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Abstract

Aims: Angiotensin-converting enzyme 2 (ACE2)–angiotensin (1-7) [Ang (1-7)]-Mas constitutes the vasopro-
tective axis and is demonstrated to antagonize the vascular pathophysiological effects of the classical renin–
angiotensin system. We sought to study the hypothesis that upregulation of ACE2-Ang (1-7) signaling protects
endothelial function through reducing oxidative stress that would result in beneficial outcome in diabetes.
Results: Ex vivo treatment with Ang (1-7) enhanced endothelium-dependent relaxation (EDR) in renal arteries
from diabetic patients. Both Ang (1-7) infusion via osmotic pump (500 ng/kg/min) for 2 weeks and exogenous
ACE2 overexpression mediated by adenoviral ACE2 via tail vein injection (109 pfu/mouse) rescued the im-
paired EDR and flow-mediated dilatation (FMD) in db/db mice. Diminazene aceturate treatment (15 mg/kg/day)
activated ACE2, increased the circulating Ang (1-7) level, and augmented EDR and FMD in db/db mouse
arteries. In addition, activation of the ACE2-Ang (1-7) axis reduced reactive oxygen species (ROS) overpro-
duction determined by dihydroethidium staining, CM-H2DCFDA fluorescence imaging, and chemilumines-
cence assay in db/db mouse aortas and also in high-glucose-treated endothelial cells. Pharmacological benefits
of ACE2-Ang (1-7) upregulation on endothelial function were confirmed in ACE2 knockout (ACE2 KO) mice
both ex vivo and in vitro. Innovation: We elucidate that the ACE2-Ang (1-7)-Mas axis serves as an important
signal pathway in endothelial cell protection in diabetic mice, especially in diabetic human arteries.
Conclusion: Endogenous ACE2-Ang (1-7) activation or ACE2 overexpression preserves endothelial function in
diabetic mice through increasing nitric oxide bioavailability and inhibiting oxidative stress, suggesting the
therapeutic potential of ACE2-Ang(1-7) axis activation against diabetic vasculopathy. Antioxid. Redox Signal.
23, 880–892.

Introduction

D iabetes mellitus accelerates atherosclerosis and
increases the risks for cardiovascular complications.

Although the underlying mechanisms are not fully under-
stood, endothelial dysfunction is implicated in the patho-
genesis of diabetic vascular complications (6). The
overproduction of reactive oxygen species (ROS) or in-

creased oxidative stress contributes to the impairment of
endothelial function in diabetes (16). Angiotensin-converting
enzyme 2 (ACE2), a homolog of ACE, is the mono-
carboxypeptidase in the renin–angiotensin system (RAS). It
negatively regulates the RAS by cleaving angiotensin II (Ang
II) to generate angiotensin (1-7) [Ang (1-7)], which acts as a
vasodilator and vasoprotective peptide through stimulation of
its receptor Mas (48, 50, 51, 53). Thus, the ACE2-Ang (1-7)-
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Mas axis is proposed as a counter-regulator of the ACE-Ang
II arm in the cardiovascular system (7) and kidney (37). The
balance between Ang II and Ang (1-7) regulates the overall
RAS activity, which in turn controls blood pressure, sodium–
water homeostasis, and renal function.

Animal studies show that ACE2 overexpression improves
endothelial function in hypertension (43), attenuates the
progression of atherosclerosis (29, 59), and suppresses the
adverse myocardial remodeling (8, 61). In diabetic db/db
mice, ACE2-Ang (1-7) upregulation prevents pancreatic
beta-cell dysfunction and apoptosis (2) and improves renal
function (37). By contrast, ACE2 deficiency leads to or ag-
gravates vascular dysfunction (39, 55), diabetic cardiomy-
opathy, and nephropathy (38, 47). These studies indicate that
the ACE2-Ang (1-7)-Mas axis of the RAS is vasoprotective,
probably through reducing Ang II production or acting
against Ang II-stimulated oxidative stress and vascular in-
flammation.

The heart and blood vessels are the main sites for the
formation of Ang (1-7) and also the major targets for the
action of Ang (1-7). Ang (1-7) infusion preserves cardiac
function, coronary perfusion, and aortic endothelial func-
tion in rats with coronary ligation-induced heart failure and
in diabetic hypertensive rats (1, 28). Ang (1-7) also pre-
vents cardiac remodeling through a direct effect in Ang II-
induced hypertensive mice (32) and in 5/6 nephrectomy
mice (24). As a vasodilator, Ang (1-7) directly relaxes
several vascular beds (3, 41, 42). Ang (1-7)-induced
vasodilatation involves an increased production of endo-
thelium-derived relaxing factors (3, 15, 34). Through
stimulation of Ang (1-7) receptor Mas, Ang (1-7) exerts
counter-regulatory effects in the vasculature and kidney in
response to RAS activation or Ang II by suppressing oxi-
dative stress and inflammation (36).

However, the exact role of the local ACE2-Ang (1-7) in the
initiation and maintenance of endothelial dysfunction in di-
abetes, especially in human subjects, is only partially un-
derstood. Although adenovirus transduction or human
recombinant protein have been employed to overexpress
ACE2, targeting to elevate ACE2 activity has rarely been
considered in previous studies as an effective therapeutic
alternative in the treatment of vascular disease. In the present
study, we hypothesize that the upregulation of the ACE2-Ang
(1-7) axis by both genetic overexpression and pharma-
cological activation protects endothelial function in type
2 diabetes.

Results

Ang (1-7) preserves endothelial function in ex vivo
human renal arteries

Acetylcholine (ACh)-induced endothelium-dependent re-
laxation (EDR) was significantly less in renal arteries from
diabetic patients than those from nondiabetic subjects (Fig.
1A). By contrast, the arteries from both groups showed iden-
tical relaxations induced by the endothelium-independent di-
lator, sodium nitroprusside (SNP) (Fig. 1B). Renal arteries from
diabetic patients were cultured in DMEM containing 1 lM Ang
(1-7) for 24 h and this treatment markedly augmented EDR
without affecting SNP-induced relaxations (Fig. 1A, B).

