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Abstract

Peripheral arterial disease (PAD) is one of the major complications of diabetes due
to an impairment in angiogenesis. Since there is currently no drug with satisfactory
efficacy to enhance blood vessel formation, discovering therapies to improve an-
giogenesis is critical. An imidazolinone metabolite of the metformin-methylglyoxal
scavenging reaction, (E)-1,1-dimethyl-2-(5-methyl-4-ox0-4,5-dihydro-1H-imidazol-
2-yl) guanidine (IMZ), was recently characterized and identified in the urine of
type-2 diabetic patients. Here, we report the pro-angiogenesis effect of IMZ (in-
creased aortic sprouting, cell migration, network formation, and upregulated multi-
ple pro-angiogenic factors) in human umbilical vein endothelial cells. Using genetic
and pharmacological approaches, we showed that IMZ augmented angiogenesis by
activating the endothelial nitric oxide synthase (eNOS)/hypoxia-inducible factor-1
alpha (HIF-1a) pathway. Furthermore, IMZ significantly promoted capillary den-
sity in the in vivo Matrigel plug angiogenesis model. Finally, the role of IMZ in
post-ischemic angiogenesis was examined in a chronic hyperglycemia mouse model
subjected to hind limb ischemia. We observed improved blood perfusion, increased
capillary density, and reduced tissue necrosis in mice receiving IMZ compared to
control mice. Our data demonstrate the pro-angiogenic effects of IMZ, its underlying
mechanism, and provides a structural basis for the development of potential pro-
angiogenic agents for the treatment of PAD.
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1 | INTRODUCTION

Peripheral artery disease (PAD) is one of the most devas-
tating complications of diabetes.' PAD is associated with
heart failure and stroke.' In severe cases, PAD causes crit-
ical limb ischemia (CLI), which can lead to limb amputa-
tion." The primary treatment for severe PAD and CLI is
revascularization.” However, a significant proportion of
patients with CLI are either unsuitable or have failed re-
vascularization.? Therapeutic angiogenesis, aiming to pro-
mote blood vessel growth from existing vasculature and
thus increase blood flow to ischemic tissues, has emerged
as an alternative therapy for PAD/CLIL* However, clinical
translation of current approaches of using genes, proteins,
and cells has been challenging for multiple reasons such
as short protein half-life, vector-limiting toxicity, and poor
pharmacokinetic plrofiles.5 Therefore, discovering novel
therapies with the focus on small molecules is of signifi-
cant interest in the field.

Methylglyoxal (MG) is a reactive dicarbonyl generated
during glycolysis in the presence of high glucose and oxida-
tive stress and is elevated in the plasma of patients with dia-
betes mellitus. MG is recognized as a significant contributor
to cellular damage and dysfunction during diabetic vascular
complications.6 The first line anti-hyperglycemic drug, met-
formin, is a scavenger of MG.” Our group has recently iden-
tified and characterized a novel imidazolinone metabolite
produced by the metformin-MG reaction, (E)-1,1-dimethyl-
2-(5-methyl-4-ox0-4,5-dihydro-1H-imidazol-2-yl)guanidine
(IMZ) (Figure Sl).8 We have determined that the urine IMZ
levels are between 18.8 nM to 4.3 uM in diabetic patients
receiving metformin.® Because IMZ contains an imidazoline/
guanidine group, it has structural similarities to many phar-
macologically active compounds known to increase nitric
oxide (NO) production and endothelial cell (EC) function,
such as moxonidine, agmatine, and arginine.()'11 However,
whether IMZ regulates angiogenesis is unknown.

Hypoxia-inducible factor-1 alpha (HIF-1a) is an oxygen-
dependent transcriptional activator.'> HIF-la induces the
transcription of more than 60 genes, including vascular en-
dothelial growth factor (VEGF) and basic fibroblast growth
factor (bFGF), which regulate immunological responses,
vascularization, and anaerobic metabolism.'?> In the en-
dothelium, HIF-la plays a crucial role in maintaining EC
angiogenesis.13 Loss of HIF-la inhibits many essential
EC function features, including network formation, migra-
tion, wound healing, and blood vessel growth. ' The stability
and activity of HIF-la are regulated by oxygen-dependent
and -independent mechanisms. Various growth factors and
cytokines increase HIF-1a levels independent of oxygen con-
centration, with phosphatidylinositol 3-kinase (PI3K)/AKT
being the most common pathway.15 Of particular note, NO
stabilizes HIF-1a under normoxic conditions via inhibition of

HIF-1a hydroxylation.'® To date, the mechanisms of HIF-1a
up-regulation are not fully understood.

