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A B S T R A C T

Background: Microvascular dysfunction is a major complication in hypertensive patients. We previously re-
ported that CD4+CD25+ T regulatory cells (Treg) play an important preventive role in hypertension-induced
vascular dysfunction. However, whether Treg cells therapy and autophagy inhibition could rescue Treg cells
survival and microvascular function in established hypertension is an important question that remained un-
answered.
Methods & results: Here we showed that Treg cells from mice model of established hypertension displayed an
enhanced apoptotic rate, which was rescued with Treg cells transfer and autophagy inhibition. We also showed
increased autophagy in mesenteric resistance artery (MRA) in mice with established hypertension. Importantly,
the inhibition of autophagy or one single transfer of Treg cells into mice with established hypertension improved
the microvascular function independently of high blood pressure. The protection involves the modulation of
interleukin-10 (IL-10), inflammation, endoplasmic reticulum (ER) stress, oxidative stress, Akt, and eNOS.
Conclusions: The present study suggests that Treg cells survival is regulated by autophagy. Also, Treg cells as a
cellular therapy aimed at rescuing the microvascular function through an autophagy-dependent mechanism and
independently of arterial blood pressure lowering effects. Because our mouse model of established hypertension
mimics the clinical situation, our results have the potential for new therapeutic approaches that involve the
manipulation of Treg cells and autophagy to overcome established hypertension-induced cardiovascular com-
plications.

1. Introduction

It is well established that the cardiovascular system is compromised
in patients with established hypertension and associated with a sub-
stantial increase in the rate of cardiovascular morbidity and mortality
[1–3]. Clinical observations reported that impaired arterial function
and structures predict a poor outcome in patients with cardiovascular
diseases [4–6]. However, the cellular and molecular mechanisms that
cause microvascular dysfunctions in established hypertension are not
completely understood. Moreover, with the current medications
[7–10], the incidence of established hypertension associated with car-
diovascular complications continues to rise by epidemic proportions.
Therefore, there is an essential need for a new therapeutic strategy to
stop the progression of hypertension-dependent cardiovascular com-
plications. In 2007, Dr. Harrison's laboratory reported that the immune

T cells play an essential role in the initiation and maintenance of ex-
perimental hypertension-induced vascular dysfunction in mouse in-
fused with angiotensin II (Ang II) [11]. Also, Dr. Muller's group showed
that one single injection of the immune regulatory CD4+CD25+ (Treg)
cells before the development of hypertension prevented cardiac damage
in mice infused with Ang II independently of high blood pressure [12].
In 2011, we were the first to determine that the transfer of Treg cells
before the development of hypertension prevented hypertension and
vascular dysfunction in mice infused with Ang II [13,14]. Dr. Schiffrin's
laboratory supported our studies and elucidated that Treg cells play an
essential upstream role in the regulation of the cardiovascular function
[15–19]. We also showed that the preventive role of Treg cells in car-
diovascular dysfunction hypertension-dependent involves oxidative
stress and inflammation [13,14].

Autophagy is an underlying physiological cellular process which has
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a significant role in cellular homeostasis maintenance, regulation of the
ER stress, removing damaged organelles and pathogens [20,21]. Whe-
ther Treg cells survival is dependent on autophagy mechanism and
whether Treg cells transfer could rescue cardiovascular structure and
function in a mouse with established hypertension are important
questions that remained unanswered. Unfortunately, physicians often
face patients with established hypertension at an advanced stage when
cardiovascular complications have already occurred in most of the
patients. Therefore, manipulating Treg cells population in an animal
model of established hypertension is critical. This approach has the
potential for clinical studies using Treg cells as a cell therapy.

The proper folding of proteins made in the endoplasmic reticulum
(ER) requires oxygen for disulfide bond formation [22]. Regular ER
homeostasis can be affected by different pathological factors such hy-
poxia and oxidative stress that affect the oxygen level leading to ER
stress induction. Experimental and clinical research indicated that ER
stress is involved in hypertension and cardiovascular diseases [23].
Also, one of the key cellular responses to established hypertension
could be the up-regulation of autophagy [24]. Whether augmented
autophagy is an essential mechanism in Treg cells apoptosis and mi-
crovascular complications under established hypertension is still un-
known. These studies will advance the field forward and have the po-
tential for novel therapies including Treg cell transfer and autophagy
inhibition to rescue the microvascular system in patients with estab-
lished hypertension.

