivo increased phosphory-
lated Akt approximately 5.5-fold. HFD mice exhibited a
significant reduction in insulin-induced Akt activation,
which was effectively restored by TM5441 (Figure 3A). We
further investigated the phosphorylation of JNK (Thr183/
Tyr185), because activation of JNK has been shown to cause
insulin resistance in adipocytes (Hirosumi et al., 2002).
Western blotting of HFD adipose tissue lysates revealed a
2.0-fold increased JNK activation compared with ND mice;
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Figure 1
TM5441 prevents HFD-induced obesity and insulin resistance in mice. Ten-week-old C57BL/6J mice were fed ND, HFD or HFD plus TM5441 for
10 weeks. (A) Time course of body weight during the experimental period. (B and C) The fat mass and the fat weight/body weight ratio in epidid-
ymal WAT and subcutaneous WAT were measured before the animals were killed. (D and E) Histological analysis of epididymal WAT was
conducted, and mean adipocyte size was measured. Representative H&E staining and distribution of adipocyte size in the epididymal WAT. For
quantification, three mice were randomly selected from each group. Magnification, 200×; scale bar, 50 μm. (F) Blood glucose levels were
during oral GTT at 8 weeks after HFD. (G) ITT was performed after 9 weeks on the HFD. (H and I) AUC for GTT and ITT was calculated using
the trapezoidal method. The data are shown as the mean ± SEM of seven mice. * P < 0.05 versus ND, † P < 0.05 versus HFD.
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JNK activation was normalized to control levels in the
adipose tissues of TM5441-treated HFD mice (Figure 3B).

TM5441 reduces inflammation in the
epididymal WATof HFD mice
To assess the effect of TM5441 on epididymalWAT inflamma-
tion, macrophage infiltration was measured. F4/80 immuno-
histochemistry staining in epididymal WAT to assess
macrophage infiltration revealed an enhanced staining area
and a crown-like structure around necrotic adipocytes in
HFD mice, which was significantly reduced in WAT of
TM5441-administered HFD mice (Figures 4A, B). Consis-
tently, monocyte chemotactic protein-1 (MCP-1) and induc-
ible nitric oxide synthase (iNOS) mRNA expression were
increased in HFDmice and reduced after TM5441 administra-
tion, although statistical significance was not reached for
MCP-1 mRNA expression (Figures 4C, D). Western blotting
of epididymal WAT homogenates demonstrated that HFD
up-regulated PAI-1 protein expression, and TM5441 effec-
tively inhibited HFD-induced PAI-1 protein up-regulation
(Figure 4E). PAI-1mRNAwas 4.8-fold higher in theHFD group
and was significantly reduced by TM5441 administration,
consistent with the protein levels (Figure 4F). In addition,
HFD mice exhibited higher plasma PAI-1 levels compared
with ND mice, which was significantly reduced by TM5441.

TM5441 prevents mitochondrial dysfunction
in the epididymal WATof HFD mice
Mitochondrial dysfunction has been reported to cause adi-
pose tissue dysfunction in both obesity and lipodystrophy
(De Pauw et al., 2009). To determine whether the protective
effect of TM5441 on HFD-induced WAT inflammation and
insulin resistance may be due to mitochondrial fitness, we
analysed markers of mitochondrial biogenesis in WAT. PPAR
γ coactivator-1α (PGC1α), mitochondrial transcription factor
A (Tfam), cytochrome c oxidase 4 (Cox4) and mitochondrial
DNA (mtDNA) mRNA levels were significantly reduced in

HFD mice compared with each of the ND mice, and these
reductions were effectively prevented by TM5441 (Figures-
5A–D). Crif1, the key regulator of mitochondrial oxidative
phosphorylation, was also reduced in WAT of HFD mice and
restored by TM5441 (Figure 5E). TM5441 significantly in-
creased UCP-1 mRNA and protein expression in WAT of
HFD mice (Figure 5F, G). Altogether, these data suggest that
TM5441 improves metabolic stress-induced mitochondrial
dysfunction in WAT.

Discussion
The present study provides experimental evidence that
TM5441, a synthetic PAI-1 inhibitor (Boe et al., 2013; Eren
et al., 2014; Placencio et al., 2015), may become a novel
therapeutic agent for obesity and obesity-related metabolic
diseases. Administration of TM5441 effectively prevented
HFD-induced obesity, which is consistent with previous
studies in HFD-fed PAI-1 KO male mice (Schafer et al.,
2001; Ma et al., 2004). Furthermore, a TM-series of PAI-1 in-
hibitors have been shown not to have an anti-obesity effect
on HFD-fed PAI-1 KO mice (personal communication from
Dr T. Miyata), supporting the notion that the anti-obesity
effects of TM5441 are PAI-1-dependent. However, in a
previous study it was demonstrated that PAI-1 deficiency
improved obesity-related metabolic disorders without affect-
ing adiposity in female mice (Tamura et al., 2014), and PAI-1
deficiency did not affect the body weight in streptozotocin-
induced type 1 diabetic female mice (Mao et al., 2014).
While the exact reason for this difference is not clear,
differences in genetic background, animal sex and high-fat
food formula possibly account for the different outcomes.
For example, C57BL/6 mice are sensitive to diet-induced
obesity and hepatosteatosis, but A/J mice are resistant (Hall
et al., 2010). In this connection, Schafer et al. (2001) and
Ma et al. (2004) used PAI-1 deficient mice with C57BL/6

