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Abstract Effects of treatment of middle-aged male rats with 3,
5, 7, 3′, 4′-pentamethoxyflavone (PMF) on vascular and
perivascular adipose tissue (PVAT) functions and blood chemis-
try were investigated. Rats received PMF (22 mg/kg), orally or
vehicle, twice a day for 6weeks. The PMF-treated rats had lower
serum glucose, higher HDL-C levels, but no change in other
parameters. Thoracic aortic and mesenteric rings of PMF treated
rats produced lower maximal contraction to phenylephrine that
was normalized by NG-nitro-L-arginine (L-NA) or endothelial
removal. The aortic- and mesenteric rings of the PMF treated
rats showed improved relaxation to acetylcholine, but not to
glyceryl trinitrate, and had higher eNOS protein. DL-
propargylglycine (PAG) caused greater increase in the baseline
tension of the PMF-treated aortic ring and higher contraction to
low concentrations of phenylephrine. PVAT lowered the con-
tractile response of the L-NA pretreated aortic rings to phenyl-
ephrine for both groups, but PAG had no effect. The
cystathionine-γ-lyase (CSE) protein of the thoracic rings, but

not of the PVAT, shows increased expression after PMF treat-
ment. Overall, PMF treatment of middle aged rats appeared to
increase production of NO and H2S from the blood vessels by
upregulating the expression of eNOS and CSE. PMF also de-
creased fasting serum glucose and increased HDL-C levels, with
no toxicity to liver and kidney functions. Thus, PMF is a novel
compound for possible use as a health product to prevent and/or
to reduce the development of diabetes type II and/or cardiovas-
cular disease.
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Introduction

Cardiovascular disease is one of the leading causes of global
death and disability, and it imposes a huge burden on
healthcare costs (Yazdanyar and Newman 2009). Although
the etiology for cardiovascular diseases is multifactorial, age
is one of the main risk factors (Herrera et al. 2010; Lakatta
2002, 2015). Age impairs vascular endothelial functions, and
this becomes detectable during the middle age of normal
humans and animals (El Assar et al. 2012; Hongo et al.
1988; Koga et al. 1989; Redheuil et al. 2010; Rodriguez-
Manas et al. 2009).

It is now well established that the perivascular adipose tissue
(PVAT), the adipose tissue surrounding blood vessels, exerts
anti-contractile effects on various vascular beds including those
of the thoracic aorta (Sun et al. 2013) by releasing adiponectin,
angiotensin-(1-7), nitric oxide, H2S, and other unknown relaxing
factors called PVAT-derived relaxing factors (PVRF) (Beltowski
et al. 2010; Chang et al. 2013; Dubrovska et al. 2004; Fang et al.
2009; Gil-Ortega et al. 2010; Lohn et al. 2002). The anti-
contractile effect of PVAT is impaired in conditions of metabolic
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syndrome, hypertension, and aging (Galvez-Prieto et al. 2012;
Gil-Ortega et al. 2010; Lu et al. 2011; Ma et al. 2010; Melrose
et al. 2013; Szasz et al. 2012). The impaired anti-vasocontractile
response of PVAT to norepinephrine in the thoracic aorta of an
obese rat with a high free fatty acid level can be restored by
reducing the free fatty acid levels (Sun et al. 2013) and partially
reversed by diet-induced weight loss (Bussey et al. 2014).

Kaempferia parviflora (KP) Wall Ex. Baker, black ginger,
Kra-chai-dum, or Thai ginseng belongs to the family
Zingiberaceae. In Thai traditional medicine, rhizomes of this
plant have been used for many purposes (see more details in
Yorsin et al. 2014), but especially for the treatment of hyperten-
sion and as a male aphrodisiac (Wutythamawech 1997; Yenjai
et al. 2004). In Laosfolk medicine, it has been used to lower
blood sugar levels and facilitate blood flow and vitality (Akase
et al. 2011). In Japan, KP extract is used as a food supplement for
the treatment of metabolic syndrome (Nakao et al. 2011). A
number of scientific investigations have been reported on the
activities of ethanol extracts from the KP rhizome that include
promoting male sexual desire (Chaturapanich et al. 2011;
Sudwan et al. 2006), preventing gastric ulcers (Rujjanawate
et al. 2005), anti-inflammation (Sae-wong et al. 2009;
Tewtrakul and Subhadhirasakul 2008; Horigome et al. 2014),
and increased blood flow (Chaturapanich et al. 2008; Malakul
et al. 2011; Murata et al. 2013). An ethyl acetate extract of KP
rhizome reduced obesity in spontaneously obese type II diabetic
mice by suppressing accumulation of visceral and subcutaneous
fat and plasma triglyceride levels (Akase et al. 2011; Shimada
et al. 2011). This might be due to a stimulation of the β3-adren-
ergic receptors in brown adipose tissue that enhanced the utiliza-
tion of triglycerides for heat production via uncoupling protein-1
in the mitochondria (Kobayashi et al. 2015; Matsushita et al.
2015; Yoshino et al. 2014). Recently, Yorsin et al. (2014) also
found that a dichloromethane extract of the KP rhizomes (KPD)
caused a lowering in the accumulation of body and liver lipid, as
well as on plasma levels of triglycerides and glucose in middle-
aged male rats after receiving an oral dose of KPD for 6 weeks.
In addition, the KPD treatment caused an increase in expression
of eNOS in blood vessels that sequentially enhanced the nitric
oxide production to oppose vasocontraction to phenylephrine
and to facilitate vasodilation to acetylcholine of the blood vessel
of the middle-aged male rat. These parameters were beneficial
for preventing or prolonging the development of cardiovascular
diseases. However, KPD is a mixture of several polyphenolic
compounds with the major constituents being 5,7-
dimethoxyflavone (DMF), 3,5,7-trimethoxyflavone (TMF), and
3,5,7,3′,4′-pentamethoxyflavone (PMF). Among these three,
PMF has been reported to possess an aphrodisiac activity as it
caused relaxation of isolated human cavernosal strips by acting
partly via the NO-cGMP pathway and inhibition of intracellular
Ca2+ mobilization (Jansakul et al. 2012). Recently, Yorsin et al.
(2015) also found that PMF caused relaxation of isolated thoracic
aortic rings both in an endothelium-independent and