Herein, we examined the effects of IMZ on EC angiogen-
esis using in-vitro functional assays (aortic sprouting assay,
network formation, migration, and proliferation assay), an in
vivo Matrigel plug assay, and ischemia-induced angiogenesis
in animals with chronic hyperglycemia. We also investigated
potential mechanisms by which HIF-1a and endothelial ni-
tric oxide synthase (eNOS) participate in IMZ-induced aug-
mentation of EC angiogenesis. Data generated from this
study have revealed the pro-angiogenic properties of IMZ,
intracellular signaling pathway(s) engaged by IMZ, and the
structural basis of IMZ in the development of potential ther-
apeutics for PAD.

2 | RESEARCH DESIGN AND
METHODS

2.1 | IMZ synthesis

IMZ was synthesized and the structure confirmed by NMR

and LC-MS/MS analysis as described previously (Figures S2
and $3).°

2.2 | Animals and cell culture

Male C57B/6J mice (8-12 weeks old) were purchased from
Jackson Laboratory. All animal experiments were performed
according to Wayne State University Institutional Animal
Care and Use Committee guidelines. The primary human
umbilical vein endothelial cells (HUVECS) from four differ-
ent donors were obtained from the American Type Culture
Collection. Cells were grown in vascular cell basal media
(VCBM) supplemented with VascuLife VEGF LifeFactors
Kit (Lifeline Cell Technology). Only cells between passages
2 to 5 were used for experiments.

2.3 | Matrigel network formation assay

The angiogenic activity of endothelial cells was examined
using an in vitro network formation assay, as previously
described.!” Each well of 48-well plates were coated with
160 pL of growth factor-reduced phenol-red free extracel-
lular matrix gel, Matrigel (Corning Incorporated). HUVECs
were cultured on prepared Matrigel at a density of 50 000
cells/well with the 10% FBS- basal media containing IMZ at
a final concentration of 1 nM-1 uM. Subsequently, the cells
were incubated at 37°C, 5% CO2 for 16 h. Network forma-
tion was examined by phase-contrast microscopy (EVOS,
Thermo Fisher Scientific) and accumulated network length
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was quantified at five random fields per well using ImagelJ
software (National Institutes of Health). Five images were
taken at five random fields per sample to cover most of the
area in the well. The network length was calculated based
on the average value of five images within one sample. The
experiment was conducted four times using four donors of
HUVECs.

2.4 | Modified Boyden chamber
migration assay

Migration assays were performed in Boyden chambers
(Transwell Costar, 6.5 mm diameter, 8 um pore size) ac-
cording to the manufacturer's instructions. Briefly, the in-
serts were coated with 7.5 ug/cm2 collagen type I (Corning
Incorporated) for 2 h. HUVECs (3 X 10* cells) in serum-free
medium containing IMZ or vehicle control were plated onto
the top of each chamber insert and 10% FBS-medium was
added to the bottom chamber as migration stimuli. After 16 h
of incubation at 37°C, in 5% CO2, the inserts were removed;
un-migrated cells were wiped off by wet cotton. Cells that
migrated to the bottom portion of the inserts were fixed with
4% paraformaldehyde and stained with 0.5% crystal violet.
Cell numbers were counted using an inverted microscope at
20x objective lens at four random fields/insert. The number
of migrated cells was calculated based on the average value
of four images taken at four random fields per sample. The
experiment was conducted four times using four donors of
HUVECs.

2.5 | Cell proliferation assay

Endothelial cell proliferation was evaluated using the BrdU
cell proliferation assay kit (Cell Signaling, #6813) according
to the manufacturer's instructions. Briefly, endothelial cells
were plated on a 96 well plate and treated with IMZ (1 pM)
or vehicle control for 24 h in basal medium supplemented
with 10% FBS, following by 16-h incubation with BrdU. The
experiment was conducted four times using four donors of
HUVECs.