Table 2
Metabolic parameters after 10 weeks of HFD

Plasma ND HFD HFD + TM

Fed insulin (ng·mL�1) 0.49 ± 0.15 2.71 ± 0.41 *** 1.51 ± 0.18 * †

Fasting insulin (ng·mL�1) 0.57 ± 0.05 0.87 ± 0.13 * 0.64 ± 0.05

HbA1c (%) 4.35 ± 0.02 4.60 ± 0.06 * 4.32 ± 0.10 †

Glycerol (mM) 0.32 ± 0.02 0.44 ± 0.05 * 0.32 ± 0.03 †

FFA (mM) 0.91 ± 0.08 0.88 ± 0.11 0.57 ± 0.08 * †

TG (mM) 0.46 ± 0.04 0.78 ± 0.10 * 0.59 ± 0.05 †

TC (mM) 1.89 ± 0.20 3.35 ± 0.21 * 3.08 ± 0.08 *

LDL (mM) 0.06 ± 0.03 0.31 ± 0.07 * 0.08 ± 0.07 †

HDL (mM) 1.25 ± 0.08 2.03 ± 0.23 * 1.89 ± 0.10 *

PAI-1(ng·mL�1) 15.81 ± 5.40 45.00 ± 15.11 * 19.67 ± 3.33 †

Data are shown as mean ± SEM of seven mice.
*P < 0.05 versus ND.
***P < 0.001 versus ND.
†P < 0.05 versus HFD.
TC, total cholesterol.
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genetic background, but Tamura et al. (2014) and Mao et al.
(2014) used mixed genetic background.

HFD-induced adipocyte hypertrophy, down-regulation of
HSL phosphorylation and ATGL expression and up-
regulation of FAS expression were prevented by TM5441
treatment. These data imply that large adipocytes in HFD
mice accumulate cytosolic lipids by decreasing lipolysis and
increasing lipogenesis through PAI-1. Decreased plasma FFA
and glycerol at the presence of increased lipolysis in
TM5441-treated HFD mice WAT suggest that other tissues
such as liver and brown adipose tissue may take up. Conflict-
ing data on HSL and ATGL changes in the WAT of obese mice
have been reported. Decreased HSL phosphorylation but in-
creased ATGL levels were reported in mice fed a HFD for 8-
weeks (Gaidhu et al., 2010). Another study demonstrated
enhanced basal lipolysis, accompanied by increased HSL
and ATGL mRNA expression, in large adipocytes isolated

from mice fed a HFD for 8 weeks (Wueest et al., 2009). Differ-
ences in the mouse model and experimental conditions may
account for these different observations.

It is commonly recognized that weight gain results from
an imbalance between energy intake and expenditure. The ef-
fect of TM5441 on adiposity does not appear to be decreased
caloric intake; calorie intake in HFD and TM5441-treated
HFD mice was 13.41 ± 0.67 and 12.62 ± 1.02 kcal day�1, re-
spectively, in the present study. In contrast, reversal of HFD-
induced PGC1α, Tfam, mtDNA, Crif1 and Ucp-1 down-
regulation suggests that TM5441 induces mitochondrial
biogenesis and mitochondria metabolism under HFD. PAI-1
deficient mice on an HFD exhibited increased energy expen-
diture along with UCP-3 up-regulation in skeletal muscle
compared with wild type mice (Ma et al., 2004).

Consistent with the results of HFD-fed PAI-1 KOmice (Ma
et al., 2004), TM5441 prevented systemic glucose and insulin

Figure 2
TM5441 normalizes the alterations in lipid metabolism-related enzymes induced by a HFD. (A and B) Western blotting analysis of HSL and ATGL in
epididymal WAT lysates. (C–E) Total RNA was isolated from the epididymal WATs and subjected to quantitative reverse transcription PCR analysis
to determine the expression of (C) HSL, (D) ATGL and (E) FAS. Expression was normalized against 18S rRNA levels. The data are shown as the
mean ± SEM of seven mice. * P < 0.05 versus ND, † P < 0.05 versus HFD.
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intolerance and high plasma insulin levels in HFD mice. In
the present study, the decreased phosphorylation of Akt in
epididymal WAT of mice fed an HFD compared with those
fed anNDwas restored by TM5441 treatment, suggesting that

PAI-1 plays an important role in dysregulating insulin signal-
ling in WAT. Although adipose tissue insulin resistance is the
prominent feature of diet-induced obesity (Olefsky and Glass,
2010), it is still important to investigate whether the TM5441

Figure 3
TM5441 enhances insulin signalling and suppresses JNK phosphorylation in the epididymal WAT of HFD mice. (A) Insulin-stimulated phosphor-
ylation of Akt (Ser473) in the epididymal WAT was determined by western blot analysis. The three groups of mice were fasted overnight, before
injection with insulin, and the epididymal WAT was removed 4 min after insulin injection. (B) Phosphorylation of JNK in the epididymal WAT
was determined by western blot analysis. The data were shown as representative western blots and the mean ± SEM of seven mice. * P < 0.05
versus ND, † P < 0.05 versus HFD.