endothelium-dependent fashion, partly by stimulating the release
of NO and H2S. In addition, PMF also increased adipogenesis in
3T3-L1-adipocytes in cell culture experiments (Horikawa et al.
2012). Thus, in the present study, PMF, isolated from KP rhi-
zomes, was chosen for further study to obtain more information
on the action of this compound fromKPD on lowering the sugar
and lipid levels as well as on the improvement of vascular func-
tions in middle-aged male rats by using the same protocol as was
previously used for the KPD extracts but with additional exper-
iments on the role of PVATand H2S on the vascular functions. It
was expected that if the PMF led to an improvement of vascular
functions, as a result of its lowering of sugar and/or lipid levels in
middle-aged rats with no signs of toxicity, then PMF would be a
good choice for further development for use as a health product
for preventing or delaying the development of cardiovascular
diseases.

Materials and methods

Plant material and isolation of PMF

Fresh Rhizomes of Kaempferia parviflora were collected in
Ampur Phurua, Loei Province, Thailand in April 2009.
Authentication was achieved by comparison with the herbarium
specimens in the Department of Biology Herbarium, Faculty of
Science, Prince of Songkla University, Thailand, where a vouch-
er specimen (Collecting No. 2548-03) of the plant material used
has been deposited. The PMF was isolated from the dichloro-
methane extract by column chromatography and was confirmed
its chemical characteristic by spectroscopic data, 1H and 13C
NMR spectra as previously described (Jansakul et al. 2012).
The purity of the PMF was checked by a Symmetry® C18 col-
umn (5μm, 3.9x150mm i.d.;Waters) on an analytical HPLC that
was carried out on a HP1100 system equippedwith a photodiode
array detector (Agilent Technologies). The column was eluted
with a gradient of CH3OH: H2O + 0.05 % of trifluoroacetic acid
(10:90→100: 0). The flow rate was 1 mL/min; the UV traces of
the eluantsweremeasured at 210 and 254 nm and theUV spectra
(DAD) were recorded between 200 and 500 nm. The HPLC
chromatograms of the PMF together with their retention times
and corresponding UV spectra at 210 and 254 nm are shown in
Fig. 1, which showed that purity was about 99.9 %.

For oral administration, the PMF was suspended in a mix-
ture of tween 80, 0.2 (g): carboxy-methylcellulose sodium
salt, 0.2 (g): distilled water, 10 (mL), at a concentration of
22 mg/mL. The control rat was orally gavaged with this vehi-
cle using the same volume as that for the PMF treated rat.

Pharmacological studies

Middle-aged (12–14 month old)Wistar male rats were obtain-
ed from the Southern Laboratory Animal Facility, Faculty of
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Science, Prince of Songkla University. The animals were
housed in controlled environmental conditions at 25 °C on a
12 h dark and 12 h light cycle and allowed access to standard
food and tap water ad libitum. The animal methods employed
in this study were approved by the Prince of Songkla
University Animal Care and Use Committee. The investiga-
tion conformed to the Guide for the Care and Use of
Laboratory Animals (Ethic No. 03/58). The rats were random-
ly selected into two groups, six animals for each group. The
experimental group was treated by oral administration of
22 mg/kg PMF twice (9.00 a.m. and 6.00 p.m.) a day for
6 weeks. The vehicle control groups received the vehicle
twice a day using the same volume as that for the PMF
(1 mL/kg animal body weight) in the same period of 6 weeks.
Each rat had its body weight recorded and its 24-h food intake
at day 0 (1 day before receiving oral gavage of the vehicle or
PMF suspension) and then every consecutive 7 days over the
6-week period.