2. Materials and methods

2.1. Mice

All experimental protocols and procedures follow the NIH Guide for
the Care and Use of Laboratory Animals. All these procedures were
approved by institutional animal care and use committee (IACUC) at
Eastern Virginia Medical School, VA, USA.

Wild types (C57BL/6J) 8 weeks-old males were purchased from
Jackson Laboratory (Bar Harbor, ME, USA). Mice were maintained at
the EVMS animal care facility under pathogen-free conditions, housed
at a temperature of 23 °C with 12 h light/dark cycles and had unrest-
ricted access to food and water.

Mice were divided into 4 groups:

Group 1: Wild type mice (C57BL/6 J, CTL, n=8) as a control
without treatment.
Group 2: Wild type mice (C57BL/6 J) infused with Ang II (400 ng/
kg/min) for 4 weeks (Ang II, n= 8).
Group 3: Mice infused with Ang II for 4 weeks. These mice received
one single dose of Treg cells (200,000 cells, ip) at the beginning of

the third week (Ang II+ Tregs, n=8). Treg cells were isolated from
spleens of control mice.
Group 4: Mice infused with Ang II for 4 weeks. These mice were
injected with autophagy inhibitor (chloroquine “Chl”, 10mg/kg/
day, ip) at the beginning of the third week for 2 weeks (Ang II+ Chl,
n=8).

The infusion of Ang II was performed using subcutaneous mini-os-
motic pumps (Alzet-Model 1004; Durect Corporation, Cupertino, CA)
and systolic blood pressure was recorded weekly using the CODA tail-
cuff blood pressure system (Kent Scientific Torrington, USA) [14,25].
Blood pressure measurements were performed at the same time of the
day (between 9 am and 11 am) in order to avoid the influence of the
circadian cycle, and the value of SBP was obtained by estimating the
average of 6–8 measurements. At the end of the treatment period, mice
were sacrificed and mesentric resistance areries (MRA) were harvested
immediately. Blood samples were obtained immediatley and cen-
trifuged at 2500 rpm for 10min at 4 °C to obtain plasma, which was
immediately stored at −80 °C.

2.2. Treg cells isolation and transfer

Treg cells were isolated from control mice spleen using
CD4+CD25+ Regulatory T Cell Isolation Kit mouse, Miltenyi Biotech
MACS as previously reported [13,14] and then injected into hyperten-
sive mice at the beginning of third week.

2.3. Vascular reactivity

Vascular reactivity was performed as reported previously
[13,14,25] in MRA isolated from control (CTL), Ang II, Ang II+ Treg
cells, and Ang II+Chloroquine (Chl) groups of mice. The MRAs were
immediately placed in PSS solution (NaCl 118mM; KCl 4.7mM; CaCl2
2.5 mM; KH2PO4 1.2mM; MgSO4x7H2O 1.2mM; NaHCO3 25mM and
glucose 11mM, pH=7.4). MRA were then cleaned of fat and con-
nective tissue and then cut into rings (2 mm in length). Then rings were
mounted in a small vessel dual chamber myograph for measurement of
isometric tension. After a 30min equilibration period in PSS solution

Fig. 1. Systolic arterial blood pressure (A) and body weight (B) in control (CTL), angiotensin II (Ang II), Ang II+ Treg cells, and Ang II+ chloroquine (Chl) mice;
(n=4–8), *p < 0.05 for Ang II vs. CTL, Ang II+ Treg cells, and Ang II+ Chl. Two-way repeated measure ANOVA followed by Tukey's post hoc test were applied for
A, One way ANOVA followed by Tukey's post hoc test were applied for B.
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bubbled with carbogen at 37 °C and pH=7.4, arteries were stretched
to their optimal lumen diameter for active tension development. After
one-hour incubation, cumulative concentration responses to pheny-
lephrine (PE, 10−8–10−4 M) were obtained. A plateau was obtained
before moving from one dose to another dose. After washing, rings were
pre-constricted with PE (10−5 M) and when a steady maximal con-
traction was reached, cumulative concentration-response curves were
obtained for acetylcholine (ACh, 10−9–10−5 M) and sodium ni-
troprusside (SNP, 10−9–10−5 M).

