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FOOD & FUNCTION

Morus alba extract modulates blood pressure

homeostasis through eNOS signaling
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Scope: Morus alba is a promising phytomedicine cultivated in oriental countries that is exten-
sively used to prevent and treat various cardiovascular problems. To date, despite its beneficial
effects, the molecular mechanisms involved remain unclear. Thus, we investigate the vascu-
lar and haemodynamic effects of Morus alba extract in an experimental model focusing our
attention on the molecular mechanisms involved.
Methods and results: Through vascular reactivity studies, we demonstrate that Morus alba
extract evokes endothelial vasorelaxation through a nitric oxide-dependent pathway. Our molec-
ular analysis highlights an increase in endothelial nitric oxide synthase (eNOS) phosphoryla-
tion. In vivo administration of Morus alba extract reduces blood pressure levels exclusively in
wild-type mice, whereas it fails to evoke any haemodynamic effects in eNOS-deficient mice.
Molecular analyses revealed that its beneficial action on vasculature is mediated by the activa-
tion of two important proteins that act as stress sensors and chaperones: PERK and heat shock
protein 90. Finally, Morus alba extract exerts antihypertensive action in an experimental model
of arterial hypertension.
Conclusion: Through its action on eNOS signaling, Morus alba extract could act as a food sup-
plement for the regulation of cardiovascular system, mainly in clinical conditions characterized
by eNOS dysfunction, such as arterial hypertension.
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1 Introduction

The extracts of Morus alba leaves, marketed as dietary supple-
ments, modulate cholesterol metabolism, prevent atheroscle-
rosis, and modulate blood pressure levels [1–3].

PKR-like endoplasmic reticulum kinase; SHR, spontaneously
hypertensive rats
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A thorough understanding of the molecular mechanisms
responsible for the beneficial effects of Morus alba leave ex-
tract (MAE) could contribute to the development of therapies
aimed at reducing cardiovascular risk factors, improving vas-
cular biology and vascular health, reducing cardiovascular
target organ damage and reducing healthcare expenditures.

Here, we demonstrate for the first time that MAE evokes
endothelial-dependent vasorelaxation of resistance vessels
through the endothelial nitric oxide (eNOS) pathway in mice.
This effect is mediated by an interaction with PKR-like en-
doplasmic reticulum kinase (PERK) and heat shock protein
90 (HSP90) signaling. MAE reduces blood pressure levels
in vivo, and such hemodynamic actions are consistent with
the direct endothelial-mediated vasorelaxation on resistant ar-
teries through a nitric oxide (NO)-mediated mechanism. Fi-
nally, MAE exerts anti-hypertensive action in an experimental
model with a genetic background of arterial hypertension.

2 Materials and methods

2.1 Reagents and animals

Extract from leaves of Morus alba was obtained from Akademy
Pharma (Italy). All experiments involving animals conformed
to the Guide for the Care and Use of Laboratory Animals pub-
lished by the US National Institutes of Health (NIH Publica-
tion No. 85-23, revised 2011) and were approved by the IRCCS
INM Neuromed review board (1070/2015 PR). C57BL/6 and
spontaneously hypertensive rats (SHR) were generated in our
animal facility. eNOS knockout mice were obtained from the
Jackson Laboratory. All efforts were made to minimize the
number of animals used and their suffering.

2.2 Extraction solvent (crude extract)

Briefly, 0.5 g of pulverized extract from leaves of MAE were
solubilized in 25 mL of EtOH (60% v/v) and stirred for 3 h.
Then, the solution was centrifuged at 6000 g for 10 min.
The supernatant was recovered, and the process was repeated
twice. Supernatants were pooled and concentrated under re-
duced pressure as previously described [4] (Supporting Infor-
mation online-only).