In human umbilical vein endothelial cells (HUVECs),
stimulation with Ca2 + ionophore, A23187 (0.1 lM), in-
creased DAF-FM diacetate fluorescence intensity, which
reflects the level of NO production in normal glucose (NG,
5 mM) condition. Exposure (48 h) to high glucose (HG,
30 mM) inhibited A23187-stimulated NO production, while
cotreatment with Ang (1-7) (1 lM) reversed the effect of HG
(Fig. 1C, D). These results demonstrate a vasoprotective
benefit of Ang (1-7) in human arteries and endothelial cells.

Compared with nondiabetic subjects, diabetic patients
had increased Ang II level, decreased Ang (1-7) level, and a
lower Ang (1-7)/Ang II ratio in their plasma (Supplementary
Fig. S1A–C; Supplementary Data are available online at
www.liebertpub.com/ars). However, the plasma ACE2 ac-
tivity was slightly but insignificantly higher in diabetics
(Supplementary Fig. S1D).

Ang (1-7) restores endothelial function in diabetic mice

ACh-induced EDR in db/db mouse aortas was signifi-
cantly less compared with relaxations in db/m + mouse aortas
(Fig. 2A and Supplementary Fig. S2B). Ang (1-7) infusion
(500 ng$kg - 1$min - 1, 2 weeks) via the osmotic minipump
increased the plasma Ang (1-7) concentration in db/db mice
(Supplementary Fig. S2A) and restored the impaired EDR in
aortas from db/db mice without affecting EDR in db/m + mice
(Fig. 2A). SNP-induced relaxations were similar among
different groups (Fig. 2B). In addition, flow-mediated dila-
tation (FMD) in the 2nd-order mesenteric resistance arteries
was evoked by creating a pressure difference of 20 mm Hg
that equals an initial shear stress of& 15 dynes/cm2. FMD
was markedly impaired in db/db mice compared with db/m +

mice and it was restored in arteries from Ang (1-7)-infused
db/db mice (Fig. 2C and 2D). Ang (1-7) infusion also nor-
malized the diminished phosphorylations of Akt at Thr308

and Ser473 and of endothelial nitric oxide synthases (eNOS)
at Ser1177, but suppressed the phosphorylation of eNOS at the
inhibitory site Thr495 in db/db mouse aortas (Fig. 3A–E).

In ex vivo cultured db/db mouse aortas, a 24-h exposure to
Ang (1-7) (1 lM) improved the impaired EDR, and the effect
of Ang (1-7) was reversed by the Ang (1-7) antagonist, A779
(1 lM) (Fig. 2E). The restored EDR by Ang (1-7) was abol-
ished by L-NAME or in rings without the endothelium
(Supplementary Fig. S3A, B). In db/m + mouse aortas, HG
(30 mM, 48 h)-induced impairment of EDR was reversed by
cotreatment with Ang (1-7) and this vascular benefit of Ang
(1-7) was antagonized by Mas receptor antagonist, A779
(Supplementary Fig. S3C). A779 alone did not affect EDR in
db/m + mouse aortas (Supplementary Fig. S3D).

Innovation

The present study provides novel evidence that angio-
tensin (1-7) [Ang (1-7)] protects endothelial function in
renal arteries of diabetic patients and reveals that the up-
regulation of the angiotensin-converting enzyme 2
(ACE2)-Ang (1-7) axis of the renin–angiotensin system
(RAS) by genetic overexpression or pharmacological ac-
tivation preserves endothelial function through normaliz-
ing overproduction of reactive oxygen species in diabetic
db/db mice. Thus, the vascular benefits of the ACE2-Ang
(1-7)-Mas axis established in the present study highlight
the therapeutic potential of drugs that activate this healthy
arm of the local RAS in the treatment of diabetic vascu-
lopathy if their safety profile is proven.
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Exogenous ACE2 overexpression rescues endothelial
function in diabetic mice

ACE2 catalyzes formation of Ang (1-7). ACE2 over-
expression by adenoviral transduction (Ad-ACE2) increased
ACE2 content in db/db mouse aortas as shown by qPCR,
Western blotting, and endothelium en face immunofluo-
rescence staining (Fig. 4A, Supplementary Figs. S4 and
S5A), while the relative activity of aortic ACE2 per unit mass
and plasma ACE2 in db/db mice was unaffected by adeno-
viral transduction (Supplementary Fig. S5B, C). However,
the plasma Ang(1-7) level was elevated by Ad-ACE2 trans-
duction in db/db mice (Fig. 4B). In vivo treatment with ACE2
adenovirus, but not vector control, improved EDR in db/db
mouse aortas (Fig. 4C). Likewise, FMD in mesenteric ar-
teries was also augmented by ACE2 overexpression (Fig.
4D). In addition, in ex vivo culture of db/db mouse aortas, Ad-
ACE2 transduction also enhanced EDR compared with Ad-
GFP transduction and nonadenovirus control (Fig. 4E)
without affecting SNP-induced relaxations (Fig. 4F).

