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Curcumin improves perfusion recovery in experimental peripheral
arterial disease by upregulating microRNA-93 expression
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Abstract. In peripheral arterial disease (PAD), angiogenesis is
the major process involved in repairing the microvasculature
in the ischemic lower limb. Curcumin, a monomer isolated
from turmeric roots, has been demonstrated to have pro- and
anti-angiogenic effects under different circumstances. Previous
studies have indicated that curcumin treatment improves
tissue repair and perfusion recovery in a mouse model of
diabetic PAD. However, the effects of curcumin on PAD under
non-diabetic conditions has remained elusive, In the present
study, mice with PAD and a normal glycaemic profile were
treated with curcumin, which improved perfusion recovery,
increased capillary density and elevated microRNA (miR)-93
expression in ischemic muscle tissue. In cultured endothelial
cells under simulated ischemia, curcumin improved endo-
thelial cell viability and enhanced tube formation. However,
following miR-93 knockdown using a microRNA inhibitor,
endothelial cell tube formation was inhibited. Furthermore,
in the presence of the miR-93 inhibitor, curcumin did not
alter endothelial cell viability or tube formation. These
results demonstrate that curcumin had beneficial effects in
non-diabetic PAD by improving angiogenesis, which may
have been achieved partially via the promotion of miR-93
expression.

Introduction

Peripheral arterial disease (PAD), caused by occlusion of
the arteries extending to the lower extremities, is a growing
medical problem that affects >200 million individuals world-
wide (1-3). Delivery of oxygen, nutrients and other mediators to
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ischemic sites in patients with PAD via the blood circulation is
dependent on neovascularization, including angiogenesis and
arteriogenesis (4-7). However, at present, no medications are
available to induce functional neovascularization and thereby
treat patients with PAD (8-10).

Curcumin is a bright-yellow compound isolated from
the root of Curcuma longa, which is a member of the ginger
family, and has traditionally been used to treat a variety of
clinical conditions, including cancer, Alzheimer's disease
and insulin resistance (11-13). Previous studies suggested that
curcumin induces therapeutic angiogenesis and improves hind
limb perfusion recovery after surgical femoral artery ligation
in diabetic mice (14). However, whether curcumin provides
a therapeutic benefit in PAD without diabetes has remained
elusive. Considering that a large proportion of patients with
PAD do not have any accompanying diabetes mellitus (2,15),
the present study was performed in order to investigate the
potential effects of curcumin on perfusion recovery in a
non-diabetic mouse model of PAD, and to elucidate the
mechanism of action of angiogenic microRNA.

Materials and methods

Murine hindlimb ischemia (HLI). Unilateral HLI was generated
via surgical ligation and excision of the femoral artery to create
an experimental PAD model, as described previously (16).
In the present study, 32 male BALB/c mice (age, 14 weeks;
weight, 20-25 g) were anesthetized with 3% isoflurane.
Immediately after HLI, the mice were randomized into two
groups (n=16 in each): In the control group, the mice received
300 ul olive oil only, and in the curcumin group, the mice
received 1,000 mg/kg curcumin (Sigma-Aldrich; Merck
KGaA, Darmstadt, Germany) in 300 pl olive oil. All mice
received treatment by gavage, once per day for two weeks.
All procedures of the present study followed the Guide
for the Care and Use of Laboratory Animals published by
the US National Institutes of Health (publication no. 85-23,
revised 1996). The experimental protocol was approved by
the Committee on Animal Experiments of Wuhan University
School of Medicine (Wuhan, China). The BALB/c mice were
obtained from the Experimental Animal Center of Wuhan
University (Wuhan, China). Mice were housed in a specific
pathogen-free laboratory environment at a temperature
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Figure 1. (A) LDPI revealed significantly increased perfusion recovery in BALB/c mice treated with curcumin at 14,21 and 28 days after HLI. (B) Representative
LDPI profiles in mice on days 0 and 28. Values are expressed as the mean + standard error of the mean (n=10/group). "P<0.05; “P<0.01 vs. control. LDPI, laser

Doppler perfusion imaging; HLI, hind limb ischemia.

of 25°C and a constant humidity of 50+10% with free access
to food and water under a 12-h light/dark cycle.

