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Abstract
Background: Statins suppress the progression of atherosclerosis by reducing low-density lipoprotein (LDL) cholesterol levels. Pemafibrate (K-877), a novel selective peroxisome proliferator-activated receptor α modulator, is expected
to reduce residual risk factors including high triglycerides (TGs) and low high-density lipoprotein (HDL) cholesterol
during statin treatment. However, it is not known if statin therapy with add-on pemafibrate improves the progression
of atherosclerosis. The aim of this study was to assess the effect of combination therapy with pitavastatin and pemafibrate on lipid profiles and endothelial dysfunction in hypertension and insulin resistance model rats.
Methods: Seven-week-old male Dahl salt-sensitive (DS) rats were divided into the following five treatment groups
(normal diet (ND) plus vehicle, high-salt and high-fat diet (HD) plus vehicle, HD plus pitavastatin (0.3 mg/kg/day), HD
plus pemafibrate (K-877) (0.5 mg/kg/day), and HD plus combination of pitavastatin and pemafibrate) and treated
for 12 weeks. At 19 weeks, endothelium-dependent relaxation of the thoracic aorta in response to acetylcholine was
evaluated.
Results: After feeding for 12 weeks, systolic blood pressure and plasma levels of total cholesterol were significantly
higher in the HD-vehicle group compared with the ND-vehicle group. Combination therapy with pitavastatin and
pemafibrate significantly reduced systolic blood pressure, TG levels, including total, chylomicron (CM), very LDL
(VLDL), HDL-TG, and cholesterol levels, including total, CM, VLDL, and LDL-cholesterol, compared with vehicle treatment. Acetylcholine caused concentration-dependent relaxation of thoracic aorta rings that were pre-contracted
with phenylephrine in all rats. Relaxation rates in the HD-vehicle group were significantly lower compared with
the ND-vehicle group. Relaxation rates in the HD-combination of pitavastatin and pemafibrate group significantly
increased compared with the HD-vehicle group, although neither medication alone ameliorated relaxation rates significantly. Western blotting experiments showed increased phosphorylated endothelial nitric oxide synthase protein
expression in aortas from rats in the HD-pemafibrate group and the HD-combination group compared with the HDvehicle group. However, the expression levels did not respond significantly to pitavastatin alone.
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Conclusions: Combination therapy with pitavastatin and pemafibrate improved lipid profiles and endothelial dysfunction in hypertension and insulin resistance model rats. Pemafibrate as an add-on strategy to statins may be useful
for preventing atherosclerosis progression.
Keywords: Pemafibrate, Statin, Endothelial function

Background
Many clinical trials and meta-analyses have revealed
that treatment with statins, which are 3-hydroxy-methylglutaryl coenzyme A (HMG-CoA) reductase inhibitors, targets a reduction in low-density lipoprotein
cholesterol (LDL-C) and thereby decreases the risk of
coronary heart disease (CHD) and all-cause mortality [1]. However, many CHD cases are not prevented
and the residual risk factors including high triglyceride (TG) and low high-density lipoprotein cholesterol
(HDL-C) levels remain unsettled [2].
Fasting and non-fasting hypertriglyceridemia is a
risk factor for CHD [3–5]. Several mechanisms of
atherogenesis in hypertriglyceridemia are proposed.
Hypertriglyceridemia is involved in the production of
proinflammatory cytokines, recruitment of neutrophils, and generation of oxidative stress, resulting in
endothelial dysfunction [6–9]. Endothelial dysfunction
is an initial process of atherogenesis, and it contributes to the pathogenesis of CHD. Among TG-rich lipoproteins, remnant lipoproteins depress the activity of
endothelial nitric oxide synthase (eNOS) in endothelial
cells and decrease nitric oxide (NO) released from the
endothelium [10, 11].
Endothelial dysfunction assessed by brachial artery
flow-mediated dilatation (FMD) has been shown to
be impaired in patients with traditional coronary risk
factors, including hypertension, dyslipidemia, diabetes
mellitus, and smoking, and it has been considered to be
a cause of atherosclerosis [5, 6, 12–14]. Statins improve
endothelial function as assessed by FMD [15, 16]. In
addition, hypertriglyceridemia is independently associated with endothelial dysfunction as assessed by FMD
in patients with CHD during statin therapy [17].
Previously, a clinical trial for combination therapy
with a statin plus a fibrate to reduce the residual risk
was conducted in patients with type 2 diabetes mellitus.
The ACCORD study showed that combination therapy
with simvastatin plus fenofibrate did not reduce cardiovascular outcomes and mortality compared with
simvastatin alone [18]. However, in a preplanned subgroup analysis, there was a trend benefit of fenofibrate
in patients with a high TG level (≥ 204 mg/dL) or a low
HDL-C level (≤ 34 mg/dL) [2]. Additionally, fibrate
treatment during the trial period was associated with
a legacy effect of improved survival over a post-trial

follow-up [19]. These findings suggest that re-evaluation of TG-lowering therapy as an add-on strategy to
statins is needed.
Fibrates activate a transcription factor that belongs to
the nuclear receptor superfamily, peroxisome proliferator-activated receptor α (PPARα), and controls lipid
metabolism. Recently, pemafibrate (K-877), a novel selective PPARα modulator (SPPARMα), has been developed
[20], which is even more potent than fenofibric acid (the
active metabolite of fenofibrate) and more specific for
human PPARα than either PPARγ or δ [21].
Pemafibrate robustly decreases serum TG levels in fasting and non-fasting or postprandial states and increases
serum HDL-C levels [22, 23]. Moreover, pemafibrate
was superior to fenofibrate in terms of serum TG-lowering effect and hepatic and renal safety [22]. The ongoing PROMINENT trial is ongoing in patients with type 2
diabetes mellitus, elevated TG, and low levels of HDL-C
to determine whether treatment with pemafibrate safely
reduces residual cardiovascular risk. Therefore, we
hypothesized that combination therapy with a statin plus
pemafibrate could notably improve endothelial dysfunction in metabolic syndrome. The aim of this study was to
assess the effect of combination therapy with pitavastatin and pemafibrate on lipid profiles and endothelial dysfunction in Dahl salt-sensitive (DS) rats fed a high-salt
and high-fat diet, which showed hypertension and insulin
resistance [24, 25].

