
Themed Section:MolecularMechanisms Regulating Perivascular Adipose Tissue – Potential Pharmacological Targets?

RESEARCH PAPER

Restoration of perivascular adipose tissue
function in diet-induced obese mice without
changing bodyweight

Correspondence Professor Dr. Huige Li, Department of Pharmacology, Johannes Gutenberg University Medical Center, Obere
Zahlbacher Strasse 67, 55131 Mainz, Germany. E-mail: huigeli@uni-mainz.de

Received 20 June 2016; Revised 22 December 2016; Accepted 3 January 2017

Ning Xia1, Sabrina Weisenburger2, Egon Koch2, Martin Burkart2, Gisela Reifenberg1, Ulrich Förstermann1 and
Huige Li1,3,4

1Department of Pharmacology, Johannes Gutenberg University Medical Center, Mainz, Germany, 2Dr. Willmar Schwabe GmbH & Co. KG, Karlsruhe,

Germany, 3Center for Translational Vascular Biology (CTVB), Johannes Gutenberg University Medical Center, Mainz, Germany, and 4German Center

for Cardiovascular Research (DZHK), Partner Site Rhine-Main, Mainz, Germany

BACKGROUND AND PURPOSE
We have recently shown that a reduced function of endothelial nitric oxide synthase (eNOS) in the perivascular adipose tissue
(PVAT) contributes crucially to obesity-induced vascular dysfunction in mice. The current study was conducted to test the hy-
pothesis that vascular dysfunction in obesity can be reversed by in vivo improvement of PVAT eNOS activity.

EXPERIMENTAL APPROACH
Male C57BL/6J mice were fed a high-fat diet (HFD) for 22 weeks to induce obesity. During the last 4 weeks of HFD feeding, the
obese mice were treated p.o. with the standardized Crataegus extract WS® 1442, which has been shown previously to improve
eNOS activity.

KEY RESULTS
Diet-induced obesity in mice markedly reduced the vasodilator response of thoracic aorta to acetylcholine in wire myograph
experiments. Strikingly, this vascular dysfunction was only evident in PVAT-containing aorta but not in PVAT-free aorta. In vivo
treatment of obese mice with WS® 1442 had no effect on body weight or epididymal fat mass, but completely restored the
vascular function of PVAT-containing aorta. Feeding a HFD led to a reduced phosphorylation and an enhanced acetylation of
PVAT eNOS, both effects were reversed by WS® 1442 treatment.

CONCLUSION AND IMPLICATIONS
PVAT plays a key role in vascular dysfunction in diet-induced obese mice. Not obesity itself, but a PVAT dysfunction is responsible
for obesity-induced vascular disorders. Improving PVAT function by pharmacological means (e.g. with WS® 1442) can ameliorate
vascular function even without reducing body weight or fat mass.

LINKED ARTICLES
This article is part of a themed section on Molecular Mechanisms Regulating Perivascular Adipose Tissue – Potential Pharmaco-
logical Targets? To view the other articles in this section visit http://onlinelibrary.wiley.com/doi/10.1111/bph.v174.20/issuetoc
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Introduction
With the economic growth, industrialization, mechanized
transport, urbanization, an increasingly sedentary lifestyle
and a nutritional transition to processed foods and high-
calorie diets over the last 30 years, the epidemic of overweight
and obesity has become a major challenge to health around
the world (Hruby andHu, 2015). Obesity is an established risk
factor for type 2 diabetes mellitus, cardiovascular diseases and
many cancer types (Flegal et al., 2013). Obese patients have
higher risk to develop hypertension, cardiomyopathy and
stroke (Lavie et al., 2009).

Despite these well-established facts, endothelial dysfunc-
tion is not always evident in in vitro studies. Recently, we ex-
amined the vascular function of thoracic aorta isolated from
diet-induced obese mice. To our surprise, the vasodilator re-
sponse to acetylcholine remained normal in the aorta of mice
fed a high-fat diet (HFD) for 20 weeks (Xia et al., 2016). In tra-
ditional vascular physiology studies, the surrounding adipose
tissue is usually cleaned from the blood vessel. Interestingly,
by leaving the perivascular adipose tissue (PVAT) intact, a
clear reduction in the vasodilator response to acetylcholine
was observed in the aorta of obese animals as compared with
lean controls (Xia et al., 2016). These results indicate that
PVAT plays a key role in obesity-induced vascular
dysfunction.