Perfusion recovery. Mice were anesthetized and subjected to
a non-invasive assessment of ischemic and non-ischemic limb
perfusion using a laser Doppler perfusion imaging system
(LDPI; Perimed Instruments AB, Stockholm, Sweden) at 0,
7, 14, 21 and 28 days after HLI, as described previously (17).
Perfusion of the ischemic limb was quantified and normalized
to the non-surgical limb, and the results are presented as a
percentage of the values in the non-ischemic side.

Immunofluorescence. Mice were sacrificed in a CO, chamber
at 28 days after HLI, and the gastrocnemius anterior muscles
from the ischemic side were cryo-sectioned in 6-pm sections.
Anti-CD31 antibody (rat anti-mouse CD31; cat. no. 550274,
1:100 dilution; BD Pharmingen, San Jose, CA, USA) was
applied to acetone-fixed sections (fixed for -20°C for 10 min) of
ischemic gastrocnemius muscle tissue, followed by incubation
overnight at 4°C with an Alexa Fluor 555 anti-rabbit secondary
antibody (1:400 dilution; cat. no. BM2004; Boster Biological
Technology, Wuhan, China). Images were acquired using an
Olympus IX71 high-magnification microscope (Olympus,
Tokyo, Japan). Capillary densities were analyzed by counting in
four randomly selected high-power fields (magnification, x100)
and expressed as the number of CD31* cells per field.

RNA isolation and reverse transcription-quantitative poly-
merase chain reaction (RT-qPCR) analysis. Total RNA was
isolated from tissue or cells using a PureLink® RNA Mini kit
(cat. no. 12183018A; Thermo Fisher Scientific, Inc., Waltham,
MA, USA) according to the manufacturer's protocol.
Real-time qPCR for microRNA (miR) quantification and
a miR assay (assay no. 001090; cat. no: 4427975; Thermo
Fisher Scientific, Inc.) were used for RT-qPCR according to
the manufacturer's protocols. Small nucleolar RNA MBII-202
(assay no. 001095; Thermo Fisher Scientific, Inc.) served as
an internal control for miR quantification. The quantification
cycle (Cq) value obtained for each gene was normalized to
that of the respective internal control (ACq). Each gene was
then further normalized to the average ACq value of its
control group (AACq). The final fold expression changes were
calculated using the 2244 equation (18).

Control Curcumin

100

Capillaries/field
3

Control Curcumin

Figure 2. Curcumin treatment increased the capillary density in ischemic
gastrocnemius muscle tissue at 28 days after hind limb ischemia, as compared
with that in mice receiving vehicle (scale bar, 200 ¢M). Values are expressed
as the mean + standard error of the mean (n=10/group). Green staining repre-
sents skeletal muscle, red staining indicates capillaries in ischemic muscle
tissue. “P<0.01 vs. control.

Cell culture and in vitro transfection. Human umbilical
vein endothelial cells (HUVECS) were isolated from a donor
umbilical cord, as described previously (19), and then cultured
in endothelial cell growth medium (Cell Applications, Inc., San
Diego, CA, USA) supplemented with 10% fetal bovine serum
(Wuhan Boster Biological Technology). To mimic endothelial
cells under ischemic conditions as a model for HLI, HUVECs
were subjected to hypoxia (2% oxygen; BioSpherix, Lacona,
NY, USA) and serum starvation (HSS). The use of HUVECs
was approved by the Institutional Review Boards of Wuhan
University (Wuhan, China).