Effects of the PMF treatment on the basal blood pressure
and on the hematology and clinical biochemical analysis

The same methods as previously described (Yorsin et al.
2014) were used. At the end of the 6 weeks PMF or vehicle
treatment, each rat (13–15-h fasting) was anesthetized with

Nembutal (60 mg/kg). A tracheal tube was inserted into the
trachea, and a small polyethylene tube was cannulated into the
right common carotid artery that had been connected to a
pressure transducer and a Polygraph (P7D model, Grass
Company) for blood pressure and heart rate recording. The
data was collected after a 40-min equilibration period, by
which time the basal blood pressure and heart rate of the
animal became stable.

After measuring the basal blood pressure and heart rate, the
rat was killed by decapitation with a guillotine, and 5 and
2 mL of blood samples were collected from the decapitated
rat and placed into a glass test tube and a plastic test tube
containing EDTA, respectively. The glass container with
5 mL of blood was left at room temperature for 30 min and
then centrifuged at 1200 rpm for 10 min. The serum was then
collected and kept at −70 °C until measurements were made
for the kidney and liver enzymes and for glucose and lipid
levels. These measurements were made by enzymatic
methods using the Automatic Chemistry Analyzer (Hitachi
Modular P800, Germany) that was routinely operated at the
Prince of Songkla University Hospital. They were carried out
within 1 month of sample collection. The 2 mL of blood with
EDTAwas sent to the hematology laboratory for a total blood
count procedure measured by the Automated Hematology
Analyzer (Celltac E, Model MEK-7222K, Japan).
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Fig. 1 HPLC chromatogram of
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pentamethoxyflavone (PMF).
The column eluant from the PMF
was scanned at the wavelength
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Effects of PMF treatment on internal organs and lipid
accumulation

The decapitated rat (after removing the thoracic aorta and
mesenteric artery) was dissected as previously described
(Yorsin et al. 2014). Heart, lung, liver, adrenal gland, kidney,
testes; visceral fats from the epididymis, testis and retroperi-
toneal, and subcutaneous fats were removed and weighed
using the MettlerPL2001-L balance (Mettler Toledo
International Inc., Switzerland).

Two pieces of liver (middle lobe) were cut, embedded into
a cryostat gel, the sections (20 μm thick), were stained with oil
red O (0.5% in absolute propylene glycol), and mounted with
glycerine jelly for observation by light microscopy. The oil red
O of each slide was extracted with 1 mL of 100% dimethyl
sulfoxide (DMSO), and its absorbance was measured at
520 nm using a Thermo Fisher Scientific spectrophotometer
(Model G10s UV-VIS, USA). The concentration of the oil red
O was obtained from the standard curve of known concentra-
tions of the oil red O in 100 % DMSO (μg/mL). The area of a
whole liver thin section was measured using the Auto CAD
2005 program. The amount of the accumulated liver lipid was
expressed in terms of μg/mL/cm2 of the liver tissue thin sec-
tion area.

Preparation of the thoracic aortic rings and mesenteric
artery

The thoracic aorta with adhering perivascular adipose tissue
(PVAT) was removed from the decapitated rat and placed in
oxygenated 37 °C Krebs-Henseleit solution. Six adjacent
rings of 4–5 mm in length were cut, two rings were left with
an intact PVAT, and the other four rings had their PVAT re-
moved together with adhering connective tissue and for one
ring, the endothelium layer was removed by a small cotton
bud. Each aortic ring was mounted with two stainless steel
hooks in a 20-mL organ bath containing Krebs-Henseleit so-
lution of the following composition (mM): NaCl 118.3, KCl
4.7, CaCl2 1.9, MgSO4·7H2O 0.45, KH2PO4 1.18, NaHCO3

25.0, glucose 11.66, Na2EDTA 0.024, and ascorbic acid 0.09,
maintained at 37 °C and bubbled with a carbogen (95 % O2

and 5 % CO2 gas mixture). One of the hooks was fixed at the
bottom and the other was connected to a transducer for record-
ing the isometric tension by a polygraph. The tissues were
equilibrated for 60 min under a resting tension of 1 g, and
the bath solution was replaced with pre-warmed oxygenated
Krebs-Henseleit solution every 15 min.

At the end of the equilibration period, each aortic ring was
tested for the viability of the endothelium by precontraction
with phenylephrine (3 μM) until the response reached a pla-
teau (5–8 min) and then addition of acetylcholine (30 μM).
Endothelial viability was judged by a >65 % vasorelaxation
back to the tension generated by the ring before adding the

phenylephrine. Denudation was confirmed by the absence of
vasorelaxation following the response to the addition of ace-
tylcholine. The preparations were then washed several times
with Krebs-Henseleit solution and allowed to fully relax for
45 min before the experimental protocol began.