In the aforementioned study, we have found out that the
endothelial NOS (eNOS) in PVAT is in a dysfunctional state
based on at least two mechanisms: (i) a deficiency of
L-arginine because of arginase induction; and (ii) a reduction
in eNOS phosphorylation at serine 1177 residue due to Akt
inhibition (an upstream kinase for eNOS serine 1177 phos-
phorylation) (Xia et al., 2016). The vascular dysfunction of
PVAT-containing aorta from obese mice could be normalized
by an improvement of L-arginine availability (a combination
of L-arginine supplementation and arginase inhibition) (Xia
et al., 2016). These results suggest that the obesity-induced
vascular dysfunction is reversible and can be corrected by im-
proving PVAT eNOS functionality.

In the current study, we have addressed the second mech-
anisms of PVAT eNOS dysfunction in obesity. We aimed to
find out whether obesity-induced vascular dysfunction can
be reversed by normalization of eNOS phosphorylation
status. For this purpose, we treated obese mice with the

standardized Crataegus extract WS® 1442 (WS), which has
been shown in a previous study to enhance eNOS phosphor-
ylation at serine 1177 residue by stimulating Akt activity
(Anselm et al., 2009).

Methods

Animals
C57BL/6J mice are a well-established mouse model of diet-
induced obesity (Wang and Liao, 2012). A total of 75 male
C57BL/6J mice from Janvier Labs (Le Genest-Saint-Isle,
France) were used, and the animals were randomized into
three groups. The control group received a normal-fat diet
(NFD, 13% energy from fat; ssniff® E15748-04, Soest,
Germany) for 22 weeks starting at the age of 8 weeks whereas
the HFD and HFD + WS groups received a HFD (45% energy
from fat; ssniff® E15744-34) for 22 weeks starting at the age
of 8 weeks. Animals in the HFD +WS group were treated with
WS® 1442 (150 mg·kg�1 day�1, suspended in 0.2% agar) via
gavage during the last 4 weeks of HFD feeding (week 19–22)
while the mice in the control and HFD groups were treated
with the same volume (10 mL·kg�1) of the vehicle. The daily
dose of WS® 1442 for mice was extrapolated from the stan-
dard human dose (900 mg·day�1) (Holubarsch et al., 2008)
using the body surface area normalization method of dose
conversion (Reagan-Shaw et al., 2008).

The animal experiment was approved by the regional
competent authority (Regierungspräsidium Karlsruhe, A
40/09) and was conducted in accordance with the German
animal protection law, the National Institutes of Health
(NIH) Guide for the Care and Use of Laboratory Animals,
and with the principles of the ARRIVE guidelines (Kilkenny
et al., 2010; McGrath and Lilley, 2015).

Assessment of vascular function
Thoracic aortas were isolated and dissected into rings of
2–3 mm in length, with perivascular fat and connective
tissues either removed or left intact. Isometric tension was re-
corded using a wire myograph system (Danish Myo Technol-
ogy, Aarhus, Denmark). The rings were equilibrated for
60 min and contracted two times with 120 mM KCl. For as-
sessment of vascular function, the rings were pre-contracted
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with noradrenaline to reach the submaximal tension (80% of
that obtained with 120 mM KCl), before vasodilatation was
induced with acetylcholine (Xia et al., 2016).

Direct assessment of NO release
NO in PVAT was detected with 4,5-diaminofluorescein
diacetate (DAF-2 DA), a cell-permeable derivative of the
fluorescent NO probe DAF-2 that is hydrolyzed to DAF-2 by
intracellular esterases. DAF 2-DA can be used in fluorescence
microscopy to measure real-time changes in NO levels (Hu
et al., 2009; Cortese-Krott et al., 2012; Cheang et al., 2014).
After an incubation with or without the NOS inhibitor NG-
nitro-L-arginine methyl ester (L-NAME, 500 μM), aorta cryo-
stat sections were loaded with DAF-2 DA (20 μM) in the pres-
ence of acetylcholine (100 nM). Then, fluorescence imaging
was immediately performed by real-time time-lapse imaging
in a heated (37°C) incubator chamber with a Zeiss 710 confo-
cal laser scanning microscope (Zeiss, Germany). DAF-2 DA
was excited at 488 nm and fluorescence emitted between
495 and 550 nm was collected (Xia et al., 2016). Fluorescence
intensity in PVAT was quantified after subtraction of that in
L-NAME-treated samples.