In vitro transfection of miRNA inhibitors was used to
knock down miR-93 expression in HUVECsS, as described
previously (20). In brief, a reverse transfection protocol using
neofx transfection agent (Ambion, Austin, TX, USA) was used
to transfect miR-93 inhibitor, or miRNA inhibitor negative
control (cat. no. 4464084; Thermo Fisher Scientific, Inc) into
HUVEC:s for 48 h.
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Figure 3. Curcumin treatment caused an upregulation in miR-93 expression (A) in ischemic muscle tissues (5.05+0.94 fold) at 7 days after hind limb ischemia
and (B) in HUVECs (8.03+0.82 fold) after 12 h under hypoxia and serum starvation conditions. Values are expressed as the mean =+ standard error of the mean
(n=10/group) “P<0.05; “P<0.01 vs. control. miR, microRNA; HUVECs, human umbilical cord vascular endothelial cells.

Cellular viability and angiogenesis assay. For assessment
of cellular viability, HUVECs transfected with an miR-93
inhibitor or control miR were seeded into a 96-well plate at
a density of 1x10*cells/well (n=8/group), and then cultured
under HSS conditions with/without curcumin (10 M) for
48 h. Subsequently, the cell viability was assessed using
tetrazolium dye incorporation (BioVision, Milpitas, CA,
USA).

In vitro angiogenesis assays were performed as previously
described (20), under HSS conditions. In brief, HUVECs
transfected with miR-93 inhibitor or control were seeded in
96-well dishes coated with growth factor-reduced Matrigel
(BD Biosciences, Franklin Lakes, NJ, USA) at a density of
1x10* cells/well, and then exposed to HSS conditions in the
presence of curcumin (10 M) or vehicle alone for 12 h to
assess tube formation. Each set of conditions was replicated
in 6 wells from the 96-well dish. The degree of tube forma-
tion was determined by measuring the length of the tubes and
the number of loops in each well under a magnification, x40
using ImageJ software 1.15K (National Institutes of Health,
Bethesda, MD, USA). Each experiment was repeated using at
least two different batches of HUVECs in total.

Statistical analysis. Statistical analysis was performed with
GraphPad Prism 7.0 software (GraphPad Inc., La Jolla, CA,
USA). An unpaired t-test was used for comparisons between
two groups; comparisons between =3 groups were performed
with one-way analysis of variance and Tukey's post-hoc test.
P<0.05 was considered to indicate a statistically significant
difference.

Results

Curcumin improves perfusion recovery, angiogenesis and
causes upregulation of miR-93 expression in experimental
PAD. LDPI imaging revealed that BALB/c mice receiving
curcumin experienced better perfusion recovery at 14, 21
and 28 days after HLI compared with those receiving olive
oil (Fig. 1). Immunostaining with CD31 to visualize capil-
laries indicated that after 28 days of post-HLI treatment, the
gastrocnemius anterior muscles from the ischemic side of the
mice receiving curcumin exhibited a higher capillary density
compared with those receiving olive oil (81.9+4.3 vs. 44.3+2.7
capillaries/field, n=10/group; P<0.01; Fig. 2). A previous study

indicated that miR-93 is a potent regulator of angiogenesis
in the ischemic limbs of patients with PAD and in animal
models (20). Given that curcumin induced angiogenesis
as a therapeutic benefit after HLI, the level of miR-93 was
assessed, revealing that curcumin treatment increased miR-93
expression by ~5 fold (n=5/group) in the ischemic muscle at
7 days after HLI (Fig. 3A).

Curcumin therapy increases angiogenesis under hypoxia.
In HUVECs cultured under HSS conditions (mimicking
in vivo ischemia), curcumin treatment for 12 h significantly
increased miR-93 expression (Fig. 3B), consistent with the
in vivo results obtained with ischemic muscle tissue. In addi-
tion, curcumin increased endothelial cell viability (Fig. 4A)
and tube formation (Fig. 4B) in vitro under HSS conditions.
It was also revealed that miR-93 knockdown using a miR-93
inhibitor reduced angiogenesis and curcumin-induced
angiogenesis and endothelial cell survival were attenuated
when miR-93 was knocked down by an miR-93 inhibitor
in vitro (Fig. 4A and B).