2.3 Vascular reactivity studies

Second-order branches of the mesenteric arterial tree were re-
moved from mice to perform vascular studies. Vessels were
placed in a wire or pressure myograph system filled with
Krebs solution maintained at pH 7.4 at 37�C as previously
described [5]. Some mesenteric arteries mounted on a pres-
sure myograph were pretreated with phosphatidylinositol-
4,5-bisphosphate 3-kinase inhibitor (Wormannin, 10 �M,
1 h) PERK inhibitor (GSK2606414, 1 �M, 1 h), HSP90
inhibitor (SNX2112, 400 nM, 1 h) or the NOS inhibitor

NG-nitro-L-arginine methyl ester (L-NAME, 300 �M, 30 min)
before data for MAE dose-response curves were obtained
(Supporting Information online-only).

2.4 Evaluation of NO production by DAF

Production of NO was assessed as previously described [6].
MAE (8 mg/mL) or acetylcholine (10−6 M) was adminis-
tered to the mesenteric artery in the last 30 min of 4-amino-
5-methylamino-2′,7′-difluorofluorescein diacetate (DAF-FM)
incubation, alone and after 20 min exposure to L-NAME
(300 �mol/L, 30 min). Mesenteric segments were cut in
5-�m thick sections, observed under a fluorescence micro-
scope, subsequently counterstained with haematoxylin and
eosin and observed under a light microscope.

2.5 Immunoprecipitation

Mesenteric artery homogenates were prepared in 5 mM Tris-
HCl buffer, pH 7.5, containing 1 mM CaCl2, 1 mM MgCl2,
and 1 mM NaHCO3. Samples were processed as previously
described to perform immunoblotting analyses [7] (Support-
ing Information online-only).

2.6 Blood pressure measurement

Blood pressure was evaluated in WT (C57BL/6), eNOS KO
mice, and SHR under basal conditions and after single orally
administration of 200 �L of MAE (100, 200, or 400 mg/kg).
Animals used as controls were treated in a similar manner,
but MAE was replaced with the vehicle alone (saline solution).
The tail cuff method was performed as previously described
[8]. At the end of blood pressure measurements, some ves-
sels were excised to perform vascular reactivity or molecular
analyses (Supporting Information online-only).

2.7 Assessment of in vivo oral toxicity of MAE in

mice

Toxicity was evaluated at the haematological and biochemical
level and in organs after the administration of MAE (Support-
ing Information online-only).

2.8 Statistical analysis

For vascular reactivity studies, statistical analysis was per-
formed by 2-way ANOVA followed by Bonferroni post hoc
test. Immunoblot experiments were presented as the mean
values and standard deviation. The chemiluminescence quan-
tification was performed using ImageJ software. Group
comparisons were made by paired t-test. Differences were
considered to be statistically significant at p < 0.05.
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3 Results

3.1 HPLC analysis of compounds contained in MAE

HPLC analyses of polyphenolic compound levels in the MAE
are reported in Supporting Information Table 1. Rutin, also
called rutoside (quercetin-3-O-rutinoside), was the most con-
centrated phenolic compound (1071.70 ± 0.13 �g/g) present
in the extract followed by another phenolic compound, chloro-
genic acid (199.90 ± 0.02 �g/g). Moreover, we also detected
high concentrations of the flavonoid astragalin (kaempferol-
3-O-glucoside) (187.42 ± 0.01 �g/g). All other polypheno-
lic compounds detected at lower concentrations are reported
in Supporting Information Table 2 (Supporting Information
online-only).