The mesenteric ring was prepared as previously described
(Yorsin et al. 2014). Briefly, the mesentery was removed from
the decapitated rat and placed in a Petri dish with warm oxy-
genated Krebs-Henseleit solution. A third order branch of the
mesenteric artery (diameter 200–250 μm) was cleaned of ad-
hering fat and a section of about 2 mm long was mounted on
two 40-μm stainless wires in the jaws of a10-mL-Dual-Wire
Myograph chamber (model 400A, Danish Myo Technology
A/S, Denmark) in 37 °C oxygenated Krebs-Henseleit solution
(pH 7.4). The mesenteric artery was equilibrated for 1 h, and
then normalization of the blood vessel was performed using a
Lab Chart together with a DMT Normalization Module in
order to determine the internal circumference as previously
described (Mulvany and Halpern 1977). The vessel rings were
re-equilibrated for 30 min, then the contractile response of
each vessel rings was tested with 10 μM norepinephrine for
10–15 min, followed by washing several times with Krebs-
Henseleit solution and equilibration for another 20 min. This
procedure was repeated three times. The function of the intact
endothelium was performed by precontracting the mesenteric
ring with 10 μM norepinephrine for 10–15 min to reach a
plateau, and then acetylcholine (30 μM) was added for
relaxation.

Effects of the PMF treatment on the pharmacological
vascular functions

Role of nitric oxide

At the end of 45-min re-equilibration after the functional en-
dothelium testing, the basal tension of the thoracic aortic rings
with intact endothelium and the rings without endothelium
was adjusted to the optimal tension of 2 g (our preliminary
experiments found that for middle-aged male rats, weight ca.
500 g, a basal tension of 2 g applied to the thoracic aortic ring
gives optimal tension development in response to phenyleph-
rine, unpublished data) and equilibration for another 10 min,
and then a contractile response to a cumulative concentration-
response (C-R) curve of phenylephrine was performed. This
was followed by several washings, and the vessel was allowed
to fully relax for 50 min. Then, the endothelium-intact aortic
rings were preincubated with L-NA for 40 min, and then the
second C-R curve to phenylephrine was performed.

Using two other sets of endothelium-intact thoracic aortic
rings, one set was equilibrated under a basal tension of 2 g for
10 min and was then precontracted with phenylephrine
(3 μM) for 10–15 min (plateau) followed by cumulative dila-
tor C-R curves to acetylcholine. The other set was first
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preincubated with L-NA (3 mM) for 40 min before
performing the cumulative dilator C-R curves to glyceryl
trinitrate on the phenylephrine-precontracted aortic rings.
The L-NA was included to prevent any activation of NOS
by GTN as has been reported previously (Bonini et al. 2008;
Moncada et al. 1991).

For the mesenteric artery, a cumulative C-R curve to phen-
ylephrine and to acetylcholine (precontracted with 3 μM
phenylephrine) was performed before and after incubating
the blood vessels with L-NA. In the case of glyceryl trinitrate,
its cumulativeC-R curve was performed in the mesenteric ring
(precontracted with 3 μM phenylephrine) that had been pre-
incubated with L-NA as for the aortic preparations.

Role of PVAT and H2S

After equilibration, the endothelium-intact thoracic aortic rings
with and without PVAT were incubated with L-NA for 40 min
under a basal tension of 2 g. Then, a cumulative C-R curve to
phenylephrine was performed in the presence of L-NA, follow-
ed by several washings and re-equilibration for 60 min in the
presence of L-NA to allow full relaxation of the blood vessels to
their original baseline of 2 g. After that, 10-mM DL-
propargylglycine (PAG, a H2S inhibitor) was added into the
incubation and left for 10–15 min until the aortic contraction
reached a plateau, and the cumulative C-R curve to phenyleph-
rine was performed in the presence of L-NA and PAG.

eNOS and CSE Western blot analysis

To analyze the expression of the eNOS and CSE enzyme, the
thoracic aortae, mesenteric arteries, and PVATof the PMF treat-
ed and vehicle control groups (n = 4) were harvested and kept at
−70 °C until used. Protein extraction from the tissues and
Western blot analysis were carried out as previously described
(Yorsin et al. 2014). Briefly, each tissue from each animal was
chopped on ice and homogenized in lysis buffer with 25 mM
Tris-HCl, pH 7.6, 150 mM NaCl, 1 % NP-40, 1 % sodium
deoxycholate, 0.1 % SDS, 0.5 mM EDTA and the protease