Diminazene aceturate increases Ang (1-7) production
and protects endothelial function in db/db mice

Both expression and activity of aortic ACE2 in the db/db
mouse were slightly but insignificantly lower than those in db/
m + mouse aortas (Supplementary Fig. S6A–C). The plasma
Ang (1-7) level was smaller in db/db compared with db/m+

mice (Supplementary Fig. S6D). Diminazene aceturate
(DIZE) elevated ACE2 activity in HUVECs in a concentra-
tion-dependent manner (Supplementary Fig. S7A). Two-week

treatment with putative ACE2 activator, DIZE (15 mg/kg/
day), to db/db mice increased ACE2 activity in their aortas
(Fig. 5A) and plasma (Supplementary Fig. S7B). By contrast,
aortic ACE2 expression was unchanged (Fig. 5B). DIZE
treatment also significantly elevated the plasma Ang (1-7) le-
vel in db/db mice (Fig. 5C) without affecting either glucose
tolerance or insulin tolerance (Supplementary Fig. S8).

Chronic DIZE treatment restored both the impaired EDR
(Fig. 5D) and FMD in db/db mice (Fig. 5E) without affecting
SNP-induced relaxations (Fig. 5F). Ex vivo 24-h treatment
with DIZE (100 lM) also augmented EDR in db/db mouse
aortas (Fig. 5G) and HG (30 mM)-treated aortas of db/m +

mice (Supplementary Fig. S3E). The ex vivo beneficial effect
of DIZE was reversed by either ACE2 inhibitor, DX600
(1 lM), or Ang(1-7) antagonist, A779 (1 lM) (Fig. 5G and
Supplementary Fig. S3E).

Next, ACE2-deficient mice were employed to confirm the
ACE2-mediated effect of DIZE. EDR and plasma Ang (1-7)
level were similar between ACE2 wild-type (ACE2 WT) and
ACE2 knockout mice (ACE2 KO) (Supplementary Fig. S3F
and S6E). In aortas of ACE2 WT mice, HG-impaired EDR
was rescued by ex vivo treatment with either DIZE (100 lM)
or Ang (1-7) (1 lM) (Fig. 5H). However, in aortas from
ACE2 KO mice, HG-induced impairment of EDR was res-
cued only by Ang (1-7), but not by DIZE (Fig. 5I).

ACE2-Ang (1-7) activation normalizes endothelial ROS
overproduction in db/db mice

The ROS level indicated by dihydroethidium (DHE) staining
was higher in the en face endothelial layer or the vascular wall

FIG. 1. Angiotensin (1-7) [Ang (1-7)] improves endothelial function in renal arteries from diabetic patients. (A)
Acetylcholine (ACh)-induced endothelium-dependent relaxations (EDRs) and (B) sodium nitroprusside (SNP)-induced
endothelium-independent relaxations in renal arteries from nondiabetic (Non-DM) subjects and diabetic patients (DM). The
effect of ex vivo 24-h exposure to Ang (1-7) (1 lM) on EDR in renal arteries from diabetic patients. Data are mean – SEM
from 4 separate human arteries, *p < 0.05, versus DM. Nitric oxide (NO) production stimulated by A23187 in human
umbilical vein endothelial cells (HUVECs) after different treatments in vitro for 48 h. (C) Representative images and (D)
summarized data showing the real-time effect of Ang (1-7) (1 lM) to restore NO production that was suppressed by high
glucose (HG: 30 mM) in HUVECs. Data are mean – SEM from five experiments.*p < 0.05 versus NG, #p < 0.05 versus HG.
To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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of aortas from db/db mice compared with those from db/m +

mice (Fig. 6A, B and Supplementary Fig. S9). Two-week Ang
(1-7) infusion suppressed the endothelial ROS overgeneration
in db/db mouse aortas without affecting the basal ROS level in
the endothelium of db/m + mouse aortas (Fig. 6A, B). Both
in vivo Ad-ACE2 transduction and DIZE treatment reduced
DHE fluorescence intensity in db/db mouse aortic endothelial
cells (MAECs) (Fig. 6C, D and Supplementary Fig. S10).

Ex vivo 24-h treatment with either Ang (1-7) (1 lM) or
DIZE (100 lM) inhibited the basal content of superoxide
anions in db/db mouse aortas (Fig. 6E). In addition, a 48-h
exposure to Ang (1-7) or DIZE reversed HG-stimulated su-
peroxide elevation in C57BL/6 mouse aortas (Fig. 6F). Fi-
nally, in primary cultured MAECs, HG-triggered ROS
overgeneration was inhibited by Ang (1-7) or tiron plus
DETCA, while DIZE inhibited ROS overproduction in cells
only from ACE2 WT mice, but not those from ACE2 KO

mice (Fig. 6G, H). Likewise, HG-induced ROS rise in HU-
VECs reflected by elevated CM-H2DCFDA fluorescence
intensity was inhibited by Ang (1-7) and DIZE, while ACE2
inhibitor, DX600, reversed the effect of DIZE, but not Ang
(1-7). Ang (1-7) antagonist, A779, counteracted the ROS-
lowering effects of both DIZE and Ang (1-7) in HG-treated
HUVECs (Supplementary Fig. S11).

Upregulation of the ACE2-Ang (1-7) axis suppresses
HG-induced MAPK phosphorylation and NADPH
oxidase expression, while it increases
UCP2 expression

The HG-elevated NOX2 expression was reversed by a 48-h
cotreatment with DIZE (100 lM), while the expression of p67,
p47, and NOX4 was unchanged in HG-exposed HUVECs with
or without DIZE treatment (Supplementary Fig. S12). Exposure