3.2 MAE evokes dose-dependent endothelial nitric

oxide vasorelaxation in mesenteric mice vessels

Our first aim was to explore whether MAE modulates vascular
function. Our data demonstrate that the administration of in-
creasing doses of MAE evoked dose-dependent vasorelaxation
in mice vessels, which was abolished by endothelium removal
(Fig. 1A). In agreement, in presence of the eNOS inhibitor
L-NAME, MAE-induced vasorelaxation was significantly re-
duced, demonstrating the involvement of NO-signaling in its
vascular action (Fig. 1B). Molecular analyses revealed that
MAE induced the phosphorylation of eNOS on serine1177, an
activation site of the enzyme, and a reduction of the phos-
phorylation of the inhibitor site threonine495 [9], whereas no
changes were recorded at serine633 of eNOS, an alternative
activation site of the enzyme [10]. Overall, these data further
confirm that the main activation site of eNOS involved in the
vascular effect evoked by MAE is represented by serine1177

(Fig. 1C). Interestingly, the degree of eNOS phosphoryla-
tion is positively related to the increasing doses of MAE.
Finally, DAF-FM fluorescence induced by MAE was com-
parable to that obtained with a classical agonist that evokes
NO release, such as acetylcholine (Fig. 1D) (Supporting In-
formation online-only).

3.3 PERK-HSP90 signaling is essential for eNOS

phosphorylation evoked by MAE

Together with the modifications on eNOS phosphorylation
described above, we also demonstrate that treatment with
MAE enhances phosphorylation of PERK at threonine980 and
HSP90 at threonine5/7, which represents the activation sites
of these proteins (Fig. 2A).

We have previously described intracellular signaling that
involves HSP90 and PERK for the activation of eNOS [11].
Thus, to better characterize the signaling recruited by MAE at
the vascular level, we performed experiments with the PERK
inhibitor GSK2606414 and the HSP90 inhibitor SNX2112.

The treatment of vessels with GSK2606414 completely abol-
ished the phosphorylation of HSP90, resulting in a signif-
icant reduction of eNOS phosphorylation (Fig. 2A). At the
functional level, PERK inhibition significantly reduced en-
dothelial vasorelaxation evoked by MAE (Fig. 2B). Further-
more, we evaluated the action on MAE in the presence of
the HSP90 inhibitor SNX2112. In this experimental condi-
tion, we observed a reduction in HSP90 and eNOS phos-
phorylation associated with an impaired MAE vascular effect
(Fig. 2C). Of note, during HSP90 inhibition, PERK is still
phosphorylated. Overall, these data suggest that PERK is a
target of MAE and upstream modulator of HSP90, thus lead-
ing to eNOS activation (Supporting Information online-only).

3.4 MAE treatment induces PERK/HSP90/eNOS

complex formation

The interplay of the phosphorylation state of the enzyme and
the physical interaction of eNOS with various intracellular
proteins plays a crucial role in the regulation of eNOS activity
[12]. Based on the results described above, we performed
immunoprecipitation studies in vessels treated with MAE to
interrogate possible interactions among PERK, HSP90, and
eNOS. Indeed, we demonstrate that MAE treatment leads to
the formation of a molecular complex between eNOS and
PERK/HSP90, as shown by the immunoblot performed on
vessel extracts immunoprecipitated for eNOS (Fig. 2D). We
only detected the presence of both PERK and HSP90 in the
protein extract from Morus alba-treated vessels. Interestingly,
using GSK2606414, we are not able to detect the presence
of both HSP90 and PERK, suggesting that the recruitment
of PERK by MAE is the key step in the induction of the
complex formation with eNOS enzyme. Of note, in presence
of SNX2112, eNOS was unable to immunoprecipitate both
PERK and HSP90 (Fig. 2D). These data are consistent with
the results described above, in which we demonstrated that
the recruitment of both proteins, PERK and HSP90, is needed
to evoke the enhancement of eNOS phosphorylation, leading
to dose-dependent endothelial vasorelaxation.