2.6 | Measurement of NO production

NO production was semi-quantified using the NO-sensitive
fluorescence dye, DAF-FM DA (Thermo Fisher Scientific).
Briefly, serum-starved HUVECs were first loaded with
DAF-FM DA (1 uM) for 15 min at 37°C. Subsequently, cells
were gently washed twice with PBS. HUVECs were treated
with 1 pM IMZ for 20 min. Next, the cells were washed with
PBS and fixed with 4% paraformaldehyde. The fluorescence

%ASEBJOURNALJ—

of the NO-sensitive dye was examined by fluorescence mi-
croscopy (EVOS, Thermo Fisher Scientific) and quantified
by ImagelJ.

2.7 | Western blot analyses

Procedures were performed as previously described.'®
Briefly, after 24-h treatment of IMZ (1 uM) or vehicle con-
trol in basal medium supplemented with 10% FBS, cells were
washed with ice-cold PBS and lysed with cell lysate buffer
(Cell Signaling), containing 1 mM Pefabloc SC, cOmplete
protease inhibitor cocktail, and PhosSTOP phosphatase in-
hibitor cocktail (Roche). Equal amounts of denatured pro-
teins (40 ug) were separated by 8%-14% polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred to PVDF
membranes for immunoblotting using antibodies directed
against the protein targets as described in Table S1. Blots
were imaged with the Odyssey Fc imaging system (Li-Cor).
Densitometric analysis was performed using Image Studio
Lite software (Li-Cor).

2.8 | Quantitative RT-PCR

Total RNA was extracted using the RNeasy Mini Kit (Qiagen)
following the manufacturer's instructions. Complementary
deoxyribonucleic acid (cDNA) was synthesized from 100 ng
of total RNA using a High Capacity cDNA reverse transcrip-
tion kit (Thermo Fisher Scientific). The cDNA template was
mixed with HIF-loo PCR primers, SYBR green PCR mas-
ter mix (Thermo Fisher Scientific) and run in LightCycler
480 Software 1.5. Gene expression was normalized against
the internal control, GAPDH. Table S2 includes the primer
sequences.

2.9 | Small interfering RNA transfection
HUVECsS at 70%-80% confluence were transfected with lipo-
fectamine 2000 (Invitrogen) and human HIF-1o siRNA or
scrambled siRNA (Santa Cruz) following the manufacturer's
instructions. Specific knockdown of targeted protein was
confirmed by western blot. A similar protocol was used for
eNOS siRNA transfection.

2.10 | Human pro-angiogenic protein array

The Proteome Profiler Human Angiogenesis Array (R&D
Systems, #ARYO007) was performed following the manu-
facturer's instructions. Briefly, HUVECs at 80% confluence
were treated with IMZ (1 uM) or vehicle control (water) for
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24 h. The membrane, spotted with 55 angiogenesis-related
antibodies, was blocked for 1 h at room temperature. Cell
lysates (200 pg) were mixed with a cocktail of biotinylated
detection antibodies (15 pL), and added to the membrane,
and incubated overnight at 4°C. Membranes were exposed
to streptavidin-horseradish peroxidase for 30 min, followed
by chemiluminescence detection reagents, and exposed for
10 min. The intensity of protein expression was quantified
with the Odyssey Fc imaging system (Li-Cor). The protein
array map can be found at https://resources.rndsystems.com/
pdfs/datasheets/ary007.pdf.

2.11 | Subcutaneous Matrigel plug assay
Matrigel plug assay for evaluation of angiogenesis in-vivo
was performed as described.'”* Mice were injected subcu-
taneously, using a 24G needle, with ice-cold Matrigel (BD
Biosciences) supplemented with IMZ 1 uM or vehicle con-
trol (water). The resulting mixture solidified to form a plug
upon implantation. On day 14, the mice were euthanized.
Plugs were removed and fixed with 4% formaldehyde at 4°C
for 12 h, and embedded in OCT.