To determine the role of autophagy, ER stress and mTOR pathway in
vitro, we performed experiments where we isolated MRA from each
group and incubated with ER stress (Tudca), autophagy (Chloroquine)
and mTOR (rapamycin) inhibitors and then cumulative concentration
responses to phenylephrine (PE, 10−8–10−4 M), acetylcholine (ACh,
10−9–10−5 M) and sodium nitroprusside (SNP, 10−9–10−5 M) were
performed.

2.4. Western blot analysis

Western Blot was used to detect specific proteins in lysates of mice
MRA tissue as previously described. [13,14,25] Mice were sacrificed
then MRA were immediately harvested and frozen in liquid nitrogen
and then stored at −80 °C. Tissue lysates were prepared by homo-
genizing with electrical homogenizer after adding ice cooled lysis buffer
(T-PER Tissue protein Extraction Reagent (Prod# 78510 Thermo sci-
entific), sonicated for 5 s, and centrifuged for 15min at 13,000 rpm.
Protein quantification was performed according to Pierce™ BCA Protein

Assay Kit (Product No. 23225).
We used specific antibodies against Anti-Phospho-Akt (ser473, Cell

Signaling, #9271), Anti-total-Akt (Cell Signaling, #9272), Anti-Bip
(C50B12, Cell Signaling, #3177), Anti-CHOP (Cell Signaling, #2895),
Anti-Phospho-AMPKa (Thr172, Cell Signaling, #2351), Anti-AMPKα
(site, Cell Signaling, #2352), Anti-Phospho-mTOR (Ser2448, Cell
Signaling, #2971), Anti-Phospho-eNOS (Ser1177, Cell Signaling,
#9571), Anti-Beclin1 (ab62557), Anti-Atg7 (#ab53255), Anti-Atg5
(ab108327), Anti-NOX2/gp91phox (#ab80508), Anti-FOXP3
(#ab75763), Anti-NADPH oxidase 4 (#ab133303), Anti-ATF-6α (#sc-
22799), Anti-eNOS/NOS Type III (BD biosciences, #610296). All dilu-
tions were prepared according to manifacturer. Membrane was devel-
oped using odyssey-imaging system LICOR and band quantification was
performed using image J software.

2.5. Immunohistochemistry

The immunostaining was performed as previously reported
[13,14,25] MRA tissues were fixed in 4% of zinc-saturated formalin and
paraffin-embedding for immunoperoxidase staining using the Vectas-
tain ABC Kit. The MRA sections were incubated overnight with the
Anti-CD68 antibody (Bio-Rad, MCA1957), Anti-Myeloperoxidase
(MPO) antibody (#ab9535) and Anti-FOXP3 (#ab54501). Dilutions
were prepared according to the manufacturer. Sections were examined
in bright field of Olympus OPELCO (BX41) Light/Fluorescence micro-
scope.

Fig. 2. Mesenteric resistance arteries (MRA) reactivity (Wire Myograph) showing contractility in response to sympathetic stimulation (phenylephrine, PE), en-
dothelium-dependent and independent relaxation in response to acetylcholine (ACh) and sodium nitroprusside (SNP) in control (CTL), angiotensin II (Ang II), Ang
II+ Treg cells, and Ang II+ Chloroquine (Chl) mice (A). MRA reactivity in CTL, Ang II, Ang II+ Treg cells, and Ang II+Chl incubated with and without ER stress
inhibitor (Tudca), autophagy inhibitor (Chl), and mTOR signaling inhibitor (Rapamycin, Rap) (B, C, D, E), (n=5–6), *p < 0.05 for Ang II vs. CTL, Ang II+ Treg
cells, and Ang II+ Chl. Two-way repeated measure ANOVA followed by Tukey's post hoc test were applied for A–E.
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Fig. 3. Oxidative stress assessed by Nox2, Nox4 ex-
pression and NADPH oxidase activity with and without
incubation with Apocynin (APO) (A, B, C) in mesen-
teric resistance arteries from control (CTL), angiotensin
II (Ang II), Ang II+ Treg cells, and Ang
II+ chloroquine (Chl) mice; (n= 4–6), *p < 0.05 for
Ang II vs. CTL, Ang II+ Treg cells, and Ang II+ Chl.
One way ANOVA followed by Tukey's post hoc test
were applied for A–C.
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2.6. Nadph oxidase activity assay