Methods
Protocols for animal experiments

Seven-week-old male Dahl salt-sensitive (DS) rats
(n = 44) (Japan SLC, Shizuoka, Japan) were fed a normal
diet (ND; 0.3% NaCl and 4.5% fat) (CE-2, CLEA Japan,
Inc., Tokyo, Japan) or a high-salt and high-fat diet (HD;
8% NaCl and 29.4% fat) (CLEA Japan), as previously
described [26], and they were treated with a vehicle (0.5%
carboxy methyl cellulose and 0.5% methyl cellulose), pitavastatin (0.3 mg/kg/day) (Kowa Co., Ltd., Tokyo, Japan),
pemafibrate (K-877) (0.5 mg/kg/day) (Kowa Co., Ltd.)
or a combination of pitavastatin (0.3 mg/kg/day) and
pemafibrate (K-877) (0.5 mg/kg/day) (Fig. 1) by oral gavage for a period of 12 weeks (Fig. 1). Body weight was
measured once a week for a period of 12 weeks. Rats
were divided into the following five groups: (1) NDvehicle group (n = 5) fed an ND and treated with vehicle;
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Vascular relaxation studies
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Fig. 1 Scheme of experimental protocol. We used 7-week-old male
Dahl salt-sensitive rats. Rats were fed a normal diet (ND) (0.3% NaCl
and 4.5% fat) or a high-salt and high-fat diet (HD) (8% NaCl and 29.4%
fat). The rats were divided into five different groups and treated
with vehicle, pitavastatin (0.3 mg/kg), pemafibrate (K-877) (0.5 mg/
kg), or a combination of pitavastatin (0.3 mg/kg) and pemafibrate
(K-877) (0.5 mg/kg) for 12 weeks. At 19 weeks, blood collection and
evaluation of endothelium-dependent relaxations of thoracic aorta
were performed

(2) HD-vehicle group (n = 9) fed an HD and treated with
vehicle; (3) HD-pitavastatin group (n = 10) fed an HD
and treated with pitavastatin; (4) HD-pemafibrate group
(n = 10) fed an HD and treated with pemafibrate; and (5)
HD-combination group (n = 10) fed an HD and treated
with combination of pitavastatin and pemafibrate. All
experimental protocols were approved by and conducted
in accordance with the recommendations of the Okayama University Animal Care and Use Committee (permit
number OKU-2019349).

Endothelium-dependent relaxation in response to acetylcholine was evaluated. At 19 weeks, rats were anesthetized with isoflurane. The thoracic aorta was rapidly
removed, gently cleaned taking care not to damage the
endothelium, and it was cut into 3-mm rings. The rings
were then cut open. Open aortic rings were placed in
a 10-mL organ bath containing Krebs–Henseleit solution (KHS; in mmol/L: 118 NaCl, 4.7 KCl, 2.5 C
 aCl2, 1.2
KH2PO4, 1.2 M
 gSO4, 25 N
 aHCO3, 11.1 glucose). One
end of the open ring was connected to a tissue holder
and the other end was connected to a force displacement transducer (AD-611 J, Nihon Kohden, Tokyo,
Japan). The bathing solution was gassed with 95% O2
and 5% CO2 at 37 °C (pH 7.4). The tissue was equilibrated for 60 min under a resting tension of 1 g. During
this time, Krebs–Henseleit solution was replaced every
15 min with fresh solution. The tissues were pre-contracted with phenylephrine (0.3 µmol/L). Tissues were
then re-washed and pre-contracted with phenylephrine
(0.3 µmol/L). After the phenylephrine-induced contraction had reached a plateau, the concentration–response
relationships for acetylcholine (1–10,000 nmol/L) were
obtained by adding acetylcholine to the bath in a cumulative manner. Finally, papaverine (100 µmol/L) relaxation responses were obtained. The relaxation responses
obtained were expressed as a percentage of the maximal
relaxation that was evoked by papaverine (100 µmol/L).
Western blot analysis

Blood pressure and pulse rate measurement

Systolic blood pressure and pulse rate were measured
at 12 and 19 weeks using a tail-cuff plethysmography
(MK-2000 Muromachi, Tokyo, Japan or BP-2000, Visitech Systems, Inc., Apex, NC, USA). An average of three
measurements was used.
Blood collection and measurements

At 19 weeks, rats were anesthetized with isoflurane. Nonfasting whole blood was collected from the abdominal
aorta into a chilled tube. After centrifugation at 3000×g
for 10 min at 4 °C, plasma was collected and stored at
−80 °C. Plasma total bilirubin was measured using the
vanadate oxidase method. Plasma glucose was measured
using the hexokinase/glucose-6-phosphate dehydrogenase method. Plasma cholesterol and TG content in
lipoprotein fractions including chylomicron (CM), very
low-density lipoprotein (VLDL), LDL, and HDL were
analyzed using high-performance liquid chromatography
by Skylight Biotech (Akita, Japan), as described [27, 28].

Protein samples from the abdominal aortas of 4 or 6
randomly selected rats in each group were prepared
using a BEAD crusher (µT-12, Taitec, Koshigaya, Japan).
Tissue lysates were extracted in radioimmunoprecipitation (RIPA) buffer with 2 mmol/L phenylmethylsulfonyl fluoride, 1 mmol/L sodium orthovanadate, and
10 mmol/L sodium fluoride (sc-24948, Santa Cruz, Dallas, Texas, USA) and 20 µg of lysates was subjected to
SDS-PAGE. Rabbit anti-eNOS antibody (#610297, BD
Biosciences, Franklin lakes, New Jersey, USA), rabbit anti-phospho-eNOS (Ser1177) antibody (#612393,
BD Biosciences, Franklin lakes, New Jersey, USA), and
mouse anti-beta actin antibody (ab6276, Abcam, Cambridge, UK) were used. All primary antibodies were
used at a dilution of 1:1000. The second antibody was
horseradish peroxidase-conjugated anti-rabbit or antimouse IgG antibody (NA934 and NA931, GE Healthcare Bio-Sciences, Buckinghamshire, England). Positive
signals were detected using a chemiluminescence system (ECL plus, GE Healthcare Bio-Sciences).
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Quantitative real‑time polymerase chain reaction (qPCR)
analysis