3.5 MAE reduces blood pressure and enhances

endothelial function in mice

We assessed the effect on blood pressure homeostasis evoked
by the oral administration of different single doses of MAE
(100, 200, and 400 mg/kg). In particular, we observed that
the administration of 100 MAE mg/kg did not modify blood
pressure and vascular function (Fig. 3A–C). Interestingly, the
administration of 200 mg/kg MAE, although did not mod-
ify blood pressure levels, it was able to enhance endothe-
lial vasorelaxation and PERK/HSP90/eNOS phosphorylation
(Fig. 3C). The highest dose of MAE (400 mg/kg) signifi-
cantly reduces blood pressure levels (Fig. 3A), and the action
on both endothelial vasorelaxation and PERK/HSP90/eNOS
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Figure 1. (A) Vascular response of phenylephrine-precontracted mice mesenteric arteries to increasing doses of MAE (1 – 8 mg/mL) in the
presence (E+) or absence of endothelium (E-) (n = 7); *p < 0.05 versus MAE alone, (B) and after 30 min of pretreatment with L-NAME
(300 �mol/L; n = 7); (C) left, Representative immunoblot of mesenteric arteries treated with acetylcholine (Ach, 10−6 M) or with increasing
doses of MAE (1 – 8 mg/mL); right, Columns are the mean ± SD of five independent experiments. *p < 0.05; (D) Representative high-power
micrographs of 10-�m sections of mice mesenteric arteries loaded for 2 h with 4,5-diaminofluorescein (DAF) reveal nitric oxide production
after treatment with acetylcholine (Ach 10−6 M) or MAE (8 mg/mL) and after 30 min of pretreatment with L-NAME (300 �mol/L; n = 5),
counterstained with haematoxylin and eosin (HE) and also presented as merged images. Scale bar, 50 �m.

phosphorylation was significantly increased compared with
that observed at the lower dose (Fig. 3B–C). Taken together,
these results allow us to correlate the potentiation of acetyl-
choline vasorelaxation observed both at 200 and at 400 mg/Kg
of MAE with the enhancement of PERK/HSP90/eNOS phos-
phorylation.

Smooth muscle vasorelaxation induced by nitro-glycerine
was not affected by MAE administration (Fig. 3D), thus
corroborating an endothelial-mediated mechanism evoked
by MAE. In our observation period, we detected that the
hypotensive effect started 2 days after the oral administra-
tion of a single dose of MAE. After 4 days, blood pressure
levels returned to baseline, and the administration of a sec-
ond dose evoked the same haemodynamic effect previously
observed (Supporting Information online-only).

3.6 Blood pressure reduction and endothelial

vasorelaxation evoked by MAE are nitric oxide

dependent

To definitively confirm the involvement of NO in the haemo-
dynamic effect evoked by MAE, we performed experiments
in eNOS knock-out (KO) mice. Our data showed that the oral
administration of a single dose of MAE failed to evoke a reduc-
tion of blood pressure levels in eNOS KO mice compared with
wild-type mice (Fig. 4A). Interestingly, MAE administration

did not improve the impaired acetylcholine vasorelaxation in
eNOS KO mice treated with vehicle alone in contrast to that
observed in wild-type mice (Fig. 4B). These results clearly in-
dicate that eNOS mediates the in vivo effects of MAE on the
modulation of blood pressure levels and endothelial function.

Finally, to assess the effect of MAE in the scenario of
hypertension, we tested the effect of the higher dose of MAE
on a genetic rat model of hypertension, such as SHR. In this
experimental setting, MAE exhibits a clear anti-hypertensive
effect as it normalized blood pressure levels compared with
control rats treated only with vehicle (Fig. 4C).

3.7 Single oral dose of MAE did not exert toxicity

In our observation period, the administration of the higher
dose of MAE did not influence haematological, biochemical,
and histopathological evaluation, as shown in Supporting In-
formation Tables 3 and 4 (Supporting Information online-
only).