inhibitor cocktail (GE Healthcare), centrifuged, and the total
protein measured in the supernatants by the Biorad protein assay
method. Fifty micrograms of protein was electrophoretically
separated on 12 % polyacrylamide-SDS gels, and the proteins
were transferred onto a nitrocellulose membrane. Nonspecific-
binding sites were blocked with 5 % low fat dry milk in TBS-T
(Tris buffer saline 0.1 % Tween 20) and then incubated with
primary antibodies against eNOS (1:250), CSE (1:1,000), and
β-actin (1:1,000) antibodies dissolved in 1% low fat dry milk in
TBS-T overnight at 4 °C [rabbit eNOS and rabbit β-actin anti-
bodies were from Cell Signaling (USA); mouse CSE antibody
was from Abnova (USA)]. Membranes were incubated with
horseradish peroxidase anti-rabbit IgG antibody diluted to
1:5,000 (eNOS and β-actin) and horseradish peroxidase anti-
mouse IgG antibody diluted to 1:5,000 (CSE) in 1 % low fat
drymilk in TBS-T for 1 h. After beingwashedwith TBS-T three
times, the proteins were detected by an ECL chemiluminescent
detection kit (Pierce) and the reactionwas visualized by a chemi-
luminescence imaging instrument (Vilber Lourmat, France). The
intensity of the bands was analyzed using the Fusion Capt
Advance quantitation analysis program. To ensure equal protein
loading, results were normalized to the β-actin protein expres-
sion and expressed as units relative to the β-actin densitometry.

Drugs

The following drugs were used. Acetylcholine chloride, NG-
nitro-L-arginine (L-NA), norepinephrine, phenylephrine hy-
drochloride, DL-propargylglycine (PAG), pentobarbital, and
dimethyl sulfoxide (DMSO) and oil red O were from Sigma,
USA. Glyceryl trinitrate was from Mycomed, Denmark. 3, 5,
7, 3′, 4′-Pentamethoxyflavone (PMF) was isolated at the
Prince of Songkla University, Thailand (Jansakul et al.
2012). Acetylcholine chloride, norepinephrine, and phenyl-
ephrine were dissolved in a solution containing NaCl 9 g/L,
NaH2P04 0.19 g/L, and ascorbic acid 0.03 g/L, and the glyc-
eryl trinitrate was dissolved in distilled water. Glyceryl
trinitrate was from Mycomed, Denmark; here, sublingual tab-
lets were dissolved in distilled water, but calculated

Table 1 Effects of 6 weeks oral administration of PMF or vehicle on the fasting blood glucose and lipids levels of middle-aged male rats

NLAC-MU
normal range

Glucose Triglyceride Cholesterol HDL-C LDL-C LDL/HDL ratio

(mg %) n 122.10–180.80 61.00–164.00 46.00–98.00 – – –

Vehicle 6 125.67 ± 4.45 87.00 ± 6.06 76.67 ± 4.54 58.55 ± 1.98 13.14 ± 1.96 0.22 ± 0.03

PMF 6 110.67 ± 3.77a 79.40 ± 5.52 83.40 ± 4.98 71.15 ± 3.10b 13.92 ± 1.59 0.20 ± 0.02

Values are expressed as mean ± S.E.M., n = 6

NLAC-MU normal range =National Laboratory Animal Centre-Mahidol University normal range,HDL-C = high-density lipoprotein cholesterol, LDL-
C = low-density lipoprotein cholesterol
a Significantly lower than vehicle control group
b Significantly higher than vehicle control group, P < 0.05
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concentrations were not confirmed and may thus have been
overestimated.

Statistical analysis

Results are expressed as a mean value ± S.E.M. (n = 6 for
vascular function study and N = 4 for protein expression by
Western blotting). Bn^ is the number of animals. Statistical
differences were determined by the Student’s paired or un-
paired t test or by one-way ANOVA. A P value <0.05 was
considered to identify a significant difference between values.

Results

Effects of 6 weeks PMF treatment on the body weight,
food intake, animal blood pressure, internal organs
and adipose tissue, and blood chemistry

No changes in bodyweight and food intakewere found during
the 6 week period of treatment with PMF or vehicle on the rats
(Fig. 1 suppl.). Basal systolic and diastolic pressure as well as
the basal heart rate of anesthetized rats were similar between

the PMF- and the vehicle-treated rats (Table 1 suppl.). None of
the internal organs, visceral and subcutaneous adipose tissue
weight, nor of liver lipid accumulation were found to be al-
tered after PMF treatment compared to the vehicle control
group (Fig. 2 suppl. and Tables 2 and 3 suppl.). The fasting
serum levels for HDL-Cwere higher, but not the triglycerides,
cholesterol, and LDL-C of the PMF-treated rats, whereas the
glucose levels were lower than for the vehicle control rats
(Table 1). Serum levels of the alkaline phosphatase, serum
glutamic oxaloacetic transaminase (SGOT), serum glutamic
pyruvic transaminase (SGPT), blood urea nitrogen (BUN)
and creatinine, and the determined hematological values of
the PMF-treated rats were in the normal ranges and not differ-
ent from that of the vehicle control group (Tables 4 and 5
suppl.).