For reverse transcription (RT)- PCR analysis, RNA was
extracted from the abdominal aortas of 4 or 6 randomly
selected rats in each group with RNeasy Mini Kit (Qiagen). The total RNA (2 μg) from each tissue sample was
used to generate complementary DNA (cDNA) with
ReverTra Ace (TOYOBO, Osaka, Japan). The cDNA was
subjected to PCR with TaqMan Gene Expression Master
Mix (Applied Biosystems, Foster City, CA, USA) and predesigned gene specific primer and probe sets (TaqMan
Gene Expresso in Assays; Applied Biosystems). Quantitative real-time PCR was performed using the Applied Biosystems 7300 realtime PCR System (Applied Biosystems).
The PCR primers used were the following: NADPH oxidase-4 (NOX4), Rn00585380 and actin beta (ACTB),
Rn00667869. ACTB was used as the internal control.
Statistical analysis

Statistical analysis was performed using SPSS version
24 (IBM, New York, USA). All results are expressed as
the mean ± standard deviation (SD). For comparison
between different treatment groups, statistical analysis was performed using a one-way analysis of variance
(ANOVA) with a Bonferroni post hoc test. Vascular
relaxation studies were analyzed using a mixed effect
model with a Bonferroni post hoc test. P-values < 0.05
were considered to be significant.

Results
Effects of pitavastatin, pemafibrate, or a combination
of pitavastatin and pemafibrate on blood pressure
and heart rate

After feeding for 12 weeks, systolic blood pressure was
significantly higher in the HD-vehicle group compared

with the ND-vehicle group (Table 1). After treatment for
12 weeks, systolic blood pressure was significantly lower
in the HD-combination group compared with the HDvehicle group, the HD-pitavastatin group, and the HDpemafibrate group (Table 1). We observed no difference
in heart rate among the five groups at 12 weeks postfeeding of ND or HD and treatment.
Effects of pitavastatin, pemafibrate, or a combination
of pitavastatin and pemafibrate on blood measurements

After feeding for 12 weeks, plasma levels of total cholesterol were significantly higher in the HD-vehicle group
compared with the ND-vehicle group (Fig. 2a). For lipoprotein fractions, plasma LDL-cholesterol and HDL-cholesterol levels were significantly higher in the HD-vehicle
group compared with the ND-vehicle group (Fig. 2c–e).
Treatment with pemafibrate and a combination of pitavastatin and pemafibrate significantly reduced plasma
total cholesterol levels compared with vehicle treatment
(Fig. 2a). For lipoprotein fractions, plasma CM-cholesterol, VLDL-cholesterol, and LDL-cholesterol levels were
significantly lower in the HD-combination group compared with the HD-vehicle group (Fig. 2b–d). Plasma
VLDL-cholesterol and LDL-cholesterol levels were also
significantly lower in the HD-pemafibrate group compared with the HD-vehicle group (Fig. 2c, d).
There were no significant differences in plasma total
TG levels between the ND-vehicle group and the HDvehicle group at 12 weeks post-feeding in accordance
with previous reports [24, 25] (Fig. 3a).
Treatment with pemafibrate and a combination of pitavastatin and pemafibrate significantly reduced plasma
total TG levels compared with vehicle treatment (Fig. 3a).
For lipoprotein fractions, plasma CM-TG, VLDL-TG,
and HDL-TG levels were significantly lower in the

Table 1 Effects of pitavastatin, pemafibrate or combination of pitavastatin and pemafibrate on BP, HR and blood
measurements
Group

ND-vehicle

HD-vehicle

HD-pitavastatin

HD-pemafibrate

HD-combination

Food

ND

HD

HD

HD

HD

Treatment

Vehicle

Vehicle

Pitavastatin

Pemafibrate

Combination
10

Number of rats

5

9

10

10

SBP (mmHg)

143 ± 2

194 ± 7*

197 ± 8

193 ± 8

HR (beats/min)
Blood measurements
Total bilirubin (mg/dL)
Glucose (mg/dL)

376 ± 11
0.01 ± 0.01

241 ± 20

402 ± 37
0.01 ± 0.01

236 ± 30

383 ± 19
0.03 ± 0.03

232 ± 22

179 ± 10*#§†

400 ± 24

383 ± 31

0.01 ± 0.01

0.02 ± 0.01

236 ± 15

228 ± 15

Effects of pitavastatin, pemafibrate, or a combination of pitavastatin and pemafibrate on total and phospho-eNOS and NOX4 expression in the rat aorta
Values are mean ± SD. *P < 0.001 vs. ND-vehicle group. #P < 0.005 vs. HD-vehicle. §P < 0.001 vs. HD-pitavastatin group. †P < 0.01 vs. HD-pemafibrate group. ‡P < 0.005
vs. HD-vehicle
BP blood pressure, ND normal diet, HD high-salt and high-fat diet, SBP systolic blood pressure, HR heart rate
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200.0
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60.0
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Total cholesterol
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0.0

CM-cholesterol

60.0
50.0
40.0
30.0

P<0.001
P<0.001

20.0
10.0
0.0

VLDL-cholesterol

70.0
60.0

P<0.001

P<0.001
P<0.001

50.0
40.0
30.0
20.0
10.0
0.0

LDL-cholesterol

e
Cholesterol (mg/dL)

60.0

70.0

Cholesterol (mg/dL)

d

c
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Cholesterol (mg/dL)

Cholesterol (mg/dL)

b
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P<0.001
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50.0
40.0
30.0
20.0
10.0
0.0