Superoxide anion levels generated by NADPH oxidase activity were
measured in lysates of MRA using lucigenin chemiluminescence as
previously described [14,25]. Lysates were prepared in a sucrose buffer
containing (KH2PO4 50mM, EGTA 1mM, sucrose 150mM; pH=7.0
and the “Complete-C mini” protease inhibitor cocktail (Roche Diag-
nostics, IN) in a Tissue Dounce Homogenizer on the ice. The aliquots of
the homogenates were used immediately. A volume of 100 μL of each
lysate was used in a total volume of 1mL PBS buffer preheated at 37 °C,
containing lucigenin (5 μM) and NADPH (100 μM). Blank samples were
prepared using 100 μL of sucrose buffer. Lucigenin activity was mea-
sured every 30 s for 10min in a luminometer (Turner biosystem 20/20,
single tube luminometer) or till enzymatic activity reached a plateau.
The NADPH oxidase activity was performed in the presence or absence
(Apocynin). Data are expressed as % normalized to protein content (μg
protein) compared to control.

2.7. Cytokines level measurements

Plasma levels of IL-6, IL-10, and TNF-α from Mice (CTL,
CTL+AngII, Ang II+ Tregs, Ang II+ Chl) were measured using a
Bioplex PRO™ reagent kit, Cat #171304070M-64073437 (Mouse cy-
tokines group 1).

2.8. Statistical analysis

Data are expressed as mean ± SEM. Concentration-response curves
were analyzed using the GraphPad Prism 4.0 software (GraphPad, USA)
and adjusted to a logistic equation. Statistical calculations for sig-
nificant differences were performed using student t-test, one-way fol-
lowed by Post-Hoc test or two-way ANOVA as appropriate.
Comparisons are considered significant when p < 0.05.

3. Results

We infused mice with angiotensin (Ang) II (400 ng/Kg/min) for four
weeks. At the end of the second week, mice were hypertensive
(Fig. 1A). At the beginning of the third week, we performed a single
transfer of Treg cells (harvested from control mice) or treated mice with
an autophagy inhibitor (chloroquine, dose 10mg/Kg) daily for two
weeks. Data revealed that Ang II-treated animals that received Treg
cells or chloroquine exhibited similar arterial blood pressure to mice
infused with Ang II alone (Fig. 1A). The body weight did not change
between all groups (Fig. 1B).

Resistance arteries contractility and endothelium-independent re-
laxation to sympathetic stimulation (PE) and nitric oxide donor (SNP)
were similar in all groups (Fig. 2A). The endothelial dysfunction ob-
served in mice with established hypertension was rescued with Treg
cells transfer and autophagy inhibition (Fig. 2A). We also performed
experiments where we isolated MRA from each group and incubated in
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Fig. 4. Western blot analysis for markers of survival (phosphorylated and total eNOS and Akt), energy sensor (phosphorylated and total AMPK) (A, B, C), autophagy
(Atg5, Beclin1, Atg7) (D, E, F), ER stress (CHOP, ATF6, BIP) (G, H, I), and mTOR (J) in mesenteric resistance arteries from control (CTL), angiotensin II (Ang II), Ang
II+ Treg cells, and Ang II+ chloroquine (Chl) mice, (n=4–6), *p < 0.05 for Ang II vs. CTL, Ang II+Treg cells, and Ang II+Chl. One-way ANOVA followed by
Tukey's post hoc test were applied for A–J.
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vitro with ER stress (Tudca), autophagy (Chloroquine) and mTOR
(Rapamycin) inhibitors. The contractility and relaxation of MRA from
control mice were similar before and after incubation with Tudca,
chloroquine, and rapamycin (Fig. 2B). However, the incubation of MRA
from mice infused with Ang II with Tudca, chloroquine or rapamycin
significantly improved endothelial-dependent relaxation (Fig. 2C). We
did not observe an effect on the relaxation of MRA isolated from mice

infused with Ang II and transferred with Treg cells or treated with
chloroquine when incubated in vitro with Tudca, chloroquine, and ra-
pamycin (Fig. 2D, E). Together these data indicate that Treg cells res-
cued MRA endothelial function through ER stress and autophagy me-
chanism.