Gene expression analyses
RNA was isolated using peqGOLD TriFast™ (PEQLAB), and
cDNA was generated with the High-Capacity cDNA Reverse
TranscriptionKit (Applied Biosystems). Quantitative real time
RT-PCR (qPCR) reactions were performed on a StepOnePlus™

Real-Time PCR System (Applied Biosystems) using SYBR®
Green JumpStart™ Taq ReadyMix™ (Sigma-Aldrich) and
20 ng cDNA. Relative mRNA levels of target genes were quan-
tified using comparative threshold CT normalized to house-
keeping gene TATA-binding protein (TBP) (Xia et al., 2010;
Xia et al., 2013). mRNA expression in control animals with
NFD were set at 100%. The following target genes were stud-
ied: neuronal NOS (nNOS), inducible NOS (iNOS), eNOS, argi-
nase 1 (Arg1), arginase 2 (Arg2), themacrophagemarker CD68,
the phagocyte NADPH oxidase NOX2, sirtuin 1 (SIRT1) and
nicotinamide phosphoribosyltransferase (NAMPT). The
qPCR primer sequences were as follows: nNOS_forward: TCC
ACC TGC CTC GAA ACC, nNOS_reverse: TTG TCG CTG
TTG CCA AAA AC; iNOS_forward: CAG CTG GGC TGT ACA
AAC CTT, iNOS_reverse: CATTGGAAGTGAAGCGTTTCG;
eNOS_forward: CCT TCC GCT ACC AGC CAG A,
eNOS_reverse: CAG AGA TCT TCA CTG CAT TGG CTA; argi-
nase 1_forward: GGA ACC CAG AGA GAG CAT GA, arginase
1_reverse: TTT TTC CAG CAG ACC AGC TT; arginase 2_for-
ward: ACC AGG AAC TGG CTG AAG TG, arginase 2_reverse:
TGA GCA TCA ACC CAG ATG AC; CD68_forward: CTT CCC
ACA GGC AGC ACA G, CD68_reverse: AAT GAT GAG AGG
CAG CAA GAG G; NOX2_forward: CCA ACT GGG ATA ACG
AGT TCA, NOX2_reverse: GAG AGT TTC AGC CAA GGC
TTC; SIRT1_forward: GCC AAA CTT TGT TGT AAC CCT
GTA, SIRT1_reverse: TGG TGG CAA CTC TGA TAA ATG AA;
NAMPT_forward: TTC CCG AGG GCT CTG TCA,
NAMPT_reverse: GTA GCA CTC TGG GTC TGT GTT TTC;
TBP_forward: CTT CGT GCA AGA AAT GCT GAA T,
TBP_reverse: CAG TTG TCC GTG GCT CTC TTA TT (Xia
et al., 2010; Xia et al., 2013).

Western blot analyses
Western blot analyses were performed with total protein
samples (30 μg each) from aorta or PVAT. The following pri-
mary antibodies were used: rabbit monoclonal antibody
against β-tubulin I (catalogue number T7816, Sigma-Aldrich;
1:200 000), mouse monoclonal antibody against eNOS (cat-
alogue number 610297, BD Transduction Laboratories;
1:2000), phospho-eNOS (Ser1177) (catalogue number 9571,
Cell Signaling Technology, Boston, MA, USA; 1:1000), Akt
(catalogue number 4691, Cell Signaling Technology;
1:5000), phospho-Akt (Thr308) (catalogue number 2965,
Cell Signaling Technology; 1:1000), phospho-Akt (Ser473)
(catalogue number 4060, Cell Signaling Technology;
1:2000), AMP-activated protein kinase (AMPKα) (catalogue
number 2532, Cell Signaling Technology; 1:1000),
phospho-AMPKα1 (Ser485)/AMPKα2 (Ser491) (catalogue num-
ber 4185, Cell Signaling Technology; 1:1000), phospho-
AMPKα (Thr172) (catalogue number 2535, Cell Signaling
Technology; 1:1000), SIRT1 (catalogue number LS-B1564,
from LifeSpan BioSciences, Seattle, WA, USA; 1:500) and
NAMPT (catalogue number ARP42255-T100, Aviva Systems
Biology, San Diego, CA, USA; 1:500).

Western blot was carried out as previously described (Li
et al., 2006; Wu et al., 2015). Protein samples were separated
on a Bis-Tris gel and transferred to a nitrocellulose mem-
brane. Blots were blocked in 5% milk powder in TBST
(10 mM Tris–HCl, pH 7.4, 150 mM NaCl with 0.1% Tween
20) for 1 h at room temperature. The primary antibodies were
diluted in the same solution used for blocking at 4°C
overnight. Blots were then washed in TBST and incubated
with a horseradish peroxidase-conjugated secondary anti-
body diluted in 5% milk in TBST for 1 h. After being washed
in TBST and then in TBS, the immunocomplexes were visual-
ized using an enhanced horseradish peroxidase/luminol
chemiluminescence reagent (PerkinElmer Life and Analytical
Sciences, Boston, MA, USA) according to the manufacturer’s
instructions. Densitometric analysis of scanned blots was
performed using the Quantity One software (Bio-Rad,
Munich, Germany).