Effects of PMF treatment on pharmacological vascular
functions

Effect on the thoracic aorta

PMF treatment caused a lowering of the maximal contractile
response of the thoracic aortic ring with an intact endothelium

Table 2 EC50 and Emax values of
contractile responses to
phenylephrine of the thoracic
aortic rings obtained from
6 weeks oral PMF or vehicle
treated middle-aged male rats

EC50 (nM) : 95% confidential limit Emax (g)

Treatments Vehicle PMF Vehicle PMF

Endo 101.4 (73.2–149.2) 116.8 (87.7–173.7) 4.0 ± 0.5 2.6 ± 0.1a

Endo + L-NA 21.1 (15.7–30.9)b 22.4 (15.4–32.5)b 6.8 ± 0.7c 6.7 ± 0.2c

Endo + L-NA + PAG 21.7 (15.6–30.7)b 3.6 (1.3–9.4)a,b 6.9 ± 0.3c 7.7 ± 0.3c

No endo 18.9 (15.7–25.5)b 17.6 (14.7–21.1)b 7.1 ± 0.6c 7.2 ± 0.4c

PVAT + endo + L-NA 79.5 (42.2–128.7) 70.6 (39.5–102.4) 3.9 ± 0.3 4.4 ± 0.6c

PVAT + endo + L-NA + PAG 46.1 (29.9–72.9) 52.2 (39.8–78.5)b 4.6 ± 0.4 5.2 ± 0.3c

Values are expressed as mean ± S.E.M., n = 6 for each group
a Significantly lower than vehicle control group
b Significantly lower than their corresponding control with endothelium alone
c Significantly higher than their corresponding control with endothelium alone, P < 0.05
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Fig. 2 Effect of 6 weeks oral gavage of PMF or vehicle (Veh, control) on
contractile response to phenylephrine of endothelium-intact (endo, a),
endothelium-intact with L-NA (b), or without endothelium (no endo, c)

thoracic aorta. Values represent a mean ± S.E.M. of six animals each
group. *Significantly lower than that of the vehicle control group,
P < 0.05
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to phenylephrine compared to that of the vehicle control
group. Pretreatment of the aortic rings with L-NA or by denu-
dation of the vascular endothelium caused a similar significant
increase in the maximal contraction with a 5-fold decrease in
the EC50 values for the aortic rings to the phenylephrine of
both the ones obtained from the PMF- and the vehicle-treated
rats (Fig. 2a–c and Table 2).

Even though the precontraction caused by phenylephrine
was less in the endothelium-intact aortae from the PMF-
treated animals, the relative vasodilatation due to acetylcho-
line was greater in these vessels (Fig. 3a). However, dilatation
to glyceryl trinitrate of the L-NA pretreated endothelium-
intact aortic rings of the PMF-treated rats was similar, with
no changes in their EC50 values, to that of the vehicle-treated
rats (Fig. 3b and Table 3).

A similar result was found for the contractile response of
the mesenteric rings to phenylephrine: there was a lower max-
imal contraction in the PMF-treated group, with no changes in
the EC50 values, compared to that of the vehicle control group.
L-NA also caused a significant shift to the left of the phenyl-
ephrineC-R curve; a 2-fold decrease in the EC50 values, with a
similar increase in the maximal response by both groups but
now these were no longer different (Fig. 4 and Table 4).

Relaxation of the mesenteric rings from the PMF-treated
animals (precontracted with phenylephrine) was significantly
higher in its sensitivity with no change in the EC50, but not in

its maximal relaxation, in comparison with the vehicle control
groups (Fig. 5a, Table 3). And this effect was eliminated in the
presence of L-NA. No differences were observed in the vaso-
relaxation to glyceryl trinitrate on the L-NA pretreated mes-
enteric rings precontracted with phenylephrine, between that
of the PMF- and the vehicle-treated rats (Fig. 5b, Table 3).

Role of PVAT and H2S

The C-R curves to phenylephrine of endothelium-intact aortic
rings from the PMF-treated rats were similar to that of the
vehicle control rat in the presence of PVAT and after blocking
of the nitric oxide synthase by L-NA. However, the maximal
contraction to phenylephrine was about 2-fold lower with a 2-
fold greater increase in the EC50 compared to the one without
PVAT (Fig. 6 and Table 2). Addition of PAG into the incuba-
tion medium caused a spontaneous contraction of the thoracic
aortic rings that was significantly greater for the aortic rings
without the PVAT of the PMF-treated rats than that for the
vehicle control groups (Endo + L-NA + PAG; Veh
0.55 ± 0.30; PMF 2.2 ± 0.51). Subsequently, there was a
greater contraction for low concentrations of the phenyleph-
rine C-R curve of the PMF-treated rats than that of the vehicle
control group (Fig. 6a). A small spontaneous contraction of
the aortic ring with intact PVAT sometimes seen after adding
the PAG for the PMF-treated rats was not statistically

Table 3 EC50 and Emax values of
the vasodilatory responses to
acetylcholine (ACh) or glyceryl
trinitrate (GTN) of the thoracic
aortic and mesenteric rings
precontracted with phenylephrine
obtained from 6 weeks oral PMF-
or vehicle-treated middle-aged
male rats