Increased oxidative stress assessed by the enhancement of Nox2,
Nox4 expression, and NADPH oxidase activity in mice infused with Ang
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Fig. 5. Mesenteric resistance arteries inflammation assessed by the neutrophils (MPO staining) (A) and macrophages infiltration (CD68 staining) (B) into the
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II+ Treg cells, and Ang II+ Chl. One-way ANOVA followed by Tukey's post hoc test were applied for A–E.
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II was significantly reduced in mice infused with Ang II and transferred
with Treg cells or treated with chloroquine (Fig. 3A, B, C). To confirm
our data, the NADPH oxidase activity in MRA from mice infused with
Ang II was reduced when the samples were incubated with apocynin
(Fig. 3C). Vascular oxidative stress induction in mice infused with Ang
II was likely through the increase in Nox2 and Nox4 expression, which
were reduced with Treg cells transfer and chloroquine treatment These
results suggest that Treg cells rescue MRA endothelial function, in mice
with established hypertension, through the inhibition of oxidative
stress.

Survival and sensor energy pathways were determined in MRA from
all groups (Fig. 4A, B, C). The phosphorylated eNOS, Akt, and AMPK
levels were reduced in mice infused with Ang II compared to the other
groups (Fig. 4A, B, C). We found that Treg cells transfer and autophagy
inhibition improved eNOS, Akt and AMPK phosphorylation in MRA
from mice with established hypertension (Fig. 4A, B, C).

Autophagy dysfunction plays a pivotal role in the progression of a
variety of diseases including cardiovascular complications. Utilizing
Western blot analysis, we found that the expression of autophagy
markers (Atg5, Beclin1, Atg7) was increased in MRA of mice infused
with Ang II, which signifies autophagy dysfunction (Fig. 4D, E, F).
These autophagy markers were significantly reduced in mice infused
with Ang II and transferred with Treg cells or treated with chloroquine
(Fig. 4D, E, F). These results indicate that vascular autophagy dys-
function occurs in established hypertension and is regulated by Treg
cells.

ER stress has been documented to be involved in a variety of

cardiovascular diseases. Our results revealed that the ER stress induc-
tion in the MRA of mice infused with Ang II was blunted with Treg cells
transfer and autophagy inhibition (Fig. 4G, H, I). These results suggest
that the Treg cells regulate vascular ER stress induction in established
hypertension through an autophagy-dependent mechanism. We can
suggest that Treg cells transfer improves MRA endothelial function in
mice with established hypertension through the inhibition of autophagy
and ER stress induction, and the increase in eNOS, Akt, and AMPK
activity.

It has been shown that mTOR pathway is activated in hypertension.
Here we demonstrated that phosphorylated mTOR levels were elevated
in mice infused with Ang II, which were reduced with Treg cells transfer
and autophagy inhibition (Fig. 4J). These results suggest that Treg cells
and autophagy dictate mTOR activity in hypertension.

Other investigators and we reported that inflammation is a critical
factor in vascular dysfunction in hypertension. The results showed an
increase in macrophages and leucocytes infiltration in the mesenteric
tissue in mice infused with Ang II (Fig. 5A, B), which were reduced with
Treg cells transfer and autophagy inhibition (Fig. 5A, B). Our data also
showed a decrease in plasma levels of IL-10 and an increase in IL-6 and
TNF-α levels in mice infused with Ang II compared to the other groups
(Fig. 5C, D, E). The induction of inflammation under established hy-
pertension was associated with a reduction in the number of Treg cell
isolated from MRA as shown through the decrease in Foxp3 staining,
which was rescued with Treg cells transfer and autophagy inhibition
(Fig. 6A).

Western blot analysis demonstrated that established hypertension
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reduced Treg cells number through an increase in apoptosis mechanism
in Treg cells indicated by the higher levels of caspase-3 in Treg cells
isolated from mice infused with angiotensin II compared to other
groups (Fig. 6B).

Fig. 7 illustrates the summary of the present study showing that
established hypertension: 1) increases autophagy in Treg cells leading
to their enhanced apoptotic rate; 2) reduces Treg cells number and IL-
10 level; 3) augments autophagy, inflammation, ER stress, and oxida-
tive stress in MRA causing microvascular dysfunction.

4. Discussion

The main results of this study indicate that: 1) established hy-
pertension reduced Treg cells number through autophagy dysfunction
and apoptosis mechanisms. 2) Treg cells transfer, into a mouse model of
established hypertension, rescued the microvascular function, in-
dependently of arterial blood pressure lowering effects, through a me-
chanism that involves the inhibition of autophagy, oxidative stress, ER
stress, and inflammation. 3) The inhibition of autophagy also improved
the the microvascular function independently of arterial blood pressure.