Figure 4
TM5441 prevents HFD-induced inflammation in the epididymal WAT. (A and B) Representative immunohistochemical staining of F4/80 (1:200) and
quantification of F4/80-positive area in epididymal WAT. Magnification, 100×; scale bar, 100 μm. (C and D) MCP-1 and iNOS mRNA levels were de-
termined by quantitative reverse transcription PCR (qRT-PCR). (E and F) PAI-1 protein andmRNA expression in the epididymal WAT were determined
by western blot analysis and qRT-PCR. The data are shown as the mean ± SEM of seven mice. * P < 0.05 versus ND, † P < 0.05 versus HFD.
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has beneficial effects in other tissues such as liver and skeletal
muscle. A recent study by Tamura et al. (2015) showed PAI-1
induces insulin resistance in hepatocytes.

Chronic inflammation accompanied by adipose tissue
macrophage infiltration is the major feature of obesity
(Gregor and Hotamisligil, 2011). HFD-induced MCP-1 and
iNOS mRNA up-regulation in WAT were also effectively
inhibited by TM5441 treatment, suggesting less macrophage
recruitment to the adipose tissue. This was confirmed by
immunostaining of epididymal WAT, which revealed that
the mature macrophage marker F4/80 was decreased in
TM5441-treated mice. Adipokine dysregulation, as repre-
sented by adiponectin down-regulation and PAI-1 up-
regulation, is another feature in the WAT of obese mice
(Maury and Brichard, 2010). While adiponectin mRNA and
protein in WAT of HFD mice were not decreased in the
present study (data not shown), PAI-1 mRNA and protein ex-
pression were increased in WAT of HFD mice. TM5441
effectively inhibited HFD-induced PAI-1 up-regulation. This

decreased PAI-1 expression in response to the PAI-1 inhibitor,
TM5441, can be postulated as follows: TM5441 inhibits PAI-
1-induced adipocytes dysfunction in HFD mice, allowing
them to function as normal adipocytes with respect to PAI-1
expression. Significant suppression of PAI-1 mRNAs in exper-
imental animals given PAI-1 inhibitors has been demon-
strated previously in various disease models, such as the
NEP25/LMB2 podocyte injury mouse model (Kobayashi
et al., 2015) and anti-Thy-1 rat glomerulonephritis model
(Ichimura et al., 2013), as well as in the rodent multiple scle-
rosis models (Pelisch et al., 2015), and bleomycin-injured
lung fibrosis (Omori et al., 2016). These results suggest the
positive feedback loop between PAI-1 activity and expression.

While the mechanisms by which TM5441 prevents
inflammation in adipocytes have not been clearly elucidated,
mitochondrial fitness is essential for adipocyte homeostasis
(Rong et al., 2007; Wang et al., 2013). A recent study using
adipose-specific Crif1 deficient mice further suggests that
impaired mitochondrial oxidative phosphorylation in WAT

Figure 5
TM5441 restores HFD-induced mitochondrial dysfunction in the epididymal WAT. (A–E) Total RNA was isolated from the epididymal WATs and
subjected to quantitative reverse transcription PCR analysis to determine the expression of (A) PGC1α, (B) Tfam, (C) Cox4, (D) mtDNA, (E) Crif1
and (G) UCP-1. Expression was normalized against 18S rRNA levels. (F) UCP-1 protein expression level was detected by western blot analysis,
where β-actin was used as an internal control. The data are shown as the mean ± SEM of seven mice. * P < 0.05 versus ND, † P < 0.05 versus HFD.
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determines its metabolic and inflammatory response and
causes systemic insulin resistance (Ryu et al., 2013). In our
study, mRNA expression of Crif1, UCP-1 and mitochondrial
biogenesis markers (PGC1α, Tfam, Cox4 and mtDNA) were
all decreased in WAT of HFD mice, which was prevented
by TM5441. These data suggest that PAI-1 may induce
dysregulation of mitochondrial fitness in WAT. The exact
pathways how PAI-1 regulates mitochondrial fitness remain
to be studied. Considering the emerging concept that
fibrosis is a major player in adipose tissue dysfunction
(Sun et al., 2013) and that PAI-1 is implicated in the devel-
opment and progression of tissue fibrosis (Ghosh and
Vaughan, 2012), the role of PAI-1 in HFD-induced adipose
tissue fibrosis also remains to be studied.

The significance and novelty of the present study is that it
provides experimental data that a newly developed orally
active PAI-1 inhibitor, TM5441, protects against progressive
obesity and obesity-related adipocyte dysfunction by en-
hancing mitochondrial fitness.
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