4 Discussion

Our data demonstrate that MAE evokes dose-dependent en-
dothelial vasorelaxation given that the mechanical removal of
the endothelium completely abolished its vasorelaxant effect.
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Figure 2. . (A) Representative immunoblot of mice mesenteric arteries treated with acetylcholine (Ach, 10−6 M), MAE alone (8 mg/mL) or
MAE (8 mg/mL) plus PERK inhibitor (GSK2606414, 1 �M, 1 h) or HSP90 inhibitor (SNX2112, 400 nM, 1 h). Columns are the mean ± SD
of five independent experiments. *p < 0.05. (B) Vascular response of phenylephrine-precontracted mice mesenteric arteries to increasing
doses of MAE (1 – 8 mg/mL) in presence of PERK inhibitor (n = 7) (C) or HSP90 inhibitor (n = 7); *p < 0.05 versus MAE alone; **p<0.05
versus MAE alone. (D) Endogenous PERK and HSP90 immunoprecipitated with eNOS in mesenteric artery lysate from wild-type mice
treated with acetylcholine (Ach, 10−6 M), MAE alone (8 mg/mL), MAE plus PERK inhibitor (MA+ GSK) or MAE plus HSP90 inhibitor (MA +
SNX). Extracts were immunoprecipitated for eNOS and then probed with anti–PERK, anti HSP90 or anti-eNOS antibodies (n = 3).

In addition, its action is specifically mediated by NO produc-
tion, as demonstrated by the inhibition of eNOS by L-NAME,
which completely abolished its vascular action.

MAE has been extensively used to prevent and treat various
cardiovascular problems acting as an anti-aging plant [13,14].

Based on this evidence, we investigated a new molecular
pathway that modulates eNOS metabolism that we recently
associated with an anti-aging protein, which is represented by
PERK and HSP90 intracellular signaling [15]. PERK is a reg-
ulatory kinase that is known as a transducer of the unfolded
protein response, reducing ER protein loading through the
inhibition of protein synthesis [16]. Genetic and pharmaco-
logical experiments have demonstrated that PERK signaling
also confers prosurvival effects given that genetic deletion of
PERK activity impaired cell survival [17]. Conversely, tran-
sient artificial PERK activation enhanced cell survival in re-
sponse to ER protein misfolding [18]. Moreover, we recently

demonstrated that an alternative pathway converging on NO
release is represented by PERK/ HSP90, which are activated
by a longevity associated variant (LAV) of BPIFB4 to stimulate
NO production [15]. Thus, these data suggest that PERK has
an important role in the maintenance of cellular and vascular
homeostasis.

Interestingly, our data demonstrate that MAE activates
the kinase PERK through its phosphorylation in resistance
vessels in mice. A number of key regulatory kinases, includ-
ing PERK, interact with the molecular chaperone for stabil-
ity and function [19]. Thus, we investigated the activation
status of HSP90, an important intracellular chaperone that
regulates the activity of many proteins, including eNOS [20].
We found that MAE promotes PERK activation and HSP90
phosphorylation on threonine, an activation site of the chap-
erone [21]. The use of a pharmacological inhibitor of PERK,
GSK2606414, reduces the effect of MAE on vascular function

C© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.mnf-journal.com



Mol. Nutr. Food Res. 2016, 60, 2304–2311 2309

Figure 3. (A) Systolic blood pressure
(SBP) in C57BL/6 mice treated with ve-
hicle or with increasing dosage of MAE
(100, 200, 400 mg/kg) (n = 8/group). Ar-
rows indicate a single oral dose of MAE
(or Vehicle). Data are presented as the
mean ± SEM. *p < 0.05 versus all (un-
paired t-test). (B) Graphs show the dose-
response curves of ex-vivo mesenteric
arteries, excised after blood pressure
measurement from mice after single
orally administration with Vehicle or MAE
at different dosage, to acetylcholine (Ach,
from 10−9 M to 10−5 M). Values are
the means ± SEM. n = 8 experiments.
*p < 0.05 versus vehicle and 100 mg/kg;
**p < 0.01 vehicle and 100 mg/kg; #p <