HDL-cholesterol

Fig. 2 Effects of pitavastatin, pemafibrate, or a combination of pitavastatin and pemafibrate on plasma cholesterol profile. Rats were fed a normal
diet (ND) or a high-salt and high-fat diet (HD). The rats were divided into five groups and treated with vehicle, pitavastatin, pemafibrate (K-877), or a
combination of pitavastatin and pemafibrate. a Total cholesterol, b chylomicron (CM)-cholesterol, c very low-density lipoprotein (VLDL)-cholesterol,
d low-density lipoprotein (LDL)-cholesterol, e high-density lipoprotein (HDL)-cholesterol. Data are expressed as the mean ± SD. Number of rats in
each group: ND-vehicle, n = 5; HD-vehicle, n = 9; HD-pitavastatin, n = 10; HD-pemafibrate, n = 10; and HD-combination, n = 10. Statistical analysis
was performed using a one-way ANOVA with a Bonferroni post hoc test

HD-pemafibrate group and the HD-combination group
compared with the HD-vehicle group (Fig. 3b, c, e).
There were no significant differences in plasma total
bilirubin and plasma glucose levels among the five groups
at 12 weeks post-feeding and treatment.
Effects of pitavastatin, pemafibrate,
or a combination of pitavastatin and pemafibrate
on endothelium‑dependent vascular relaxation
in response to acetylcholine

Acetylcholine (1 − 10,000 nmol/L) caused concentrationdependent relaxation in thoracic aorta rings that were
pre-contracted by phenylephrine (0.3 µmol/L) in all five
groups (Fig. 4). Relaxation rates in the HD-vehicle group
were significantly lower compared with the ND-vehicle
group. Relaxation rates in the HD-combination of pitavastatin and pemafibrate group significantly increased
compared with those in the HD-vehicle group, although
neither medication alone ameliorated relaxation rates
significantly.
Western blotting experiments revealed that there was
no significant difference in total eNOS protein expression

between aortas from rats of HD-vehicle, HD-pitavastatin,
HD-pemafibrate, and HD-combination groups (Fig. 5a,
b). Expression levels of phospho-Ser1177 eNOS/total
eNOS in the HD-pemafibrate group and the HD-combination group were significantly increased compared
to those in HD-vehicle group (HD-vehicle group versus
HD-pemafibrate group, P < 0.05; and HD-vehicle group
versus HD-combination group, P < 0.01; Fig. 5a, c). However, the expression levels did not respond significantly to
pitavastatin alone.
We also investigated the expression levels of NOX4,
an enzyme that produces superoxide and plays a pivotal
role in generation of oxidative stress in vascular smooth
muscle cells [29]. There were no significant differences in
expression levels of NOX4 mRNA among the five groups
(Fig. 5d).

Discussion
The major new finding of this work is that combination
therapy with pitavastatin and pemafibrate can improve
endothelial dysfunction in hypertension and insulin
resistance model rats, although neither medication alone
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Triglyceride (mg/dL)
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P<0.01

150.0
100.0
50.0
0.0

CM-triglyceride

VLDL-triglyceride

e
Triglyceride (mg/dL)

c
Triglyceride (mg/dL)

Triglyceride (mg/dL)

b

150.0
100.0
50.0
0.0

LDL-triglyceride

150.0
100.0
50.0

P<0.01
P<0.005

0.0

HDL-triglyceride

Fig. 3 Effects of pitavastatin, pemafibrate, or combination of pitavastatin and pemafibrate on plasma triglyceride profile. Rats were fed a normal
diet (ND) or a high-salt and high-fat diet (HD). The rats were divided into five groups and treated with vehicle, pitavastatin, pemafibrate (K-877),
or combination of pitavastatin and pemafibrate. a Total triglyceride (TG), b chylomicron (CM)-TG, c very low-density lipoprotein (VLDL)-TG, d
low-density lipoprotein (LDL)-TG, e high-density lipoprotein (HDL)-TG. Data are expressed as the mean ± SD. Number of rats in each group:
ND-vehicle, n = 5; HD-vehicle, n = 9; HD-pitavastatin, n = 10; HD-pemafibrate, n = 10; and HD-combination, n = 10. Statistical analysis was
performed using a one-way ANOVA with a Bonferroni post hoc test

Relaxaon rate (%)

0

25
ND-vehicle

50

HD-vehicle
HD-pitavastan

75

NS
NS

HD-pemafibrate
HD-combinaon

100

1

10

#

*

NS

100

1000

10000

Acetylcholine (nmol/L)

Fig. 4 Effects of pitavastatin, pemafibrate or combination of
pitavastatin and pemafibrate on endothelium-dependent vascular
relaxations in response to acetylcholine. Rats were fed a normal diet
(ND) or a high-salt and high-fat diet (HD). The rats were divided into
five groups and treated with a vehicle, pitavastatin, pemafibrate
(K-877), or combination of pitavastatin and pemafibrate. Data
are expressed as the mean ± SD. *P < 0.001, HD-vehicle group
versus ND-vehicle group.# P < 0.05, HD-combination group versus
HD-vehicle group. Number of rats in each group: ND-vehicle, n = 4;
HD-vehicle, n = 5; HD-pitavastatin, n = 5; HD-pemafibrate, n = 5;
and HD-combination, n = 5. Statistical analysis was performed using
mixed effect model with a Bonferroni post hoc test

ameliorated endothelial function significantly. Additionally, combination therapy significantly reduced systolic
blood pressure, TG levels including total, CM, VLDL,
and HDL-TG, and cholesterol levels, including total, CM,
VLDL, LDL-cholesterol, compared with vehicle treatment and increased expression of phosphorylated eNOS
proteins in aortas. These results are considered to be a
possible cause of the beneficial effects of combination
therapy on endothelial function.
A double-blind, placebo-controlled, phase 2 clinical
trial revealed that pemafibrate decreased TG, VLDLcholesterol, CM-cholesterol, remnant lipoprotein cholesterol, apolipoprotein B, and apolipoprotein C-III levels
and increased levels of HDL-cholesterol levels in dyslipidemic patients with high TG and low HDL-cholesterol
[30]. This study also showed that pemafibrate decreased
TG, including total, CM, VLDL, and HDL-TG, and cholesterol, including total, VLDL, and LDL, in dyslipidemic
rats with high TG and high cholesterol levels. A recent
meta-analysis also revealed that pemafibrate significantly
reduced TG levels [31]. Takei et al. reported that pemafibrate (K-877) is a potential PPARα-modulating drug to
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1
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2
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P<0.05