2.12 | Hind limb ischemic surgery and laser
Doppler blood perfusion imaging

Adult male C57BL/6 mice were rendered hyperglycemic
by low-dose injections of streptozotocin (STZ) at 50 mg/kg
for five consecutive days. Control (WT) mice received cit-
rate buffer injections. Upon development of hyperglycemia
(>250 mg/dL glucose), the animals were housed for at least
another 3 months. Both WT and STZ mice received hind
limb ischemia surgery, and were then randomly divided into
4 groups: WT + PBS, WT + IMZ (20 mg/kg, ip, twice/day),
STZ + PBS, STZ + IMZ (20 mg/kg, ip, twice/day). Hind
limb ischemia was induced as described.”' After isolation
from nerves and vein, the proximal and distal portions of the
femoral artery and saphenous artery were ligated with 6-0
silk suture. All arterial branches between the ligation were
obliterated. The skin was closed with 4-0 nylon suture. Sham
surgery was conducted in the same manner, although the
blood vessels were not ligated. The mice were given anal-
gesics (Buprenorphine, 1 mg/kg SC, before and 72 h after
the surgery) and postoperative antibiotics (ticarcillin, 50 mg/
kg, IP, for 3 days). In the hind limb ischemic study, mice
were given the first dose of IMZ (20 mg/kg body weight, ip
injection) immediately after the surgery. Subsequently, the
animals received IMZ at the dose of 20 mg/kg, twice a day,
for 21 days post-surgery. Blood flow was measured using a
Laser Doppler and PeriScan PIM 3 System (Perimed). To
avoid the interference induced by the slight variations of

temperature and the depth of anesthesia, we presented the re-
covery index as the ratio of blood flow in the ischemic paw to
sham paw. At the end of the experiments, hind limb muscles
were harvested for immunofluorescence studies.

2.13 | Immunofluorescence staining

Matrigel plugs or muscles were collected, fixed with 4% par-
aformaldehyde, and embedded in OCT. 8 um (muscle) and
10 ym (Matrigel plugs) sections were cut using a cryostat
and immediately transferred to poly-L-lysine coated slides.
Permeabilization buffer containing 1% BSA and 0.4% Triton
X-100 in PBS was used to permeabilize tissue. Non-specific
binding was blocked by incubating the tissue sections with
3% BSA in PBS-T for 30 min at room temperature. Tissue
sections were then incubated with a goat anti-mouse CD31
antibody (R&D, #AF3628) overnight in a humidified cham-
ber, followed by Donkey anti-goat green IgG NorthernLights
NL493-conjugated secondary Antibody (R&D system, #NL-
493). Sections were mounted with ProLong Gold Antifade
Mountant with DAPI (Invitrogen). Fluorescence images
were recorded on three random fields per section with an
EVOS FL auto inverted microscope (Life Technologies).

2.14 | Statistical analysis

All data were analyzed using GraphPad Prism 7 software and
presented as mean + standard deviation (SD). Statistical dif-
ferences between 2 groups were determined with the Mann-
Whitney nonparametric test. For a comparison of more than
two groups, one-way ANOVA with Tukey's multiple com-
parison test was used for analysis. For laser Doppler blood
perfusion data, two-way repeated-measures ANOVA fol-
lowed by Bonferroni's multiple comparison test was used.
A P-value of less than .05 was considered statistically
significant.

3 | RESULTS
3.1 | IMZ increases EC mediated
angiogenesis in vitro

The structure of the product formed during the reaction be-
tween metformin and methylglyoxal (Figure S1) was con-
firmed as IMZ by NMR and LC-MS/MS analysis (Figures S2
and S3) as previously described.® To characterize the ef-
fects of IMZ on each aspect of the endothelial mediated
angiogenic processes, functional tests, including network
formation on Matrigel, migration (Transwell), and prolifera-
tion (BrdU assay) were performed. Since plasma levels of
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IMZ in diabetic patients remains unknown, we employed
a range of IMZ (nM to uM) based on IMZ concentrations
detected in urine samples.8 IMZ at a concentration as low
as 1 nM increased network length ~30% compared to con-
trol (Figure 1A,B). The maximum effect of IMZ on net-
work formation was seen in HUVECs treated with IMZ at
1 uM. In addition, IMZ at 1 uM, but not lower concentra-
tions, increased the capacity of HUVECSs to migrate through
a collagen-coated membrane in the Boyden chamber assay
(Figure 1C,D). Interestingly, IMZ still significantly increased
the number of cells migrating through the pore when IMZ
was placed in the lower chamber, suggesting that IMZ might
possess chemotactic properties (Figure S4). In contrast, IMZ
did not affect endothelial cell proliferation as there was no
difference between IMZ and control treatments in the BrdU
proliferation assay (Figure 1E). Together, these data suggest
that IMZ at remarkably low concentrations significantly in-
creases EC-mediated angiogenesis.