It is well documented that arterial complications are major risk
factors responsible for coronary artery diseases, myocardial infarction,
and stroke in patients with established hypertension [26–28]. Clinical
observations reported that impaired cardiovascular function and
structures predict a poor outcome in patients with cardiovascular dis-
eases [4–6]. The risk of people developing, suffering, and dying from
arterial complications related to established hypertension will be sig-
nificantly reduced after improving arterial function, and structure, and
lowering arterial blood pressure. Currently, there are many anti-
hypertensive medications available [7–10]; however, arterial compli-
cations associated with established hypertension are still dramatically

rising and only controlled in 1/3 of hypertensive patients usually with
multiple therapies. Therefore, a novel therapeutic strategy that rescues
the cardiovascular physiology in patients with established hypertension
is critically needed. Understanding the cellular (the immune Treg and
vascular endothelial cells) and molecular mechanisms that cause mi-
crovascular complications in established hypertension would sub-
stantially impact the public health and have an enormous clinical sig-
nificance.

Other investigators and we previously reported that Treg cells play
an essential role to prevent the development of hypertension and vas-
cular dysfunction [13–15,29]. Prevention approach is challenging,
especially when dealing with hypertension known as a silent disease.
Thus, we decided to determine whether: 1) autophagy mechanism
controls Treg cells survival; and 2) Treg cells could rescue the micro-
vascular function in a mouse model of established hypertension that
mimics the clinical situation. Mice were then infused with Ang II for
four weeks. By the second week, mice became hypertensive, and then at
the beginning of the third week, mice were transferred with Treg cells
once or treated with an autophagy inhibitor for 2 weeks. We believe
that the fate of transferred Treg cells is similar to the endogenous Treg
cells. Data revealed that one single transfer of Treg cells and autophagy
inhibition did not affect arterial blood pressure. The results are sup-
ported by an earlier study showing that one single transfer of Treg cells
into mice infused with Ang II before the development of hypertension
does not stop the development of hypertension [12]. However previous
studies including ours reported that the transfer of Treg cells six times
into mice infused with angiotensin II prevented the development of
hypertension [12–15]. These data indicate that one single Treg cells
transfer improves the cardiovascular system independently of arterial
blood pressure while repetitive transfers of Treg cells reduce blood
pressure and improve the cardiovascular system. This concept is crucial
and could benefit patients with cardiovascular complications depen-
dent or independent of hypertension.

Hypertension is associated with cardiovascular inflammation and
microvascular dysfunction [30–32]. Autophagy is an underlying phy-
siological cellular process which has a significant role in cellular
homeostasis maintenance, regulation of ER stress, removing damaged
organelles and pathogens [20,21]. Recent evidence suggests that au-
tophagy dysfunction plays a pivotal role in the progression of a variety
of diseases including cardiovascular complications [33,34]. Here we
showed that established hypertension reduces Treg number through
autophagy and apoptosis events. The observed autophagy in Treg cells
could be the results of hypertension and/or Ang II. The reduction in
Treg cells number induced microvascular inflammation and dysfunc-
tion associated with impaired survival pathways (eNOS, Akt, and
AMPK)-mechanism. Moreover, autophagy was also increased in me-
senteric resistance arteries and that could also participate in the dys-
function of the cardiovascular.

The mesenteric resistance arteries inflammation and dysfunction
were rescued in mice with established hypertension transferred with
Treg cells or treated with autophagy inhibitor independently of arterial
blood pressure. This improvement involves the reduction in autophagy,
ER stress, oxidative stress, inflammation, and the increase in eNOS and
Akt signaling. All these data correlated with the increase in Treg cells
number assessed using Foxp3 staining, and the decrease in caspase 3
expression in Treg cells from mice with established hypertension. We
then suggest that Treg cells number declined under established hy-
pertension, through autophagy and apoptosis mechanisms.
Interestingly, the transfer of Treg cells and the inhibition of the au-
tophagy rescued the Treg cells number and therefore the microvascular
function. Studies showed a correlation between inflammatory cytokines
and hypertension [17,35,36]. Our previous studies showed a reduction
in inflammation and vascular function improvement in mice infused
with Ang II and treated with exogenous IL-10 [14]. Another study de-
monstrated that Ang II stimulates IL-6 and TNF-α production from
various cell types [37], which are the cause of structural and functional