Analysis of eNOS acetylation
PVAT samples were ground into a fine powder in liquid nitro-
gen and homogenized in lysis buffer (catalogue number
87788 from Thermo Fisher Scientific). Immunoprecipitation
of eNOS was carried out by incubating 3 μg of antibody
(catalogue number LS-C288673 from LifeSpan BioSciences)
with 1 mg of PVAT lysate for 1 h at 4°C, followed by 50 μL
of Pierce™ Protein A/G Magnetic Beads (catalogue number
88802 from Thermo Fisher Scientific) for 1 h at room temper-
ature. After washing, immunoprecipitates were boiled at 95°C
for 5 min in loading buffer, subjected to SDS/PAGE, trans-
ferred to a nitrocellulose membrane, and probed with
anti-eNOS (catalogue number 610297, BD Transduction
Laboratories) and anti-acetylated lysine (catalogue number
9441, Cell Signaling Technology) for immunoblotting
respectively.

Materials
WS®1442 is the active ingredient of Crataegutt® (Dr.
Willmar Schwabe GmbH & Co. KG, Karlsruhe, Germany). It
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is a dry extract from hawthorn leaves with flowers obtained
by extraction with 45% (w.w-1) aqueous ethanol (drug/ex-
tract ratio 4–6.6 : 1). The extract is adjusted to a content of
17.3–20.1% oligomeric procyanidins (Bubik et al., 2012;
Idris-Khodja et al., 2012) and was provided by Dr. Willmar
Schwabe GmbH & Co. KG, Karlsruhe, Germany. Chemicals
(acetylcholine, KCl, L-NAME and noradrenaline) were ob-
tained from Sigma-Aldrich, Taufkirchen, Germany. DAF-2
DA was from Thermo Fisher Scientific, Darmstadt, Germany.
PCR primers were synthesized by Eurofins Genomics,
Ebersberg, Germany.

Statistics
Results are expressed as mean ± SEM. Student’s t-test was used
for comparison of HFD group with NFD group. Two-way
ANOVA was used to compare the curves. P values <0.05 were
considered significantly different. For statistical analysis
GraphPad Prism (GraphPad Software, La Jolla, CA, USA) was
used. The data and statistical analysis comply with the

recommendations on experimental design and analysis in
pharmacology (Curtis et al., 2015).

Results

WS® 1442 restores vascular function without
changing body weight or fat mass
Feeding of male C57BL/6J mice with HFD led to a significant
increase in body weight, epididymal fat mass (Figure 1) and
concentration of serum lipids (Table 1). Treatment with
WS® 1442 for 4 weeks starting after 18 weeks of HFD feeding
had no effect on body weight, epididymal fat mass (Figure 1),
serumHDL or triglyceride content but slightly elevated serum
LDL concentration (Table 1). Obese mice had also increased
PVAT mass, which was not changed by WS® 1442 treatment
(PVAT cross section area: NFD 2.13 ± 0.31 mm2; HFD
3.47 ± 0.12 mm2, P < 0.05 compared to NFD; HFD + WS
3.73 ± 0.28 mm2; P < 0.05 compared to NFD; n = 6).

Figure 1
WS® 1442 had no effect on body weight or fat mass. Male C57BL/6J mice were put on a NFD or HFD for 22 weeks starting at the age of 8 weeks. A
subgroup of HFD animals were treated with WS® 1442, p.o., during the last 4 weeks (from week 19 to week 22) of HFD feeding. Body weight and
epididymal fat were measured at the end of the experiment (week 22). Columns represent mean ± SEM. *P < 0.05, n = 10.

Table 1
Serum lipid profile at the age of 30 weeks

NFD HFD HFD+WS

Cholesterol (mmol·L�1) 3.34 ± 0.11 5.12 ± 0.19 * 5.65 ± 0.16 *

LDL (mmol·L�1) 1.83 ± 0.09 2.69 ± 0.09 * 3.34 ± 0.19 *,#

HDL (mmol·L�1) 1.60 ± 0.09 2.43 ± 0.16 * 2.43 ± 0.11 *

Triglyceride (mmol·L�1) 1.08 ± 0.09 1.02 ± 0.08 0.99 ± 0.04

Serum lipids were measured with the scil Reflovet® Plus (Viernheim, Germany). *P<0.05, compared to NFD; #P<0.05, compared to HFD; n=6-11.
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In the thoracic aortas without PVAT, no difference in
acetylcholine-induced endothelium-dependent vasodilata-
tion was observed between NFD and HFD mice (Figure 2). In
contrast, a marked reduction in the acetylcholine response
was evident in HFD-fed mice if PVAT was left in place
(Figure 2). These results indicate that obesity-induced vascu-
lar dysfunction is PVAT-dependent. Oral treatment with

WS® 1442 (150 mg·kg�1·day�1) for 4 weeks completely re-
stored vascular function in HFD mice (Figure 2).