3.2 | IMZ increases pro-angiogenic factor
expression in HUVECs

As IMZ induced EC angiogenesis, we next determined the
effect of IMZ on the secretion of angiogenic factors. Using

(A) Mz

= S5o0f17

a comparative proteome profiler array of 55 different angio-
genesis mediators, we found that IMZ (1 pM) significantly
increased the expression of several intracellular and secreted
pro-angiogenic factors, including vascular endothelial growth
factor (VEGFA, ~70% vs control), basic fibroblast growth
factor (bFGF, ~50% vs control), platelet-derived growth
factor AB (PDGF-AB, ~60% vs control) and insulin-like
growth factor binding protein 2 (IGFBP-2, ~75% vs control)
(Figure 2A,B). The IMZ mediated increases of VEGFA and
bFGF were further validated by western blot analysis since
the roles of these two factors in EC mediated angiogenesis
are the most well established.”” IMZ (1 uM) significantly in-
creased monomer and dimer versions of VEGFA and bFGF
expression compared to control (Figure 2C). Furthermore, our
data showed that IMZ did not affect the expression of other
VEGF family members, such as VEGFB and VEGFC, as there
was no statistical difference in the levels of these two VEGF
family members between IMZ and control-treated HUVECs
(Figure S5A). Interestingly, concomitant with the increase in
VEGFA expression, IMZ tended to increase the phosphoryla-
tion of VEGF receptor 2 (VEGFR2) at Tyrosine 1059 com-
pared to vehicle controls (P = .0571) (Figure S5A). Whether
this trend of increased phosphorylation of VEGFR?2 is directly
modulated by IMZ or occurs in response to the increased
VEGFA under IMZ treatment requires further investigations.
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IMZ increases endothelial cell-mediated angiogenesis. A, Representative images from the network formation assay. HUVECs

were cultured in growth factor reduced Matrigel in the absence or presence of different concentrations of IMZ (1 nM — 1 uM) for 16 h. Images
were acquired at a magnification of 4x. Bar = 1000 um. n = 4 per group. B, Dot-plot graph of network length derived from the network formation
assay. Network length was quantified by ImagelJ software. *P < .05 vs control, **P < .01 vs control. C, Representative images from the modified
Boyden chamber assay. HUVECs were treated with IMZ 100 nM or IMZ 1 uM for 16 h. Images were acquired at a magnification of 20Xx. Bar =
200 um. n = 4 per group. D, Dot-plot graph of the number of cells migrating through the membrane. **P < .01 vs control. E, Dot-plot graph from
the proliferation assay. HUVECs were treated with IMZ (1 uM) for 24 h; cell proliferation was evaluated with a BrdU cell proliferation assay Kkit.

n = 4 per group. All data are presented as mean + SD. The statistical significance of the difference among treatments in each figure was determined

by one-way ANOVA with Tukey's multiple comparison test
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densities from the array membrane using Image Studio Lite software. *P < .05 vs control. C, Representative images from the Western blot and
densitometric analysis of VEGFA and bFGF in either vehicle control HUVECsS or those treated with IMZ 1 uM for 24 h. n = 8 per group. *P < .05
vs control, **P < .01 vs control. All data are presented as mean + SD. The statistical significance of the difference between the two groups in each

figure was determined by the Mann-Whitney test

Together, these data indicate that IMZ increases the expres-
sion of several EC-derived angiogenic factors.