Fig. 7. Summary showing that established hypertension: 1) increases autop-
hagy in Treg cells leading to their enhanced apoptotic rate; 2) reduces Treg cells
number and IL-10 level; 3) augments autophagy, inflammation, ER stress, and
oxidative stress in mesenteric resistance arteries causing cardiovascular com-
plications.
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alterations of the cardiovascular system [38]. Treg cells transfer and
autophagy inhibition increase IL-10 levels and decrease IL-6 and TNF-α
levels indicating the role of Treg cells and autophagy in controlling the
inflammation.

A previous study reported that Ang II increased phosphorylated
mammalian target of rapamycin (mTOR) [39]. Also, it has been in-
dicated that the inhibition of mTOR reduces cardiac hypertrophy and
fibrosis under chronic pressure-overload [40]. These data illustrated
that mTOR is an important factor involved in cardiovascular diseases.
The data correlated with our results as higher levels of phosphorylated
mTOR were detected in the mesenteric resistance arteries of mice in-
fused with Ang II. Interestingly, the transfer of Treg cells and the in-
hibition of autophagy significantly reduced mTOR activity in mesen-
teric resistance arteries indicating that Treg cells and autophagy dictate
the activity of mTOR.

The important implication from these data is that cell therapy using
Treg cells transfer and autophagy inhibition rescued the microcircula-
tion from inflammation and dysfunction independently of arterial blood
pressure in established hypertension. Interestingly, the likely increased
autophagy in Treg cells promotes apoptosis leading to the reduction in
Treg cells number. Thus, we can suggest that the Treg cells are an es-
sential upstream event that regulates the microcirculation function
through autophagy mechanism. Therefore, it would be interesting to
use Treg cells as cell therapy to overcome established hypertension-
induced microvascular pathology.

4.1. Limitation

The transfer of healthy Treg cells or autophagy inhibition rescued
the number of Treg cells in the spleen and mesenteric resistance ar-
teries, and reduced autophagy in mesenteric resistance arteries. We
think that Treg cells isolated from spleen and mesenteric resistance
arteries represent Treg cells in the circulation and tissues. Moreover, it
is likely that the rescue of the microvascular functions by chloroquine
results from the autophagy inhibition indirectly through protection of
Treg cells or directly in mesenteric resistance arteries cells. In vivo
experiments are very complex and we believe, as presented in Fig. 7,
that the decrease in IL-10 and perhaps the increase in IL-6 and TNFα,
both cause inflammation and oxidative stress in mesenteric resistance
arteries. Moreover, we recognize the multiplicity of actions of chlor-
oquine and specific knockout of autophagy markers in Treg and vas-
cular endothelial cells will substantially advance the field. A drastic
inhibition of autophagy could lead to misfolded protein. In our study
we found an increase in autophagy, which was inhibited using chlor-
oquine. We believe that the dose used of chloroquine did not com-
pletely stop autophagy.
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Novelty and significance

What is known?

The immune Treg cells play a significant role in host defense and
immune diseases. Other investigators and we reported that Treg cells
play an important preventive role in an experimental model of hy-
pertension-induced cardiovascular dysfunction. We also showed that
Treg cells regulate oxidative stress in mesenteric resistance arteries.
However, whether Treg cells could rescue the mesenteric resistance
arteries in a mouse model of established hypertension that mimics the
clinical situation is still unknown. Also, the role of autophagy dys-
function in the Treg cells survival and microvascular pathology in es-
tablished hypertension is not yet understood.

What does new information this article contribute?

Utilizing a mouse model of established hypertension, we determined
that the decline in the Treg cells number is through autophagy dys-
function and apoptosis-dependent mechanisms. We delineated that
Treg cells transfer into mice with established hypertension rescued the
microvascular function through autophagy inhibition independently of
arterial blood pressure lowering effect. We also elucidated that the in-
hibition of autophagy rescued the microvascular function through the
decrease in ER stress, oxidative stress, and inflammation, and the in-
crease in survival and energy sensor pathways. Overall, the present
study highlights Treg cells as well as the autophagy inhibition as
therapeutic strategies to rescue the microcirculation function in estab-
lished hypertension.
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