WS® 1442 improves NO production in PVAT
Immunohistochemistry staining indicates that eNOS is
expressed in the endothelium as well as in the PVAT
(Figure 3A), which is consistent with previous studies

Figure 2
WS® 1442 restores vascular function in HFD mice. Male C57BL/6J mice were put on a NFD or HFD for 22 weeks starting at the age of 8 weeks. A
subgroup of HFD animals were treated with WS® 1442, p.o., during the last 4 weeks of HFD feeding. The vasodilator response to acetylcholine
was performed in noradrenaline-precontracted aorta with or without PVAT. Symbols represent mean ± SEM. *P < 0.05, n = 6.

Figure 3
WS® 1442 improves PVAT NO production in HFD mice. (A) eNOS immunohistochemistry staining and western blot analyses were performed
using PVAT-containing aorta samples from C57BL/6J wild-type mice (WT) or global eNOS knockout mice (KO). E and P indicate endothelium
and PVAT respectively. (B) Male C57BL/6J mice were put on a NFD or HFD for 22 weeks starting at the age of 8 weeks. A subgroup of HFD animals
were treated with WS® 1442, p.o., during the last 4 weeks of HFD feeding. NO production in PVAT was determined by DAF-2 DA staining in the
absence or presence of the NOS inhibitor L-NAME. The confocal images shown are representative for five independent experiments with similar
results. (C) Shows the quantification fluorescence intensity in PVAT. *P < 0.05, n = 5.
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(Dashwood et al., 2007; Xia et al., 2016). To directly access NO
production from PVAT, fluorescence imaging was performed
with aorta sections stained with the fluorescent NO probe
DAF-2 DA. As shown in Figure 3B,C, HFD-induced obesity sig-
nificantly reduced the PVAT NO production, which was im-
proved by WS® 1442 treatment (Figure 3).

WS® 1442 had no effect on the expression of
NO synthases or arginases
To study the molecular mechanisms underlying the observed
PVAT NO production changes, we analysed the expression of
NO synthase isoforms. As shown in Figure 4A,B, HFD feeding
had no effect on the expression of nNOS, iNOS or eNOS, nei-
ther in aorta nor in PVAT, which is consistent with our previ-
ous findings (Xia et al., 2016). Also in accordance with our
previous study, we have observed a HFD-induced up-
regulation of Arg1 in the PVAT but not in the aorta (Figure 4
C,D). The up-regulation of Arg1 in PVAT was accompanied

by an enhanced expression of the macrophage marker
CD68 and phagocyte NADPH oxidase NOX2 (Figure 4E,F).
Treatment with WS® 1442 had no effect on the expression
of NO synthases, arginases, CD68 or NOX2 (Figure 4).

WS® 1442 restores eNOS phosphorylation in
PVAT
We have shown in our previous study that HFD feeding led to
a reduced eNOS phosphorylation at serine 1177 residue selec-
tively in the PVAT, with no effect in the aorta (Xia et al.,
2016). Therefore, in the present study we analysed the phos-
phorylation status of eNOS and two of its upstream kinases,
Akt and AMP-activated protein kinase (AMPK), in PVAT.

As shown in Figure 5, diet-induced obesity in HFD mice
resulted in a reduction in PVAT eNOS phosphorylation at ser-
ine 1177. This was associated with a reduction in the phos-
phorylation of Akt at serine 473 and AMPK at threonine 172
respectively (Figure 5). Treatment with WS® 1442 restored

Figure 4
WS® 1442 had no effect on NO synthases or arginases. Male C57BL/6J mice were put on a NFD or HFD or for 22 weeks starting at the age of 8-
weeks. A subgroup of HFD animals were treated with WS® 1442, p.o., during the last 4 weeks of HFD feeding. The mRNA expression of NO
synthases (nNOS, iNOS and eNOS), arginases (Arg1 and Arg2), the macrophage marker CD68 and phagocyte NADPH oxidase NOX2 was studied
with qPCR in aorta (A, C and E) and PVAT (B, D and F). Columns represent mean ± SEM. *P < 0.05, n = 9.
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the phosphorylation level of eNOS and Akt, but had no
significant effect on AMPK (Figure 5). Interestingly, HFD
feeding also reduced eNOS serine 1177 phosphorylation in
epididymal visceral adipose tissue (VAT), with no significant
effects on Akt or AMPK (Figure 5), indicating that different
protein kinases are responsible for eNOS phosphorylation in
PVAT and VAT. Treatment with WS® 1442 had no effect on
eNOS, Akt or AMPK in epididymal VAT (Figure 5), indicating
that the effect of WS® 1442 is relatively specific for PVAT.