FIG. 2. Ang (1-7) im-
proves endothelial function
in db/db mice. (A) ACh-in-
duced EDRs and (B) SNP-
induced endothelium-inde-
pendent relaxations in aortas
from db/m+ and db/db mice
with and without Ang (1-7)
infusion (500 ng$kg - 1$min- 1,
2 weeks). (C) Representative
traces and (D) summarized
data for flow-mediated dila-
tation (FMD) in the 2nd-or-
der of mesenteric arteries
from the four groups of mice.
Data are mean – SEM of four
to six mice. *p < 0.05 versus
db/db vehicle. ns, non-
significant. (E) EDRs in db/
db aortas following a 24-h
exposure to Ang (1-7) (1 lM)
and Ang (1-7) plus Mas recep-
tor antagonist, A779 (1 lM).
Data are mean – SEM of five
mice. *p < 0.05 versus control,
#p < 0.05 versus Ang (1-7).
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to HG also increased the phosphorylation of ERK1/2, p38, and
JNK, which was reversed by Ang (1-7) (1lM) in HUVECs
(Supplementary Fig. S13). Expression of several antioxidant
genes was measured in human aortic endothelial cells (HAECs)
transduced for 24 h with Ad-vector or Ad-ACE2. Uncoupling
protein-2 (UCP2) was upregulated by ACE2 overexpression
(Supplementary Fig. S14A). UCP2 knockdown by adenoviral
UCP2 shRNA (Ad-UCP2 shRNA), which was proved by qPCR
and Western blot (Supplementary Fig. S14B, C), diminished the
inhibitory effect of Ang (1-7) on ROS production in HG-treated
HAECs (Supplementary Fig. S15).

Discussion

The present study demonstrates a critical role of activation
of the ACE2-Ang (1-7)-Mas axis in protecting endothelial
function of db/db diabetic mice. The upregulation of ACE2-
Ang (1-7) attenuates oxidative stress and increases the NO
bioavailability, thus counteracting the deleterious effect of
the local RAS in arteries in diabetic mice. Importantly, ex
vivo Ang (1-7) treatment preserves endothelial function in
arteries of diabetic patients.

Ang (1-7), as an endogenous heptapeptide, is formed from
precursors, Ang I or Ang II, under the catalytic reaction of
several peptidases, including carboxypeptidases, ACE and
ACE2 (17), and the conversion of Ang II to Ang (1-7)
through ACE2 appears to represent the most preferred
pathway for Ang (1-7) generation (51). Ang (1-7)-mediated
activation of Mas receptor has been reported to counter-
regulate Ang II-induced endothelial cell proliferation (44), to
inhibit cardiac fibroblast proliferation and cardiac remodel-
ing by negatively modulating extracellular signal-regulated
kinase (ERK) (32), and to cause vasorelaxation by releasing
NO and prostaglandins (4, 45). Although Ang (1-7) has been
assessed for its acute pharmacological action on blood ves-
sels, it is yet to be established whether Ang (1-7) can
chronically ameliorate endothelial dysfunction in diabetes.
The present study was probably among the first to demon-
strate the beneficial effect of Ang (1-7) to augment EDR in ex
vivo cultured renal arteries of diabetic patients. This obser-
vation in human arteries prompted us to reveal that chronic
Ang (1-7) infusion restored the impaired endothelial function
in db/db mice, as shown by both improved EDR in aortas and
augmented FMD in resistance arteries. We further confirmed

FIG. 3. The effect of Ang (1-7) on
phosphorylation of Akt and eNOS in
mouse aortas. The phosphorylation levels
of Akt and eNOS in the aortas from db/m +

and db/db mice with or without Ang(1-7)
infusion shown by (A) representative blots
and (B–E) summarized data. Data are
mean – SEM from four individual experi-
ments.*p < 0.05.
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the vascular benefit of ex vivo 24-h treatment with Ang (1-7)
to rescue EDR in organ culture and also in HG-treated db/m +

mouse aortas. Moreover, the beneficial effect of Ang (1-7)
was abolished by A779, a potent antagonist of Mas, thus
suggesting that the vasoprotective benefit of Ang (1-7) is
most likely through activation of Mas. The improved EDR by
chronic Ang (1-7) treatment was also observed in apolipo-
protein E-deficient mice (ApoE - / - ) (51) and salt-induced
hypertensive rats (41). Ang (1-7)-mediated vasodilatation is
reportedly mediated through stimulation of Mas, which is
coupled to the downstream Akt/eNOS signaling (45). The
present study shows that chronic Ang (1-7) treatment in-
creased the basal phosphorylations of Akt and eNOS that
were lower in aortas of db/db mice. Therefore, the vasopro-
tective effect of chronic Ang (1-7) infusion in db/db mice is
likely mediated through a G-protein-coupled receptor Mas-
mediated PI3K/Akt/eNOS cascade.

ACE2 gene therapy has been initiated experimentally
against hypertension, cardiac dysfunction, and renal damage
through suppressing the production and downstream signal-
ing of Ang II (10, 26, 59, 61). The present study shows that
ACE2 overexpression both in vivo and ex vivo by ACE2
adenovirus transduction rescued the impaired EDRs in aortas
and FMD in resistance mesenteric arteries from diabetic
mice, which was consistent with earlier studies on ApoE - / -

mice and spontaneously hypertensive stroke-prone rats (29,
43). Recently, ACE2 priming by the pharmacological acti-
vator, xanthenone (XNT), has been shown to protect the
function of endothelial progenitor cells in hypertension and
diabetes (5, 11, 18, 23). In the present study, we have used a
newly discovered ACE2 activator, DIZE (20, 40, 46), and
shown that it enhances ACE2 activity in vitro. Chronic DIZE
treatment elevated the activity of local vascular ACE2, sub-
sequently increased the production of Ang (1-7), and aug-
mented both EDRs in conduit aortas and FMD in resistance
arteries from db/db mice. Likewise, ex vivo exposure of db/db
mouse aortas to DIZE also enhanced EDRs. These effects are
probably specific to the ACE2 and Ang (1-7) since the ACE2
inhibitor, DX600, and Ang (1-7) antagonist, A779, reversed
the effect. Furthermore, the lack of vasoprotective effect in
ACE2 knockout mice confirmed the selectivity of DIZE to
activate ACE2.