NOX4 mRNA
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total-eNOS/b-acn
(/ND-vehicle)

5

phospho-eNOS/total-eNOS
(/ND-vehicle)

c

b

1.5
1
0.5
0

Fig. 5 Effects of pitavastatin, pemafibrate, or combination of pitavastatin and pemafibrate on total and phospho-eNOS and NOX4 expression in
the rat aorta. a Images of Western blot analysis of total and phospho-endothelial nitric oxide synthase (eNOS) in aorta from rats fed a high-salt
and high-fat diet (HD). b Western blot analysis of total eNOS. c Western blot analysis of phospho-eNOS. d qPCR analysis of NOX4 mRNA. Data
are presented relative to ND-vehicle and expressed as the mean ± SD. Number of rats in each group: ND-vehicle, n = 4; HD-vehicle, n = 6;
HD-pitavastatin, n = 6; HD-pemafibrate, n = 6; and HD-combination, n = 6. Statistical analysis was performed using a one-way ANOVA with a
Bonferroni post hoc test

treat hyperlipidemia that works well in both the liver
and small intestine of LDL receptor knockout (Ldlr−/−)
mice [32]. Sairyo et al. reported that pemafibrate (K-877)
decreased intestinal mRNA expression of ApoB and
Npc1l1 [33]. Our study also revealed that pemafibrate
improved VLDL-TG and CM-TG, and thus, we presume
that pemafibrate had beneficial effects on the liver and
small intestine in our model. Because the model showed
high HDL-cholesterol levels rather than low HDL-cholesterol levels, pemafibrate did not increase the HDLcholesterol levels.
It is clinically known that pitavastatin lowers LDL
cholesterol and increases HDL cholesterol and that
pemafibrate lowers TG and increases HDL cholesterol.
However, these effects were not observed in this study
except for reductions in TG and VLDL-TG using Pemafibrate. HMG-CoA reductase inhibitors (statins) do not
lower plasma cholesterol in rats [34]. In accordance with
previous studies, pitavastatin did not reduce cholesterol
levels significantly in this study with a rat model. Pemafibrate increased HDL cholesterol levels in mice [35], but
our study showed that pemafibrate increased HDL cholesterol levels in DS rats. These results needed to be confirmed in future studies. However, combination therapy

with pitavastatin and pemafibrate significantly decreased
TG levels, including total, CM, VLDL, and HDL-TG, and
cholesterol levels, including total, CM, VLDL, and LDL,
in dyslipidemic rats with high TG and high cholesterol.
A double-blind, placebo-controlled clinical trial also
revealed that pemafibrate add-on therapy in combination
with pitavastatin treatment showed a robust reduction of
TG in patients with dyslipidemia [36]. These results support the favorable effects of combination therapy on lipid
profiles in dyslipidemic conditions.
Combination therapy with pitavastatin and pemafibrate significantly improved systolic blood pressure
compared with vehicle treatment in salt-sensitive hypertensive rats fed a high-salt and high-fat diet. Huang
et al. reported that endothelium-derived relaxing factor
activity, as assayed by acetylcholine-induced relaxation,
is absent in eNOS mutant mice and that eNOS mutant
mice are hypertensive [37]. Therefore, increased expression of phospho-eNOS on Ser1177 proteins seems to
be associated with improvement of blood pressure in
this study. Saka et al. reported that treatment with pitavastatin (0.3 mg/kg/d) did not lower blood pressure
and levels of TC and TG in DS rats, in accordance with
the results of our study [38]. Terata et al. reported that
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Wistar-Kyoto rats that received L-nitro-arginine methyl
ester (L-NAME), a NOS inhibitor, showed a progressive
increase in systolic arterial blood pressure and that treatment with a high dose of pitavastatin (1 mg/kg/d) significantly lowered blood pressure. However, levels of TC, TG
and HDL cholesterol remained unchanged. Therefore,
improvement of lipid profiles in combination therapy
might not be involved in the effects of lowering blood
pressure in our study [39]. Gilbert et al. also reported
that the PPARα agonist fenofibrate lowers blood pressure
in salt-sensitive hypertensive patients [40]. The precise
mechanism of this phenomenon remains unclear, and
further studies are needed to clarify this point.
As for the dose of pemafibrate in animal experiments,
Hennuyer et al. reported that pemafibrate at 0.1 mg/kg/
day and 1 mg/kg/day reduced plasma TC (−72% and
−79% respectively) and TG (−68% and −85% respectively) concentrations compared to the control in human
apolipoprotein E2 knock-in (apoE2KI) mice fed a western
diet [35]. Dong et al. reported that a high-fat diet reduced
the expression of ATP-binding cassette transporter A1
(ABCA1) in the mouse pancreas but that pemafibrate
(K-877) treatment (0.3 mg/kg/day) increased ABCA1
expression compared to that in high-fat diet-fed mice
[41]. Therefore, we assumed that pemafibrate at 0.5 mg/
kg/day could improves lipid metabolism in an animal
model fed a high-fat diet.
Increased expression of phospho-eNOS on Ser1177
proteins was observed in aortas from rats in the HDcombination group compared with those from rats from
the HD-vehicle group. Because Ser1177 phosphorylation has been shown to increase NO production from
eNOS [42], this reaction might have contributed to the
improvement of endothelium-dependent relaxation of
the aorta in response to acetylcholine using combination
therapy. There were no significant differences in expression levels of NOX4 mRNA among the five groups. Other
molecules or genes also need to be investigated in future
studies.
Regarding the issue of statins and glucose level, Kim
et al. reported that use of atorvastatin, rosuvastatin, pitavastatin and simvastatin had a significant association
with increase in fasting glucose of non-diabetic individuals [43]. However, Jeong et al. reported that administration of highest-dose pitavastatin did not increase the risk
of new-onset diabetes in patients at high risk of developing diabetes [44]. It has been shown that pemafibrate
suppresses diet-induced obesity in mice and improves
their obesity-related metabolic abnormalities including glucose, insulin and TG levels [45]. We also showed
that combination therapy of pitavastatin and pemafibrate
did not increase glucose levels. Thus, combination therapy of pitavastatin and pemafibrate can be safely used in
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patients with metabolic syndrome who are at a high risk
of developing diabetes.
Study limitations