0.05 versus vehicle and 100 mg/Kg; §p
< 0.05 versus 200 mg/kg. (C) Represen-
tative immunoblot in mesenteric arteries
obtained from mice treated in vivo with
vehicle or with different doses of MAE
(100, 200, 400 mg/kg) after acetylcholine
stimulation; columns are the mean ±
SD of three independent experiments. *p
< 0.05; **p < 0.01. (D) Dose-response
curves of ex vivo mesenteric arteries ex-
cised after blood pressure measurement
from mice after a single oral dose of ve-
hicle or MAE at different dose ratios to
nitro-glycerine (Nitro, from 10−9 M to 10−5

M).

and HSP90 and eNOS phosphorylation. In addition, the use
of HSP90 inhibitor, SNX2112, blunts MAE evoked vasore-
laxation and HSP90 and eNOS phosphorylation. Of note, in
this experimental setting, PERK is still phosphorylated possi-
bly due to its upstream role in modulating HSP90 and eNOS.
Taken together, our data clearly demonstrate for the first time

that the vascular complex PERK/HSP90/eNOS is crucial for
MAE vasorelaxant action.

Molecules able to regulate vascular function through NO-
modulation influence blood pressure homeostasis [12]. Con-
sistent with previous studies [22, 23], we demonstrate that a
single oral dose of MAE reduces blood pressure levels in vivo.

Figure 4. (A) Systolic blood pressure (SBP)
in C57BL/6 and eNOS knockout mice
(eNOS KO) treated with vehicle or MAE
(400 mg/kg) (N = 8/group). Arrows indi-
cate single oral dose of MAE (or vehi-
cle). Data are provided as the mean ±
SEM. *p < 0.05 versus WT + vehicle.
(B) Vascular response of phenylephrine-
precontracted mice mesenteric arteries ex-
cised from mice treated with a single oral
dose of MAE (400 mg/kg) in wild-type
(WT) and eNOS knockout mice (eNOS KO).
*p < 0.05 versus eNOS KO plus vehi-
cle or eNOS KO plus MAE; #p < 0.01
versus WT plus MAE. (C) Systolic blood
pressure (SBP) in spontaneously hyperten-
sive rats (SHR) treated with vehicle or 400
mg/kg MAE. Values are the means ± SEM.
(n = 8/group). *p < 0.05 versus vehicle.
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However, in the present study although we observed a
direct vasorelaxant effect of MAE in vitro, we were unable
to directly correlate this effect with the modulation of blood
pressure levels. A pharmacokinetic characterization of MAE,
which represents the target of future studies, is necessary
to address this point. On the other hand, it is important to
note that MAE still enhances NO mediated vasorelaxation at
lower doses without influencing blood pressure homeostasis.
This result clearly indicates that the enhancement of endothe-
lial function evoked by MAE is independent from its ability to
modulate blood pressure levels and could be due to a sensitiz-
ing effect on acetylcholine-evoked vasorelaxation mediated by
PERK/HSP90 signaling. Taken together, these data prompt
us to hypothesize that MAE administration at lower doses
may help to contain vascular diseases without influencing
blood pressure.

To further strengthen the involvement of eNOS signaling
in the in vivo vascular effects of MAE, we administered the
agent to eNOS-KO mice. In conditions of eNOS deficiency,
MAE failed to exert any hemodynamic effects. Finally, the
administration of a higher dose of MAE in spontaneously
hypertensive rats induced anti-hypertensive effects, thus sup-
porting its possible application in clinical fields.

5 Conclusion

Our data demonstrate for the first time that MAE modulates
vascular tone and blood pressure through enhancement of
endothelial NO release. In addition, MAE did not evoke tox-
icity in our experimental setting. However, more studies are
needed to characterize MAE effects after a longer period of
administration. In conclusion, our results suggest that MAE
could be used as a dietary supplement for the regulation of
the cardiovascular system, mainly in those clinical conditions
characterized by endothelial NO dysfunction.

A.C., M.A., and A.D. performed experiments and statistical
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and biochemical analysis and the characterization of compounds
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