Endothelial dysfunction results from a decreased bio-
availability of NO or/and an increased production of ROS in
the vascular wall. The antioxidant defense of the ACE2-Ang
(1-7) axis is being just recently examined in several types of
cells (14, 25, 33). The present study shows that ROS over-
generation in endothelial cells and aortic vascular wall of db/
db mice was suppressed by Ang (1-7) infusion as well as
ACE2 activation and overexpression. The elevated NO

FIG. 4. Angiotensin-converting enzyme 2
(ACE2) overexpression rescues endothelial
function in db/db mice. (A) Summarized
data showing en face immunofluorescence
staining of ACE2 expression in endothelial
cells of intact mouse aortas from db/db mice
with adenoviral ACE2 (Ad-ACE2) or vector
(Ad-vector) transduction. (B) Relative
Ang(1-7) level in the plasma of db/db mice
with Ad-ACE2 and Ad-vector transduction.
(C) EDRs in aortas and (D) FMD in mesen-
teric arteries from Ad-ACE2 or Ad-vector
cultured db/db mice. Data are mean – SEM of
four to six mice. *p < 0.05 versus Ad-vector.
(E) EDRs and (F) SNP-induced relaxations
in db/db mouse aortas following a 48-h ex-
posure to adenovirus. Data are mean – SEM
of five to six mice. *p < 0.05 versus Ad-GFP.
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production is likely due to the antioxidative benefit of the
upregulation of the ACE2-Ang (1-7) axis. This was further
supported by the observation that DIZE fails to reduce ROS
in endothelial cells from ACE2 KO mice. In ACE2 KO mice,
Ang (1-7) was still able to inhibit ROS generation. The
present results also indicate that ACE2 upregulation and
activation may target NADPH oxidases to lower the vascular
ROS level in diabetic mice. In fact, the in vitro results show
that activation of the ACE2-Ang (1-7) axis suppressed NOX2
expression and attenuated MAPK activation under hyper-
glycemic conditions, which agrees with a previous report
about its beneficial effects on renal proximal tubular cells (12,
52), endothelial progenitor cells (5), and endothelial function
(11), Moreover, the downstream antioxidant molecular
mechanism initiated by ACE2-Ang (1-7) was investigated.
UCP2, which preserves endothelial function in diet-induced

obese mice and hypertensive rats (27, 57), can be upregulated
by ACE2 overexpression in HAECs. Knockdown of UCP2
attenuated the inhibitory effect of Ang (1-7) on ROS over-
production in HG-treated HAECs, suggesting the possible
involvement of UCP2 in Ang (1-7)-mediated antioxidant
effects in the vasculature of diabetic mice.

A previous study showed that the ACE2 overexpression in
the pancreas improves glucose metabolism through increas-
ing the first-phase insulin secretion without affecting pe-
ripheral insulin sensitivity in the early stage of diabetes in db/
db mice, while the beneficial effects of ACE2 were absent in
16-week-old db/db mice (2). The present study does not show
a metabolic benefit as neither glucose metabolism nor insulin
sensitivity was altered in adult db/db mice ( > 14-week)
treated with ACE2 activator. The effect of ACE2 activation
on improving glucose metabolism is likely to be related to

FIG. 5. ACE2 activation restores endo-
thelial function in db/db mice. The effect of
chronic treatment with diminazene aceturate
(DIZE, 15 mg/kg/day, 14 days) on the (A)
activity and (B) expression of ACE2 in db/
db mouse aortas. RFU, relative fluorescence
unit. (C) Plasma Ang (1-7) level in db/db
mice with and without DIZE treatment. Data
are mean – SEM of five to six mice.
*p < 0.05 versus vehicle. (D) ACh-induced
EDRs and (E) SNP-induced relaxations in
aortas and (F) FMD in mesenteric arteries
from db/db mice. Data are mean – SEM of
six mice. *p < 0.05 versus vehicle. (G) EDRs
in db/db mouse aortas following a 24-h ex-
posure to DIZE (100 lM), or DIZE plus
ACE2 inhibitor, DX600 (1 lM), or DIZE
plus Mas receptor antagonist, A779 (1 lM).
Data are mean – SEM of five to six mice.
*p < 0.05 versus DIZE. EDRs in aortas from
(H) ACE2 WT or (I) ACE2 KO mice fol-
lowing a 48-h exposure to normal glucose
(NG, 5 mM) high glucose (HG, 30 mM), HG
plus DIZE (100 lM), and HG plus Ang (1-7)
(1 lM). Data are mean – SEM of five mice.
(H) *p < 0.05 versus HG, (I) *p < 0.05 versus
NG, #p < 0.05 versus HG.
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the pathological stage of diabetes. Nevertheless, whether
ACE2 activation improves peripheral insulin resistance is
still unknown.

Although ACE2 deficiency induces or exacerbates vas-
cular inflammation, heart failure, atherosclerosis, and renal
damage in pathological conditions (19, 35, 38, 39, 54, 55), the
EDRs in aortas and the capacity of ROS production in pri-
mary cultured mouse endothelial cells and the plasma Ang
(1-7) level are not different between ACE2 wild-type and
deficient mice on normal chow. Moreover, the pharmaco-
logical inhibition of ACE2-Ang (1-7) did not impair EDRs in
aortas from normal mice. In the physiological condition, the
normal RAS might play a minor role in the control of the
endothelial function even if the ACE2-Ang(1-7) axis is in-

hibited. On the other hand, overactivation of the ACE-Ang II
arm of the RAS associated with diabetic situations results in
the increased production of Ang II, but the decreased pro-
duction of Ang (1-7), as shown in both diabetic patients and
db/db mice. However, overexpression or activation of the
ACE2-Ang (1-7) axis through either genetic or pharmaco-
logical approaches is effective to protect against endothelial
dysfunction in diabetes through counteracting the exagger-
ated ACE-Ang II pathway. The post-translational mortifica-
tion or conformational change of ACE2 by pharmacological
treatment can become a potential therapeutic strategy in ad-
dition to classic ACE2 gene therapy.