Treatments EC50 (nM): 95 % confidential limit Emax (%)

Thoracic aorta Mesenteric artery Thoracic aorta Mesenteric artery

Response to ACh

Vehicle 50.6 (28.4–90.8) 25.3 (15.4–46.2) 65.4 ± 4.8 93.3 ± 2.0

PMF 45.4 (10.8–99.2) 15.5 (6.3–35.4) 87.4 ± 3.7a 89.3 ± 4.8

Response to GTN

Vehicle 19.7 (14.6–26.5) 93.8 (57.4–153.3) 105.9 ± 1.5 94.2 ± 1.1

PMF 25.1 (18.1–35.0) 128.8 (69.7–238.0) 108.6 ± 2.9 96.0 ± 0.8

Values were obtained from six experiments (n = 6) for each group
a Significantly higher than that of the vehicle control groups, P < 0.05
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significant (PVAT + Endo + L-NA + PAG; Veh 0.4 ± 0.23;
PMF 0.7 ± 0.40, Fig. 6b).

eNOS and CSE Western blot analysis

The quantitative expression of the eNOS protein as deter-
mined by Western blotting from the isolated thoracic aorta
and the mesenteric artery was significantly higher for those
obtained from the PMF-treated rat compared to that of the
vehicle control groups (Fig. 7a, b). In addition, the expression
of the CSE protein in the thoracic aorta, but not in the PVAT,
of the PMF-treated rats was also greater than that of the vehi-
cle control group (Fig. 8a, b).

Discussion

We have previously shown that the oral administration of
KPD to middle-aged male rats caused a lowering in the accu-
mulation of body fat, plasma glucose, and triglycerides levels
and an increase in NO production by up-regulation of the
vascular eNOS protein expression in middle-aged male rats
(Yorsin et al. 2014). However, KPD is a mixture of many
substances with the three major compounds of DMF, TMF,

and PMF that accounted for about 22 % of the dried KPD
(Yorsin et al. 2014). Thus, in the present study, PMF at a
dosage of 22 mg/kg was used to treat the rats, twice a day,
in the same manner as was previously obtained for the KPD.
As shown in the result section, PMF had no effect on body
weight, body fat, or accumulation of liver lipid. This indicated
that the anti-obesity effects of the KPD are unlikely to be
caused by PMF. However, PMF treatment did cause a lower-
ing in the plasma glucose levels with an increase in the HDL-
C level, both of which are beneficial parameters for preventing
the development of Type II-diabetes and cardiovascular dis-
ease. Matsuda et al. (2014) reported that PMF significantly
increased the mRNA levels of the glucose transporter 4
(GLUT-4) of 3T3-L1 in a cell culture experiment. Thus, it
was possible that the lowering of plasma glucose activity by
PMF shown in the present study might be due to the enhance-
ment of glucose uptake via the GLUT-4 of the adipose tissue
and other GLUT-4-dependent cells. However, further studies
on the effect of the PMF treatment on glucose transporter
proteins of the adipose tissue and/or the skeletal muscle cells
will be needed to confirm this possibility. The finding that the
serum liver and kidney enzyme levels (ALP, SGOT, SGPT,
BUN, and creatinine) together with the hematological param-
eters were in the normal range and were not different from the
vehicle control, as well as there being no signs of gross tox-
icity observed. This confirmed that the PMF treatment in the
present study had no effect on the liver and kidney functions
and had no gross toxicities.

Although PMF treatment did not alter the basal systolic
pressure, diastolic pressure, or basal heart rate in anesthetized
rats, it did cause changes in vascular functions of the middle-
aged rat; the animal model which was found an impairment of
the endothelial functions (Chongsa et al. 2015;Yorsin et al.
2014). Thus, it was found that the thoracic aortic- and mesen-
teric ring of the PMF treated group had a lower contractile
response to phenylephrine with an increase in the dilatation
to acetylcholine (precontracted with phenylephrine) than that
of the vehicle control group. The underlying mechanism for
this could be due to PMF, a very poor antioxidant compound
(Jakhar et al. 2014), that caused an increase in NO production
from the vascular endothelial cell that opposed the

Table 4 EC50 and Emax values of
contractile responses to
phenylephrine of the mesenteric
rings obtained from 6 weeks oral
PMF- or vehicle-treated middle-
aged male rats before (control)
and after pre-incubation with L-
NA

Treatments EC50 (μM): 95% confidential limit Emax (g)