This study has several limitations. First, we only assessed
the effects of combination therapy on endotheliumdependent relaxation of the aorta in response to acetylcholine. Other critical homeostatic roles of the
endothelium were not assessed in this study. Second, this
study was performed using Dahl salt-sensitive rats fed a
high-salt and high-fat diet. This model shows hypertension, insulin resistance and endotherial dysfunction, but
TG levels are not elevated. Therefore, we could not confirm the effects of an increase in TG-rich lipoproteins or
remnant lipoproteins on endothelial dysfunction. Third,
the sample size of the ND-vehicle group was smaller than
the sample sizes of other groups for a financial reason.
Further studies are needed to clarify these points.

Conclusions
Combination therapy with pitavastatin and pemafibrate
improved lipid profiles including TG and cholesterol levels and ameliorated endothelial dysfunction. There was
also an increase in the expression level of phospho-eNOS
on Ser1177 protein in hypertension and insulin resistance
model rats. Pemafibrate as an add-on strategy to statins
may be useful for preventing atherosclerosis progression.
Abbreviations
HMG-CoA: 3-hydroxy-methylglutaryl coenzyme A; LDL-C: Low-density
lipoprotein cholesterol; CHD: Coronary heart disease; TG: Triglyceride; HDL-C:
High-density lipoprotein cholesterol; eNOS: Endothelial nitric oxide synthase;
NO: Nitric oxide; RLP-C: Remnant-like particles-cholesterol; FMD: Flowmediated dilatation; PPARα: Peroxisome proliferator-activated receptor α;
SPPARMα: Selective PPARα modulator; DS: Dahl salt-sensitive; ND: Normal diet;
HD: High-fat diet; CM: Chylomicron; VLDL: Very low-density lipoprotein; LDL:
Low-density lipoprotein; HDL: High-density lipoprotein; KHS: Krebs–Henseleit
solution; RIPA: Radioimmunoprecipitation; phospho-eNOS: phosphorylated
eNOS; qPCR: Quantitative real-time polymerase chain reaction; Ldlr−/−: LDL
receptor knockout.
Acknowledgements
We thank Miyuki Misunaga and Masayo Ohmori for their excellent technical
assistance. We also thank Jodi Smith, PhD, from Edanz Group (https://en-autho
r-services.edanzgroup.com/) for editing a draft of this manuscript.
Authors’ contributions
KN conceived the study and participated in its design and coordination.
MY and KN drafted the manuscript. MY, KN, TM, MY, MK, KA, TK, HO, YO, and
DM performed the experiments. IH were supervisors. All authors read and
approved the final manuscript.
Funding
This study was funded partially by Kowa Company. Ltd.
Availability of data and materials
The datasets used and/or analyzed during the current study are available from
the corresponding author upon reasonable request.

Yoshida et al. Cardiovasc Diabetol

(2020) 19:149

Ethics approval and consent to participate
All experimental protocols were approved by and conducted in accordance
with the recommendations of the Okayama University Animal Care and Use
Committee (permit number OKU-2019349).
Consent for publication
Not applicable.
Competing interests
Nakamura K, Miyoshi T, and Ito H received speaker honoraria from Kowa Company, Ltd. The other authors have no competing interests.
Author details
1
Department of Cardiovascular Medicine, Okayama University Graduate
School of Medicine, Dentistry and Pharmaceutical Sciences, 2‑5‑1 Shikata‑cho,
Kita‑ku, Okayama 700‑8558, Japan. 2 Department of Medical Technology,
Kawasaki College of Allied Health Professions, Okayama, Japan. 3 Department
of Basic and Clinical Medicine, Nagano College of Nursing, Nagano, Japan.
Received: 30 March 2020 Accepted: 18 September 2020

References
1. Baigent C, Blackwell L, Emberson J, Holland LE, Reith C, Bhala N, Peto R,
Barnes EH, Keech A, Simes J, et al. Efficacy and safety of more intensive
lowering of LDL cholesterol: a meta-analysis of data from 170,000 participants in 26 randomised trials. Lancet. 2010;376(9753):1670–81.
2. Sampson UK, Fazio S, Linton MF. Residual cardiovascular risk despite
optimal LDL cholesterol reduction with statins: the evidence, etiology,
and therapeutic challenges. Curr Atheroscler Rep. 2012;14(1):1–10.
3. Iso H, Naito Y, Sato S, Kitamura A, Okamura T, Sankai T, Shimamoto T, Iida
M, Komachi Y. Serum triglycerides and risk of coronary heart disease
among Japanese men and women. Am J Epidemiol. 2001;153(5):490–9.
4. Nordestgaard BG, Varbo A. Triglycerides and cardiovascular disease.
Lancet. 2014;384(9943):626–35.
5. Nakamura K, Miyoshi T, Yunoki K, Ito H. Postprandial hyperlipidemia as a
potential residual risk factor. J Cardiol. 2016;67(4):335–9.
6. Bae JH, Bassenge E, Kim KB, Kim YN, Kim KS, Lee HJ, Moon KC, Lee MS,
Park KY, Schwemmer M. Postprandial hypertriglyceridemia impairs
endothelial function by enhanced oxidant stress. Atherosclerosis.
2001;155(2):517–23.
7. van Oostrom AJ, Sijmonsma TP, Verseyden C, Jansen EH, de Koning EJ,
Rabelink TJ, Castro Cabezas M. Postprandial recruitment of neutrophils
may contribute to endothelial dysfunction. J Lipid Res. 2003;44(3):576–83.
8. Ceriello A, Assaloni R, Da Ros R, Maier A, Piconi L, Quagliaro L, Esposito
K, Giugliano D. Effect of atorvastatin and irbesartan, alone and in
combination, on postprandial endothelial dysfunction, oxidative
stress, and inflammation in type 2 diabetic patients. Circulation.
2005;111(19):2518–24.
9. Norata GD, Grigore L, Raselli S, Redaelli L, Hamsten A, Maggi F, Eriksson
P, Catapano AL. Post-prandial endothelial dysfunction in hypertriglyceridemic subjects: molecular mechanisms and gene expression studies.
Atherosclerosis. 2007;193(2):321–7.
10. Ohara N, Takeichi S, Naito Y, Nakajima Y, Yukawa N, Nakano T, Nakajima K.
Remnant-like particles from subjects who died of coronary artery disease
suppress NO synthase activity and attenuate endothelium-dependent
vasorelaxation. Clin Chim Acta. 2003;338(1–2):151–6.
11. Zheng XY, Liu L. Remnant-like lipoprotein particles impair endothelial
function: direct and indirect effects on nitric oxide synthase. J Lipid Res.
2007;48(8):1673–80.
12. Yunoki K, Nakamura K, Miyoshi T, Enko K, Kohno K, Morita H, Kusano KF,
Ito H. Ezetimibe improves postprandial hyperlipemia and its induced
endothelial dysfunction. Atherosclerosis. 2011;217(2):486–91.
13. Ohno Y, Miyoshi T, Noda Y, Oe H, Toh N, Nakamura K, Kohno K, Morita
H, Ito H. Bezafibrate improves postprandial hypertriglyceridemia and
associated endothelial dysfunction in patients with metabolic syndrome:
a randomized crossover study. Cardiovasc Diabetol. 2014;13(1):71.