WS® 1442 normalizes eNOS acetylation level
in PVAT
In addition to phosphorylation, eNOS activity is also regu-
lated by acetylation as a post-translational modification.
The NAD+-dependent histone/protein deacetylase SIRT1 has
been shown to enhance eNOS activity by deacetylating eNOS
(Mattagajasingh et al., 2007). We therefore analysed eNOS
acetylation in PVAT.

As shown in Figure 6A,B, eNOS acetylation was enhanced
in the PVAT from HFD-fed mice, which was normalized by
WS 1422 treatment. The expression level of SIRT1 was not
changed, neither by HFD nor by WS® 1442. However, HFD
feeding reduced the expression level of NAMPT, a rate-
limiting enzyme in NAD+ biosynthesis. Treatment with
WS® 1442 reversed the NAMPT down-regulation by HFD
(Figure 6C–E).

Discussion
In the present study, we demonstrated that (i) vascular
dysfunction in thoracic aorta of diet-induced obese mice is
PVAT-dependent; the acetylcholine-induced vasodilator re-
sponse is reduced only in PVAT-containing aorta but remains
completely normal in PVAT-free aorta. (ii) In vivo treatment of
obese mice with WS® 1442 normalizes vascular function
without changing body weight or fat mass. (iii) The

normalization of vascular function in obesity by WS® 1442
is associated with a restoration of eNOS phosphorylation
and acetylation levels in PVAT.

Although it is well known that obesity increases cardio-
vascular risk, to date there are no efficient pharmacological
options available for the treatment of obesity-induced vascu-
lar complications. For the development of novel therapy, it is
essential to understand the pathophysiology. The present
study, along with our previous publication (Xia et al., 2016),
provides evidence for a novel mechanism underlying vascu-
lar dysfunction in diet-induced obesity. The experimental set-
tings in the two studies are slightly different, with 60 cal%
HFD in the previous and 45 cal% HFD in the current study.
Despite this difference, the principle findings of the two stud-
ies are highly consistent. Both studies show that the PVAT
plays a crucial role in obesity-induced vascular dysfunction.

PVAT has been recognized as an important player in vas-
cular biology. The role of PVAT in vascular function was first
discovered by the observation that PVAT decreases agonists-
induced contractile responses in isolated blood vessels
(Soltis and Cassis, 1991). Now, it is known that PVAT can
produce many biologically active molecules regulating
vascular function via endocrine or paracrine mechanisms,
including adipokines, cytokines/chemokines and reactive
oxygen species (Gollasch, 2012; Szasz and Webb, 2012; Xia
and Li, 2017).

Recent studies have shown that eNOS is expressed in
the PVAT and PVAT eNOS plays an important role in regu-
lating vascular function (Dashwood et al., 2007;
Aghamohammadzadeh et al., 2015; Virdis et al., 2015; Bussey
et al., 2016; Xia and Li, 2017; Xia et al., 2016). Consistently, we
show in the present study that eNOS is expressed in PVAT and
is functionally active (Figure 3). Stimulation with acetylcho-
line enhances NO production in PVAT, which can be
prevented by NOS inhibitor L-NAME. In diet-induced obesity,
NOproduction in PVAT is reduced. At least threemechanisms
contribute to the reduced eNOS functionality in PVAT:

Figure 5
WS® 1442 restores eNOS phosphorylation in PVAT. Male C57BL/6J mice were put on a NFD or HFD for 22 weeks starting at the age of 8 weeks. A
subgroup of HFD animals were treated withWS® 1442, p.o., during the last 4 weeks of HFD feeding. The expression and phosphorylation of eNOS
at serine 1177 and of upstream kinases for eNOS serine 1177 phosphorylation, Akt and AMPK were analysed by western blotting using samples
from aortic PVAT or epididymal visceral adipose tissue (VAT). The blots shown are representative of six experiments with similar results (A). (B)
Shows the results of densitometric analyses. Columns represent mean ± SEM. *P < 0.05, n = 6.
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arginine deficiency, reduction in eNOS serine 1177 phosphor-
ylation and enhanced eNOS acetylation. That PVAT eNOS
dysfunction is causally linked to vascular dysfunction in
diet-induced obesity is supported by findings that vascular
function can be normalized by improving PVAT eNOS
function, either by improving L-arginine availability (as in
our previous study) or by restoring eNOS phosphorylation
and acetylation (as in the present study).