3.3 | HIF-1a is crucial for IMZ-induced
angiogenesis in HUVECs

Since IMZ increased EC mediated angiogenesis and pro-
angiogenic factors in HUVECs, we next examined the
potential signaling pathway(s) mediating these effects.
HIF-1a is a potent activator of angiogenic signaling
pathways.13 HIF-1a induces the expression of numerous
growth factors, including VEGFA and bFGF.'? Because
HIF-1a was not included in the angiogenesis proteome
profiler, we assessed HIF-1a protein levels in IMZ-treated
EC samples by Western blot. IMZ (1 puM) significantly in-
creased HIF-1a protein level ~45% compared to equivalent
controls (Figure 3A). In contrast, there was no difference

in HIF-1loo mRNA levels between IMZ treated and con-
trol cells, as determined by qPCR (Figure 3B), suggest-
ing that the IMZ-induced increases in HIF-1a protein level
occurred at the post-translational level. We subsequently
used an inhibitor of protein synthesis (cycloheximide,
CHX) to determine if IMZ affects HIF-1a protein degra-
dation. HUVECs were co-treated with CHX and IMZ for
24 h. Cell lysates were harvested for HIF-1a protein meas-
urement by Western blot. Higher levels of HIF-1a protein
were observed in IMZ-treated HUVECs compared to con-
trol HUVECs (Figure 3C), suggesting that IMZ delayed
HIF-1a protein degradation. In addition, immunofluores-
cence staining revealed that IMZ significantly induces
HIF-1a nuclear translocation (Figure 3G). Furthermore,
IMZ does not affect HIF-1a phosphorylation or protein lev-
els of HIF-2a (Figure S5B). To investigate whether HIF-1a
has a functional role in IMZ-induced angiogenesis, HIF-1a
was knocked down using an RNA-interference approach.
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HUVECs were transfected with siRNA for HIF-1«, or with
scrambled siRNA and subsequently treated with IMZ (1 uM)
for 24 h. The successful knockdown of HIF-1«, to ~60% of
control, was confirmed by Western blot (Figure 3D). EC
functional tests, including migration and network forma-

cells. The enhanced migration (Figure 3E) and network
formation (Figure 3F) induced by IMZ was significantly
attenuated by HIF-1a siRNA. Furthermore, in HIF-1a de-
ficient cells, the effects of IMZ on the increased VEGFA
and FGF expression were completely blunted, suggesting
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FIGURE 3 HIF-la plays a crucial role in IMZ-mediated angiogenesis in HUVECs. A, Western blot images and densitometric analysis of
HIF-1a in HUVECS treated with vehicle control (water) or IMZ 1 uM for 24 h. n = 8 per group. *P < .05 vs control. B, Quantitative real-time PCR
(qPCR) analysis of HIF-1ao mRNA level in the vehicle (water) control or IMZ 1 uM treated HUVECs. GAPDH was used as an internal loading
control. n = 4 per group. C, Schema, Western blot images, and densitometric analysis comparing HIF-1a protein level in the presence of the protein
synthesis inhibitor, cycloheximide (CHX), in the presence or absence of IMZ. HUVECs were treated with CHX 20 pg/mL or IMZ 1 uM + CHX

20 pg/mL for 24 h. n = 8 per group. *P < .05 vs control. D, Western blot images and densitometric analysis of HIF-1a in HUVECs treated with

scrambled siRNA or HIF-1a siRNA for 48 h. n = 4 per group. *P < .05 vs control. E, Representative images and dot-plot graph from the modified

Boyden chamber migration assay. HIF-1a knockdown or scramble siRNA-treated HUVECs were exposed to IMZ 1 uM or vehicle control (water)

for 16 h. Images were acquired at a magnification of 20x. Bar = 200 um. n = 4 per group. *P < .05 vs control, P < .01 vs IMZ 1 uM in control

HUVEC:s. F, Representative images and dot-plot graph of quantification of network formation assay. HIF-1a knockdown or control HUVECs

were cultured in growth factor reduced Matrigel in the absence or presence of IMZ 1 uM for 16 h. Images were acquired at a magnification of

10x. Network length was quantified by ImageJ software. Bar = 400 um. n = 4 per group. **P < .01 vs control, *P < .01 vs IMZ 1 uM in control

HUVECsS. G, Representative fluorescence images and fluorescence intensity of HUVECS treated with IMZ 1 uM or vehicle control for 24 h,

following by staining with HIF-1a or DAPI. Fluorescence intensity was quantified using ImagelJ software. Bar = 100 pm. n = 4 per group. *P <

.05 vs control. All data are presented as mean + SD. The statistical significance of the difference between the two groups was determined by the

Mann-Whitney test. The statistical significance of the difference of more than 2 groups was determined by one-way ANOVA with Tukey's multiple

comparison test

and FGF expression (Figure 5A). Taken together, our data
suggest that HIF-1a plays a crucial role in IMZ-induced
angiogenesis in HUVECs.