There are still some controversies over replenishing ACE2
as a potential therapeutic target. There are reports that show a

FIG. 6. Activation of the ACE2-
Ang (1-7) axis reduces reactive ox-
ygen species (ROS) overgeneration
in endothelial cells of db/db mice.
(A) Representative images and (B)
summarized data showing ROS pro-
duction as detected by dihy-
droethidium (DHE, 5 lM) staining in
endothelium en face of aortas from db/
m + and db/db mice with and without
receiving Ang (1-7) infusion. Sum-
marized data showing the relative
ROS level in endothelium en face of
aortas from db/db mice (C) with Ad-
vector or Ad-ACE2 transduction and
(D) chronic treatment with vehicle or
DIZE. (A high-quality color repre-
sentation of this figure is available in
Supplementary Fig. S8). Data are
mean – SEM of five to six mice.
*p < 0.05. Relative chemilumines-
cence units (RLUs) showing the su-
peroxide level in (E) db/db mouse
aortas after a 24-h exposure to Ang (1-
7) (1 lM) or DIZE (100 lM) and in
(F) C57BL/6 mouse aortas after a
48-h treatment with high glucose (HG,
30 mM). Data are mean – SEM of four
mice. (E) *p < 0.05 versus control, (F)
*p < 0.05 versus NG, #p < 0.05 versus
HG. (G) Representative images and
(H) summarized data of the ROS level
in primary cultured mouse aortic en-
dothelial cells from ACE2 WT and
ACE2 KO mice following a 48-h ex-
posure to normal glucose (NG, 5 mM),
high glucose (HG, 30 mM), HG + DIZE
(100 lM), HG + Ang (1-7) (1 lM), and
HG plus ROS scavengers, tiron and
DETCA (Ti & DE, tiron:1 mM, DET-
CA: 100 lM). Data are mean – SEM of
six experiments, *p < 0.05. Red: DHE
fluorescence (excitation: 515 nm) in the
nucleus; Green: autofluorescence of
elastin beneath the endothelium (exci-
tation: 488 nm). To see this illustration
in color, the reader is referred to the
web version of this article at www
.liebertpub.com/ars
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link between upregulation of ACE2 or Ang (1-7) to ven-
tricular arrhythmias (9), cardiac fibrosis (31), and renal injury
(22). In addition, the expression and activity of ACE2 are
found to be higher in the kidney of diabetic mice (49, 58).
Although a compensatory increase in ACE2 activity could be
proposed under diabetic conditions, more studies are needed
to understand the kidney-specific balance between ACE and
ACE2 at the post-transcriptional and post-translational levels
during the time course of diabetes. Our results on human
plasma, however, suggest that the slightly increased ACE2 is
probably inadequate to convert Ang II into Ang (1–7). It is
probable that functional ACE2 might also depend on the
post-translational modification, including conformational
change, phosphorylation, and ubiquitination, which are still
unclear. Although the present results suggest that pharma-
cological priming targeting the ACE2-Ang (1-7) axis may be
a promising approach to preserve endothelial function in
diabetes, the potential tissue-specific side effects certainly
need further investigation.

Endothelial dysfunction in diabetes is a chronic patho-
logical process involving not only elevated circulating glu-
cose but also many other inter-related factors such as
advanced glycation end products and angiotensin II. The use
of 30 mM glucose in both ex vivo and in vitro experiments is
simply aimed to support the in vivo vascular benefits of Ang
(1-7) and ACE2 activator to preserve endothelial function in
diabetic mice. It should be noted that this concentration of
glucose is not translatable to the clinical settings in humans.

In summary, the present study establishes the beneficial
effect of the ACE2-Ang (1-7)-Mas axis of the RAS to restore
endothelial function in renal arteries from diabetic patients
and in conduit as well as resistance arteries from diabetic
mice. The upregulation and activation of ACE2-Ang (1-7)
increase the NO bioavailability, probably as a result of the
inhibition of ROS production in endothelial cells. The vas-
cular benefit of the ACE2-Ang (1-7) axis elucidated in the
present study highlights the therapeutic potential of drugs
that activate this healthy arm of the local RAS in the treat-
ment of diabetic vasculopathy if their safety profile is proven.

Materials and Methods

Human artery specimen

The use of human renal arteries was approved by the Joint
Chinese University of Hong Kong–New Territories East
Cluster Clinical Research Ethics Committee. Human renal
arteries were obtained during surgery after informed consent
from diabetic patients undergoing nephrectomy at ages be-
tween 49–76 years. The diabetic patients had a fasting plasma
glucose level of over 7.0 mM (or 126 mg/dl) or 2-h plasma
glucose ‡ 11.1 mM (or 200 mg/dl). The background infor-
mation of human subjects is presented in Supplementary
Table S1.

Animals

All animal experiments were approved by the Animal
Experimentation Ethics Committee, Chinese University of
Hong Kong (CUHK), and were conducted under institutional
guidelines for the humane treatment of laboratory animals.
Male C57BL/6J, leptin receptor-deficient db/db mice (ho-
mozygous) and db/m + mice (heterozygous) were supplied by

the CUHK Laboratory Animal Center. ACE2 wild-type
(ACE2 WT, ACE-2 + / + ) and knockout (ACE2 KO, ACE-
2 - / - ) mice were generated as described (7). All mice were
kept at 22–23�C and 55% – 5% humidity with a 12-h light/12-
h dark cycle and free access to diet and water.