Discussion

To the best of our knowledge, the present study is the first to
demonstrate that curcumin improves angiogenesis and perfu-
sion recovery in non-diabetic experimental PAD. Furthermore,
it was indicated that curcumin treatment increased miR-93
expression in ischemic muscle tissue and cultured endo-
thelial cells, and that miR-93 elevation may be involved in
curcumin-induced therapeutic angiogenesis under ischemic
conditions.

Previous studies have demonstrated that curcumin has
a protective effect on ischemic limbs in diabetic mouse
models (14,15). However, the effects of curcumin on limb
ischemia in non-diabetic subjects have remained to be
assessed. Angiogenesis is an important process of new blood
vessel formation, which includes the stimulation, promotion
and stabilization of endothelial cells; it is a key factor in the
perfusion recovery of tissue following ischemia. Curcumin
has a pro-angiogenic effect on wound healing and HLI in
type 1 diabetes (21). However, it has been indicated to have
anti-angiogenic effects in pituitary adenomas and hepatic
cancer (11,22). Taken together, curcumin exhibits bi-directional
effects under different disease conditions. Therefore,
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Figure 4. Curcumin treatment increases the cell viability and tube formation of cultured HUVECs under HSS conditions. (A) HUVECs were incubated
with curcumin or DMSO for 48 h, and curcumin significantly increased the cell viability. (B) HUVECs were seeded on 96-well plates coated with Matrigel;
curcumin treatment for 12 h significantly increased tube formation, as indicated by increased loops (magnification, x40). DMSO (0.02%, volume concentra-
tion in the medium) served as a negative control for curcumin, as curcumin used in the in vitro study was dissolved in DMSO. miR-93 knockdown reduces
angiogenesis in vitro, furthermore following miR-93 knockdown, curcumin did not alter endothelial cell viability or tube formation. Values are expressed as
the mean =+ standard error of the mean. "P<0.05 vs. control. HUVECs, human umbilical cord vascular endothelial cells; HSS, hypoxia and serum starvation;
OD 450, optical density at 450 nm; neg ctrl, negative control; miR, microRNA; inh, inhibitor; DMSO, dimethylsulfoxide.

under non-diabetic conditions, the effects of curcumin on
angiogenesis in PAD require further study.

A noteworthy result of the present study is that curcumin
improves perfusion recovery after HLI through the induc-
tion of miR-93 upregulation in ischemic endothelial cells.
miRs are a group of small non-coding RNAs containing
~22 nucleotides that function through RNA silencing
and the post-transcriptional regulation of gene expres-
sion (23-27). miR-93 has been reported to act as a potent
mediator to induce neovascularization in PAD. In a mouse
model of PAD, miR-93 knockdown was reported to reduce
angiogenesis and perfusion recovery; conversely, miR-93
overexpression improved perfusion recovery and angiogen-
esis by targeting cell cycle regulatory pathways (21). A more
recent study indicated that miR-93 induces macrophage M2
polarization, which eventually leads to enhanced angiogen-
esis and arteriogenesis in a mouse model of PAD (28). In
the present study, treatment with curcumin was identified to
cause an upregulation of miR-93 in ischemic muscle tissue
and endothelial cells. In addition, miR-93 inhibition blocked
curcumin-induced therapeutic angiogenesis in vitro. This
may suggest that miR-93 is involved in the therapeutic effects
of curcumin on PAD.

At present, limited therapies are available for PAD, and no
known treatment is capable of increasing neovascularization
in the ischemic limbs of patients with PAD (10,17). Combined
with the previous result that curcumin improves outcomes in
diabetic PAD, the present study suggests that curcumin may
serve as an effective alternative treatment approach for PAD
in non-diabetic subjects.
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