Control +L-NA Control +L-NA

Vehicle 4.4 (4.2–4.6) 2.4 (2.0–2.6)a 1.2 ± 0.05 1.7 ± 0.05c

PMF 4.5 (4.4–9.7) 2.6 (2.1–2.8)a 0.7 ± 0.03b 1.8 ± 0.06c

Values were obtained from six experiments (n = 6) for each group
a Significantly lower than that of their corresponding control group
b Significantly lower than that the vehicle control group
c Significantly higher than that of their corresponding control group, P < 0.05
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Fig. 4 Effect of 6 weeks oral gavage of PMF or vehicle (Veh, control) on
the contractile response of the mesenteric ring to phenylephrine before
and after pre-incubation with L-NA. Values represent a mean ± S.E.M. of
six animals. *Significantly lower than the other groups; †significantly
lower than the one with L-NA, P < 0.05
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vasocontraction to phenylephrine and enhanced vasodilation
to acetylcholine. To support this, other experiments were per-
formed in the presence of L-NA or by denudation of the vas-
cular endothelium and it was established that the effects dis-
appeared. In addition, the up-regulation of the expression of
eNOS protein by the PMF-treated thoracic and mesenteric
artery in comparison to the vehicle control group also support-
ed this conclusion. However, in the present study, the rats had
been treated with the PMF for 6 weeks and it could not be
certain whether it was PMF itself, its metabolites and/or indi-
rect contribution by other physiological changes that caused
the endothelial cell to increase the eNOS protein expression.
Thus, further experiments to explore the effect of the PMF on
aortic endothelial cells eNOS protein expression would be
useful.

It is unlikely that PMF treatment caused a change in the
vascular smooth muscle function, as the endothelium-
denuded aortic ring showed a similar contractile response to

phenylephrine by the thoracic and mesenteric rings obtained
from the PMF-treated and the vehicle control rats. This was
supported by the finding that there was no difference in the
vasodilatation to glyceryl trinitrate of the endothelium-intact
aortic and mesenteric rings that had been pretreated with L-
NA, to eliminate the glyceryl trinitrate-induced NO produc-
tion (Bonini et al. 2008; Moncada et al. 1991) between the
PMF-treated and the vehicle control groups. The lack of effect
on glyceryl trinitrate induced relaxation was to some extent
unexpected, since in old animals and individuals, the
nitroglycerin-dependent relaxation is impaired (Oelze et al.
2014; Wenzel et al. 2008). It may be noted that the compara-
tively high EC50 for glyceryl trinitrate relaxation (ca. 10 nM)
compared to that observed byMoncada (ca. 3 nM)may be due
to the overestimation of glyceryl trinitrate concentrations as
mentioned in the BMethods^ section.

PMF treatment appeared to cause an increase in the basal
release of H2S from the thoracic aortic ring, as it was found
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that PAG, the inhibitor H2S production (Hosoki et al. 1997),
caused an increase in the baseline tension of the L-NA-
pretreated thoracic aortic ring that was higher than that of
the vehicle control group. Thus, higher vasoconstrictor re-
sponses of blood vessels from the PMF-treated animals to
lower concentrations of phenylephrine were observed, al-
though the responses to the higher phenylephrine concentra-
tions were unaffected. These findings are consistent with the
finding that the amount of the CSE protein expression by the
thoracic aorta was higher for the PMF treated- than for the
vehicle-treated control group. However, further study would
need to clarify the mechanism that would be responsible for
the increase in CSE protein by the PMF treatment.

It is unlikely that PMF affected the PVAT functions of the
middle-aged male rat, as PVAT attenuated the contractile re-
sponse of the thoracic aortic ring with L-NA to phenylephrine
that was similar to that of the PMF treated- and the vehicle
control. Furthermore, there was no change in the PVAT-H2S
production after PMF treatment, although PAG did cause a
rise of the baseline tension of the L-NA pretreated PVAT-
intact thoracic aortic of some PMF treated rats compared to
that of the vehicle control group, but the difference did not
reach statistical significance. This was also supported by the
finding that the amount of PVAT-CSE protein expression was
similar for the PMF-treated and the vehicle control group.
This would be consistent with the anti-contractile effect of
PVAT being impaired in hypertension and aging (Galvez-
Prieto et al. 2012; Lu et al. 2011; Szasz et al. 2012).

In conclusion, oral administration of the PMF to middle-
aged male rats did not appear to cause change in vascular
smooth muscle function in aorta or mesentery. However, the

treatment caused an up-regulation of the expression of blood
vessel eNOS and CSE proteins that resulted in an increase of
NO and H2S productions to modulate the blood vessel func-
tion by opposing contraction to phenylephrine and enhancing
vasodilatation to acetylcholine. PMF treatment also caused a
decrease in plasma glucose and an increase in plasma HDL
cholesterol levels of the rats. These finding are consistent with
PMF treatment being beneficial for preventing and/or
delaying the development of Type II diabetes and cardiovas-
cular disorders. Thus, these animal data suggest that PMF is a
novel compound that might be developed as a food supple-
ment for preventing or delaying the development of diabetes
and/or cardiovascular diseases in aging human beings.
However, eNOS and CSE are constitutive proteins and there-
fore changes in their basal levels may be affecting their gene
function and expression. Therefore, in future studies, levels of
the mRNA of these two enzymes as well as the functional
activities of the enzymes should be quantified to extend the
knowledge of the present findings.
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