Metabolic parameters

The insulin tolerance test was performed by measuring
blood glucose levels with a commercial glucometer (As-
censia) at 0, 15, 30, 60, and 120 min after injection of insulin
(0.5 U/kg; Sigma) to each mouse after 2 h of fasting. For the
oral glucose tolerance test, mice were loaded with 10%
glucose solution (1.2 g/kg body weight) via oral gavage after
8 h of fasting before blood glucose measurement.

Osmotic minipump infusion

Vehicle or Ang (1-7) (5 mg/ml; Enzo Life Sciences, Inc.)
dissolved in phosphate-buffered saline were infused into db/
db and db/m + mice using the osmotic pump (Alzet) with an
infusion rate of 500 ng/kg/min for 2 weeks.

Adenoviral construction and transduction
in vivo and ex vivo

Human ACE2 cDNA was PCR amplified from hACE2
plasmid (Addgene ID 1786) and ligated into adenoviral
shuttle plasmid pAdTrack-CMV (Addgene ID 16405). The
shRNA (5¢-GCCTGTATGATTCTGTCAAAC-3¢) sequence
targeting UCP2 mRNA was designed using BLOCK-iT�
RNAi Designer (Life Technologies) and cloned to the pAd-
track-U6 vector. The procedures of plasmid construction,
virus package, amplification, and purification followed the
previous report (30). Adenovirus was packaged in HEK293A
cells and tittered with 1 · 109 pfu/ml. For the in vivo study,
100 ll (1 · 109 pfu/ml) of adenoviral ACE2 (Ad-ACE2) or
adenoviral vector (Ad-vector) was delivered to db/db mice
via tail vein injection and experiments were carried out 7 days
after injection. For ex vivo studies, aortas were transduced
with Ad-ACE2 or Ad-GFP adenovirus (*107 pfu) in 10%
FBS DMEM for 48 h. UCP2 knockdown efficiency was
confirmed by detection of UCP2 mRNA by qPCR and protein
by Western blotting.

Drug administration

At the age of 14 weeks, male db/db mice were treated with
DIZE, the ACE2 activator dissolved in water, via oral gavage
at 15 mg$kg - 1 day - 1 for 2 weeks (13).

Artery preparation and culture

After mice were sacrificed by CO2 suffocation, thoracic
aortas and mesenteric arteries (2nd-order) were dissected out
and placed in oxygenated ice-cold Krebs solution containing
(in mM) 119 NaCl, 4.7 KCl, 2.5 CaCl2, 1 MgCl2, 25 NaH-
CO3, 1.2 KH2PO4, and 11 D-glucose. Aortas were cut into
ring segments *1.8 mm long in sterile Krebs solution and
incubated in a 10% FBS DMEM supplemented with 1%
antibiotic–antimycotic (Invitrogen). Arteries were exposed
to HG (30 mM) or normal glucose (NG, 5 mM plus 25 mM
mannitol) prepared in DMEM as osmotic control. The
chemicals, including DX600 (62337; AnaSpec, Inc.), A779
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(H2888; Bachem, Torrance, CA), tiron (D7389; Sigma), and
diethyldithiocarbamate (DETCA, D3506; Sigma), were
added individually into the culture medium at desired con-
centrations.

Functional study

Changes of isometric tension of aortas were recorded in a
wire myograph (Danish Myo Technology), and FMD was
determined in a pressure myograph (60). For FMD study, the
vessel diameter was continuously monitored on a light-
inverted microscope (Zeiss Axiovert 40 Microscope, model
110P) through a video camera operated on the Myo-View
system (Danish Myo Technology). Phenylephrine (5 lM)
was used to induce a steady constriction after the artery was
stabilized at an intraluminal pressure of 80 mmHg. FMD was
then triggered by pressure change that equals *15 dynes/cm2

shear stress. At the end of the experiment, a maximum pas-
sive dilation was induced by switching to Ca2 + -free Krebs
solution containing 2 mM EGTA. FMD was expressed as the
percentage changes of diameter = [(flow-induced dilation -
Phe tone)/(passive dilation - Phe tone)] · 100%.

Endothelial cell culture

HUVECs (Lonza) were cultured in endothelial cell growth
medium (EGM, CC3024; Lonza) with 10% FBS and antibi-
otics. HAECs from Invitrogen were cultured in medium 200
(Gibco, M-200-500) supplemented with 2% FBS. Cells from
passage 4–8 were used for experiments. Twelve-hour post-
transduction with adenoviral vectors, the culture medium was
changed with fresh medium. Primary MAECs were isolated,
cultured, and identified at passage 2 by positive im-
munostaining of anti-eNOS and anti-VE-cadherin (60).
MAECs at passage 2–4 with 70% confluence were used.

ACE2 activity measurement

The ACE2 activity was determined using an assay kit
(AnaSpec, SensoLyte� 390). Mca/Dnp fluorescence reso-
nance energy transfer (FRET) test was performed under the
Envision multiple fluorescent reader (Perkin Elmer). The
FRET effect was monitored at the endpoint of reagents’ re-
action and recorded as the relative fluorescence unit (RFU),
which was a ratio of fluorescence intensity at excitation/
emission = 330 nm/390 nm. The ACE2 activity was ex-
pressed as the RFU versus protein amount (lg for tissue or
cell sample).

Plasma Ang (1-7) and Ang II measurement

Plasma samples were extracted using the Extraction-Free
Kit (EIAS) (S-5000; Bachem). Ang (1-7) and Ang II levels
were measured by the high-sensitivity peptide enzyme im-
munoassay kit (Angiotensin I/II (1-7)-EIA Kit: S-1330; Ba-
chem; Angiotensin II EIA Kit: 589301; Cayman). The
absorbance was read at 450 nm for Ang (1-7) assay and
414 nm for Ang II assay in a 96-well microtiter plate reader
(Bio-rad).