For the restoration of eNOS phosphorylation and acetyla-
tion levels, we used WS® 1442 in the present study. The
Crataegus special extracts WS® 1442 is an herbal drug regis-
tered as a traditional herbal medicinal product to support car-
diovascular function. In clinical trials, WS® 1442 improved
maximal workload, left ventricular ejection fraction (LVEF)
and typical symptoms in early heart failure patients (Eggeling
et al., 2011). In a randomized, double-blind, placebo-
controlled multicentre study involving 2681 patients, WS®
1442 (900 mg·day�1) was used as an add-on therapy to stan-
dard pharmacological therapy for heart failure (β-blockers,
angiotensin converting enzyme inhibitors, etc.) (Holubarsch
et al., 2008). After a treatment period for 24 months, WS®
1442 showed no significant difference in the composite end-
point including cardiac death, non-fatal myocardial infarc-
tion and hospitalization due to progressive heart failure. It

trended to reduce the cardiac mortality (9.7% at month 24).
This effect, however, was not statistically significant. Never-
theless in patients with less compromised left ventricular
function (LVEF between 25% and 35%), WS® 1442 (900-
mg·day�1) reduced sudden cardiac death by 39.7%

(Holubarsch et al., 2008). The excellent safety profile of
WS® 1442 makes it an attractive herbal remedy (Holubarsch
et al., 2008).

In cell culture experiments, WS® 1442 has been shown to
increase both Akt phosphorylation at serine 473 and eNOS
phosphorylation at serine 1177 (Anselm et al., 2009). The
PI3K/Akt pathway is likely to mediate eNOS phosphorylation
and activation because theWS® 1442-stimulated eNOS phos-
phorylation can be abolished by the PI3K inhibitor
wortmannin (Anselm et al., 2009). The Akt phosphorylation,
in turn, is preventable by intracellular scavengers of reactive
oxygen species or by Src-kinase inhibitor PP2, indicating that
the Src-kinase, a redox-sensitive protein kinase, acts upstream
of the PI3K/Akt pathway (Anselm et al., 2009).

Serine 1177 is the best studied eNOS regulatory site (Heiss
and Dirsch, 2014). Phosphorylation of serine 1177 increases
the sensitivity of the eNOS enzyme to calcium (Fleming,
2010), inhibits calmodulin dissociation from eNOS and en-
hances the internal rate of electron transfer and thus leads

Figure 6
WS® 1442 normalizes eNOS acetylation level in PVAT. Male C57BL/6J mice were put on a NFD or HFD for 22 weeks starting at the age of 8 weeks.
A subgroup of HFD animals were treated with WS® 1442, p.o., during the last 4 weeks of HFD feeding. Immunoprecipitation (IP) was performed
with an anti-eNOS antibody using PVAT samples followed by immunoblotting (IB) with antibodies against eNOS or acetyl-lysine respectively. The
band detected with the antibody against acetyl-lysine at the level of eNOS was considered acetyl-eNOS. In (A) the blots shown are representative
of six independent experiments. (B) Results of densitometric analyses for acetyl-eNOS normalized to total eNOS; n = 6. (C,D and E) Expression of
SIRT1 and NAMPT at the protein (C and D) or mRNA (E) levels was analysed by western blotting and qPCR respectively. In (C) the blots shown are
representative of six independent experiments. (D and E) Results of densitometric analyses are shown; n = 6. Columns represent mean ± SEM.
*P < 0.05.
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to activation of the eNOS enzyme (Dudzinski and Michel,
2007). Several kinases have been reported to phosphorylate
eNOS serine 1177, with Akt and AMPK being the most prom-
inent ones (Fleming, 2010). In the present study, we showed
that the reduction of serine 1177 phosphorylation of PVAT
eNOS is associated with inhibition of Akt and AMPK. Interest-
ingly, treatment with WS® 1442 normalized the phosphory-
lation status of Akt, but not that of AMPK (Figure 5).
Nevertheless, serine 1177 phosphorylation of PVAT eNOS
was largely restored by WS® 1442, indicating that Akt may
play a greater role than AMPK under this experimental
conditions.