Page 9 of 10

14. Tanaka A, Tomiyama H, Maruhashi T, Matsuzawa Y, Miyoshi T, Kabutoya
T, Kario K, Sugiyama S, Munakata M, Ito H, et al. Physiological diagnostic
criteria for vascular failure. Hypertension. 2018;72(5):1060–71.
15. Katsiki N, Reiner Z, Tedeschi Reiner E, Al-Rasadi K, Pirro M, Mikhailidis DP,
Sahebkar A. Improvement of endothelial function by pitavastatin: a metaanalysis. Expert Opin Pharmacother. 2018;19(3):279–86.
16. Nakamura T, Uematsu M, Yoshizaki T, Kobayashi T, Watanabe Y, Kugiyama
K. Improvement of endothelial dysfunction is mediated through reduction of remnant lipoprotein after statin therapy in patients with coronary
artery disease. J Cardiol. 2020;75(3):270–4.
17. Yunoki K, Nakamura K, Miyoshi T, Enko K, Kubo M, Murakami M, Hata Y,
Kohno K, Morita H, Kusano KF, et al. Impact of hypertriglyceridemia on
endothelial dysfunction during statin ± ezetimibe therapy in patients
with coronary heart disease. Am J Cardiol. 2011;108(3):333–9.
18. AccordStudyGroup, Ginsberg HN, Elam MB, Lovato LC, Crouse JR, 3rd,
Leiter LA, Linz P, Friedewald WT, Buse JB, Gerstein HC et al: Effects of
combination lipid therapy in type 2 diabetes mellitus. N Engl J Med 2010,
362(17):1563-1574.
19. Zhu L, Hayen A, Bell KJL. Legacy effect of fibrate add-on therapy in diabetic patients with dyslipidemia: a secondary analysis of the ACCORDION
study. Cardiovasc Diabetol. 2020;19(1):28.
20. Fruchart JC, Santos RD, Aguilar-Salinas C, Aikawa M, Al Rasadi K,
Amarenco P, Barter PJ, Ceska R, Corsini A, Despres JP, et al. The selective
peroxisome proliferator-activated receptor alpha modulator (SPPARMalpha) paradigm: conceptual framework and therapeutic potential: a
consensus statement from the International Atherosclerosis Society (IAS)
and the Residual Risk Reduction Initiative (R3i) Foundation. Cardiovasc
Diabetol. 2019;18(1):71.
21. Fruchart JC. Pemafibrate (K-877), a novel selective peroxisome proliferator-activated receptor alpha modulator for management of atherogenic
dyslipidaemia. Cardiovasc Diabetol. 2017;16(1):124.
22. Ishibashi S, Arai H, Yokote K, Araki E, Suganami H, Yamashita S, Group KS.
Efficacy and safety of pemafibrate (K-877), a selective peroxisome proliferator-activated receptor alpha modulator, in patients with dyslipidemia:
results from a 24-week, randomized, double blind, active-controlled,
phase 3 trial. J Clin Lipidol. 2018;12(1):173–84.
23. Yamashita S, Arai H, Yokote K, Araki E, Suganami H, Ishibashi S, Group KS:
Effects of pemafibrate (K-877) on cholesterol efflux capacity and postprandial hyperlipidemia in patients with atherogenic dyslipidemia. J Clin
Lipidol 2018, 12(5):1267-1279 e1264.
24. Nagae A, Fujita M, Kawarazaki H, Matsui H, Ando K, Fujita T. Effect
of high fat loading in Dahl salt-sensitive rats. Clin Exp Hypertens.
2009;31(5):451–61.
25. Fernandes R, Garver H, Harkema JR, Galligan JJ, Fink GD, Xu H. Sex
differences in renal inflammation and injury in high-fat diet-fed dahl saltsensitive rats. Hypertension. 2018;72(5):e43–52.
26. Kimura T, Nakamura K, Miyoshi T, Yoshida M, Akazawa K, Saito Y, Akagi S,
Ohno Y, Kondo M, Miura D, et al. Inhibitory effects of tofogliflozin on cardiac hypertrophy in dahl salt-sensitive and salt-resistant rats fed a high-fat
diet. Int Heart J. 2019;60(3):728–35.
27. Usui S, Hara Y, Hosaki S, Okazaki M. A new on-line dual enzymatic method
for simultaneous quantification of cholesterol and triglycerides in lipoproteins by HPLC. J Lipid Res. 2002;43(5):805–14.
28. Miyoshi T, Noda Y, Ohno Y, Sugiyama H, Oe H, Nakamura K, Kohno K, Ito
H. Omega-3 fatty acids improve postprandial lipemia and associated
endothelial dysfunction in healthy individuals—a randomized cross-over
trial. Biomed Pharmacother. 2014;68(8):1071–7.
29. Nakamura K, Miura D, Saito Y, Yunoki K, Koyama Y, Satoh M, Kondo
M, Osawa K, Hatipoglu OF, Miyoshi T, et al. Eicosapentaenoic acid
prevents arterial calcification in klotho mutant mice. PLoS ONE.
2017;12(8):e0181009.
30. Ishibashi S, Yamashita S, Arai H, Araki E, Yokote K, Suganami H, Fruchart
JC, Kodama T, Group KS. Effects of K-877, a novel selective PPARalpha
modulator (SPPARMalpha), in dyslipidaemic patients: a randomized, double blind, active- and placebo-controlled, phase 2 trial. Atherosclerosis.
2016;249:36–43.
31. Ida S, Kaneko R, Murata K. Efficacy and safety of pemafibrate administration in patients with dyslipidemia: a systematic review and meta-analysis.
Cardiovasc Diabetol. 2019;18(1):38.
32. Takei K, Nakagawa Y, Wang Y, Han SI, Satoh A, Sekiya M, Matsuzaka T, Shimano H. Effects of K-877, a novel selective PPARalpha modulator, on small