ROS production in arteries and endothelial cells

The amount of intracellular ROS production in the vas-
cular wall and en face endothelium were determined using

DHE (Molecular Probes, Invitrogen) (60). For en face DHE
staining, after ex vivo culture, aortic rings were incubated
with DHE (5 lM) for 15 min in extracellular medium (ECM,
in mM: 121 NaCl, 5 NaHCO3, 10 Na-HEPES, 4.7 KCl, 1.2
KH2PO4, 1.2 MgSO4, 2 CaCl2, 10 glucose; pH = 7.4). Rings
were washed twice in ECM and cut open longitudinally.
Subsequently, the endothelium was placed upside down be-
tween two coverslips (1#, Thermo). The fluorescence images
were captured on a confocal microscope (FV1000; Olympus)
(DHE: excitation: 535 nm, emission: 565–605 nm; auto-
fluorescence of elastin excitation: 488 nm, emission 520–
535 nm). Intracellular ROS in MAECs, HAECs, or HUVECs
was assayed using DHE (Molecular Probes, Invitrogen, ex-
citation: 535 nm, emission: 565–605 nm) or CM-H2DCFDA
(Invitrogen, excitation: 488 nm; emission: 505–525 nm). In
addition, the amount of vascular superoxide anion was also
determined using the lucigenin-enhanced chemilumines-
cence method (21).

Western blot analysis

Equal amounts of protein samples were electrophoresed on
a 10% SDS-polyacrylamide gel, and then transferred onto an
immobilon-P polyvinylidene difluoride (PVDF) membrane
(Millipore). The membranes were blocked by 2% BSA in
0.05% Tween-20 phosphate-buffered saline (PBST), then
incubated overnight at 4�C with primary antibodies, includ-
ing ACE2 (#3583-1; Epitomics), phospho-AktThr308 (#4056;
Cell Signaling Technology), phospho-AktSer473 (#9271; Cell
Signaling Technology), Akt1 (#2967, Cell Signaling Tech-
nology), phospho-MAPK family members (p-p38, p-Erk1/2,
p-SAPK/JNK, #9910 antibody sampler kit; Cell Signaling
Technology), Erk1/2 (#9107, Cell Signaling Technology),
p38(#9212; Cell Signaling Technology), SAPK/JNK(#9252;
Cell Signaling Technology), phospho-eNOSSer1177

(ab51038; Abcam), phospho-eNOSThr495(#9574; Cell Sig-
naling Technology), eNOS (610297; BD Transduction La-
boratories), NOX2/gp91phox (ab31092, Abcam), NADPH
oxidase 4 (NOX4, ab60940, Abcam), p47phox (sc-14015;
Santa Cruz), p67phox (#3923, Cell Signaling Technology),
and UCP2 (AF4739; R&D System). The membranes were
developed with an enhanced chemiluminescence detection
system (ECL reagents; Amersham Pharmacia) and finally
exposed to X-ray films.

qPCR analysis

Total RNA was isolated with TRIZOL reagent (Invitro-
gen) from the aorta, heart, liver, or HAECs. cDNA was
synthesized using 1.0 lg RNA as a template with high-
capacity cDNA reverse transcription kit (Applied Biosys-
tems). Quantitative PCR was performed on the ViiATM7
real-time PCR system (Applied Biosystems) with GAPDH
used as an internal control. Gene expression was analyzed by
the comparative CT method and expressed compared with
GAPDH. The sequences of primers used are presented in
Supplementary Table S2.

NO detection in endothelial cells

Fluorometric NO measurements were performed on HU-
VECs as described before (56) using the Olympus FV1000
laser scanning confocal system (Olympus) mounted on an
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inverted microscope (IX81; Olympus) equipped with 10X
objective (NA 0.5). 4-Amino-5-methylamino-2¢,7¢-difluoro-
fluorescein diacetate (DAF-FM diacetate; Molecular Probes)
was used as the NO indicator. Cells were incubated with 1 lM
DAF-FM DA in the dark for 15 min and then washed thrice,
5 min each. NO production stimulated by 1 lM A23187 was
evaluated by measuring fluorescence intensity excited at
495 nm and emitted at 515 nm. Changes in intracellular NO
production were displayed as relative fluorescence intensity
F1/F0 (F0 = basal fluorescence, F1 = fluorescence after
A23187 administration).

Statistical analysis

Concentration–response curves were constructed using
GraphPad Prism software (Version 5.0). Protein expression
was quantified by Quantity One 1-D Analysis software
(Version 4.6.2; Bio-Rad) and normalized to GAPDH, and
then compared with control. Data are mean – SEM of n
separate experiments. Student’s t-test or one-way ANOVA,
followed by Bonferroni post hoc tests for more than two
treatments, were compared. p < 0.05 was regarded as signif-
icantly different.
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Abbreviations Used

ACE2¼ angiotensin-converting enzyme 2
ACh¼ acetylcholine

Ad-ACE2¼ adenovirus ACE2
Ang (1-7)¼ angiotensin (1-7)

Ang II¼ angiotensin II
DHE¼ dihydroethidium
DIZE¼ diminazene aceturate

DM¼ diabetes mellitus
EDR¼ endothelium-dependent relaxation

eNOS¼ endothelial nitric oxide synthases
FMD¼ flow-mediated dilatation

FRET¼ fluorescence resonance energy transfer
HAECs¼ human aortic endothelial cells

HG¼ high glucose
HUVECs¼ human umbilical vein endothelial cells

KO¼ knockout
MAECs¼mouse aortic endothelial cells
NADPH¼ nicotinamide adenine dinucleotide phosphate

NO¼ nitric oxide
Phe¼ phenylephrine

RAS¼ renin–angiotensin system
RFU¼ relative fluorescence unit
RLU¼ relative chemiluminescence unit
ROS¼ reactive oxygen species
SNP¼ sodium nitroprusside

UCP2¼ uncoupling protein-2
WT¼wild-type
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