Another important post-translational modification of
eNOS is acetylation. Although SIRT1 is known as a class III
histone deacetylase, its targets also include some non-
histone proteins and cytosolic molecules such as eNOS.
SIRT1 increases eNOS activity by deacetylating eNOS at
lysine residues 494 and 504 in the calmodulin-binding do-
main of eNOS and thus enhancing calmodulin binding
(Mattagajasingh et al., 2007).

SIRT1 is a NAD+-dependent deacetylase. The SIRT1-
mediated deacetylation reaction consumes NAD+ as co-
substrate and generates nicotinamide (NAM) as by-product
(Zhang and Kraus, 2010). Therefore, SIRT1 activity is stimu-
lated by NAD+ and inhibited by NAM (product inhibition).

NAMPT is the rate-limiting enzyme for NAD+ biosynthe-
sis in the salvage pathway and in vivo studies demonstrate
that NAMPT expression levels closely correlate with cellular
NAD+ production (Houtkooper et al., 2010; Zhang and Kraus,
2010). In addition, NAMPT also directly reduces cellular NAM
levels because NAM is utilized as a precursor for NAD+ biosyn-
thesis. Both actions of NAMPT (increasing NAD+ and reduc-
ing NAM levels) have the potential to stimulate SIRT1
activity (Houtkooper et al., 2010; Zhang and Kraus, 2010).

In the present study, we report for the first time that acet-
ylation of PVAT eNOS is enhanced in diet-induced obesity
andWS® 1442 treatment normalized eNOS acetylation status
(Figure 6). Interestingly, these effects were not caused by
SIRT1 expression changes but are very likely to be mediated
by SIRT1 activity alterations secondary to NAMPT (Figure 6).
The molecular mechanisms on how HFD and WS® 1442 reg-
ulate NAMPT expression need to be explored in future studies.

A very interesting observation in the present study is that
WS® 1442 is capable of normalizing vascular function in
diet-induced obese mice without any effect on body weight
and fat mass (Figures 1 and 2). This finding suggests that the
reason for vascular dysfunction in obesity is not body weight
itself but a PVAT dysfunction. Therefore, analysing the mo-
lecular mechanisms underlying PVAT dysfunction represents
a key step for the development of novel therapy to treatment
obesity-induced vascular complications.

We started WS® 1442 treatment 18 weeks after HFD feed-
ing, which was after the establishment of obesity and vascu-
lar dysfunction (Xia et al., 2016). The intension was to test
WS® 1442 as a therapy and not as a prevention. The
impressing efficacy of WS® 1442 in normalizing vascular
function indicate that vascular dysfunction in obesity is re-
versible, at least under our experimental condition.

Our study has several limitations. Firstly, we have no de-
finitive evidence for a causal relationship between the effect
of WS® 1442 on eNOS phosphorylation/acetylation and the

effect of WS® 1442 on vascular function. Our data only
show that the normalization of vascular function in diet-
induced obese mice by WS® 1442 is associated with an im-
provement of eNOS phosphorylation/acetylation. Secondly,
although we provide compelling evidence that a reduced
eNOS activity plays an important role in obesity-induced
PVAT dysfunction, we cannot rule out the contribution of
other PVAT-derived factors. WS® 1442 may also improve
PVAT function through eNOS-independent mechanisms.
The fact that vascular function is fully normalized by WS®
1442 whereas the restoration of eNOS phosphorylation is
only partial indicates that additional, still unknown mecha-
nisms may contribute to the effect of WS® 1442. Thirdly, we
cannot absolutely exclude the contribution of endothelial
eNOS to obesity-induced vascular dysfunction. The relative
roles of PVAT eNOS and endothelial eNOS should be ad-
dressed in future studies by using endothelium-denuded
vessels and by using cell type-specific eNOS-knockout mice.
Fourthly, we do not have sufficient data on the specificity of
WS® 1442. The observation that WS® 1442 improves eNOS
phosphorylation in PVAT but not in visceral VAT (Figure 5)
indicates that the effect of WS® 1442 is likely to be rela-
tively tissue-specific. This is not surprising, because PVAT
and VAT have different developmental origins (Xia and Li,
2017). However, WS® 1442 has more effects (Bubik et al.,
2012) than stimulating Akt activity, strengthening the as-
sumption that more mechanisms may underlie the effect
of WS® 1442 on vascular function than the mechanisms
identified in the present study.

In conclusion, diet-induced obesity leads to PVAT dys-
function, which is associated with dysfunction of eNOS in
the PVAT (e.g. reduced eNOS serine 1177 phosphorylation
and enhanced eNOS acetylation). Pharmacological treat-
ments (e.g. WS® 1442) that improve PVAT eNOS function
can restore vascular function even without reducing body
weight or fat mass.
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