Yoshida et al. Cardiovasc Diabetol

33.

34.
35.

36.

37.
38.

39.

(2020) 19:149

intestine contribute to the amelioration of hyperlipidemia in low-density
lipoprotein receptor knockout mice. J Pharmacol Sci. 2017;133(4):214–22.
Sairyo M, Kobayashi T, Masuda D, Kanno K, Zhu Y, Okada T, Koseki M,
Ohama T, Nishida M, Sakata Y, et al. A novel selective PPARalpha modulator (SPPARMalpha), K-877 (Pemafibrate), attenuates postprandial hypertriglyceridemia in mice. J Atheroscler Thromb. 2018;25(10):1086.
Krause BR, Princen HM. Lack of predictability of classical animal models
for hypolipidemic activity: a good time for mice? Atherosclerosis.
1998;140(1):15–24.
Hennuyer N, Duplan I, Paquet C, Vanhoutte J, Woitrain E, Touche V, Colin
S, Vallez E, Lestavel S, Lefebvre P, et al. The novel selective PPARalpha
modulator (SPPARMalpha) pemafibrate improves dyslipidemia, enhances
reverse cholesterol transport and decreases inflammation and atherosclerosis. Atherosclerosis. 2016;249:200–8.
Arai H, Yamashita S, Yokote K, Araki E, Suganami H, Ishibashi S, Group KS.
Efficacy and safety of K-877, a novel selective peroxisome proliferatoractivated receptor alpha modulator (SPPARMalpha), in combination with
statin treatment: two randomised, double-blind, placebo-controlled clinical trials in patients with dyslipidaemia. Atherosclerosis. 2017;261:144–52.
Huang PL, Huang Z, Mashimo H, Bloch KD, Moskowitz MA, Bevan JA,
Fishman MC. Hypertension in mice lacking the gene for endothelial nitric
oxide synthase. Nature. 1995;377(6546):239–42.
Saka M, Obata K, Ichihara S, Cheng XW, Kimata H, Nishizawa T, Noda
A, Izawa H, Nagata K, Murohara T, et al. Pitavastatin improves cardiac
function and survival in association with suppression of the myocardial
endothelin system in a rat model of hypertensive heart failure. J Cardiovasc Pharmacol. 2006;47(6):770–9.
Terata Y, Saito T, Fujiwara Y, Hasegawa H, Miura H, Watanabe H, Chiba Y,
Kibira S, Miura M. Pitavastatin inhibits upregulation of intermediate conductance calcium-activated potassium channels and coronary arteriolar

Page 10 of 10

40.
41.

42.
43.
44.

45.

remodeling induced by long-term blockade of nitric oxide synthesis.
Pharmacology. 2003;68(4):169–76.
Gilbert K, Nian H, Yu C, Luther JM, Brown NJ. Fenofibrate lowers blood
pressure in salt-sensitive but not salt-resistant hypertension. J Hypertens.
2013;31(4):820–9.
Dong T, Lyu J, Imachi H, Kobayashi T, Fukunaga K, Sato S, Ibata T, Yoshimoto T, Yonezaki K, Iwama H, et al. Selective peroxisome proliferatoractivated receptor-alpha modulator K-877 regulates the expression
of ATP-binding cassette transporter A1 in pancreatic beta cells. Eur J
Pharmacol. 2018;838:78–84.
McCabe TJ, Fulton D, Roman LJ, Sessa WC. Enhanced electron flux and
reduced calmodulin dissociation may explain “calcium-independent”
eNOS activation by phosphorylation. J Biol Chem. 2000;275(9):6123–8.
Kim J, Lee HS, Lee KY. Effect of statins on fasting glucose in non-diabetic
individuals: nationwide population-based health examination in Korea.
Cardiovasc Diabetol. 2018;17(1):155.
Jeong HS, Hong SJ, Son S, An H, Kook H, Joo HJ, Park JH, Yu CW, Lim DS.
Incidence of new-onset diabetes with 1 mg versus 4 mg pitavastatin in
patients at high risk of developing diabetes during a 3-year follow-up.
Cardiovasc Diabetol. 2019;18(1):162.
Araki M, Nakagawa Y, Oishi A, Han SI, Wang Y, Kumagai K, Ohno H, Mizunoe Y, Iwasaki H, Sekiya M et al: The Peroxisome Proliferator-Activated
Receptor alpha (PPARalpha) Agonist Pemafibrate Protects against DietInduced Obesity in Mice. Int J Mol Sci 2018, 19(7).

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Ready to submit your research ? Choose BMC and benefit from:

• fast, convenient online submission
• thorough peer review by experienced researchers in your field
• rapid publication on acceptance
• support for research data, including large and complex data types
• gold Open Access which fosters wider collaboration and increased citations
• maximum visibility for your research: over 100M website views per year
At BMC, research is always in progress.
Learn more biomedcentral.com/submissions