3.4 | IMZ activates eNOS and increases NO
production in HUVEC:s via activation of the
PI3K/AKT pathway

Endothelium nitric oxide synthase (eNOS) plays a vital role
in the maintenance of EC function and angiogenesis.23 Upon
activation by phosphorylation, eNOS catalyzes the conver-
sion of L-arginine to nitric oxide (NO) and citrulline.” Since
IMZ increased the angiogenic function of EC, we next deter-
mined the effects of IMZ on the eNOS/NO pathway. Multiple
signaling pathways converge on the phosphorylation of serine
1177 to mediate eNOS activation.”** Exposure of HUVECs
to IMZ (1 uM) for 10 min resulted in a significant increase
(~55%) in eNOS serine 1177 phosphorylation (Figure 4A).
Intracellular NO was concomitantly monitored using a highly
sensitive fluorescence dye, 4-amino-5-methylamino-2',7'-di
fluorofluorescein diacetate (DAF-FM DA). Consistent with
the increased activation of eNOS, IMZ (1 uM) significantly
increased NO levels ~2.3 fold (Figure 4B). To assess the es-
sentiality of eNOS in IMZ-induced augmentation of angio-
genesis, we used a siRNA against eNOS (eNOS siRNA) to
inhibit eNOS protein expression in HUVECs. eNOS was suc-
cessfully knocked down by ~90% (Figure 4C) compared to
scramble control. EC functional assays, including migration
and network formation, were performed on eNOS siRNA
transfected cells. eNOS siRNA significantly attenuated the
increase in IMZ induced EC migration (Figure 4D) and net-
work formation (Figure 4E). Notably, in eNOS deficient
cells, the IMZ-induced increase of HIF-1la protein expres-
sion was eliminated (Figure 4C), indicating that eNOS is in-
dispensable for IMZ-induced increases in HIF-1a. Moreover,

knockdown of HIF-1a by siRNA did not alter eNOS expres-
sion levels (Figure 4F). Furthermore, in eNOS-deficient
cells, the effects of IMZ on these proteins were completely
blunted, suggesting that eNOS is crucial for the IMZ-induced
increase of VEGF and FGF level (Figure 5B). Together, the
data reveal that eNOS is a major contributor to IMZ-induced
angiogenesis and responsible for increases in HIF-1a pro-
tein. In addition, phosphatidylinositol 3-kinase (PI3K) and
its downstream effector AKT are important for the activation
of eNOS via phosphorylation at Ser1177.2° In IMZ (1 uM)
treated HUVECS, there was a significant increase (~50%) in
the phosphorylation of AKT at its full activation phospho-
rylation site, Ser473 compared to control (Figure 6A). A po-
tent PI3K inhibitor, wortmannin (10 nM, 1-h pretreatment),
completely abolished the ability of IMZ to activate AKT and
eNOS (Figure 6B,C). There was no statistically significant
difference in P-eNOS expression between IMZ and control-
treated groups in the presence of wortmanin. These data
suggest that IMZ activates eNOS through the PI3K/AKT
signaling.

3.5 | IMZ enhances capillary formation
in the subcutaneous Matrigel plug

To initially assess the ability of IMZ to induce angiogene-
sis in-vivo, we used the Matrigel Plug assay in adult male
C57BL/6 mice. Ice-cold Matrigel solution (0.5 mL) supple-
mented with IMZ (1 uM final concentration) or vehicle con-
trol (water) was injected subcutaneously into the mice. After
14 days, Matrigel plugs were collected. To visualize capillary
density in the Matrigel plugs, we performed immunostaining
against the endothelial marker, CD31. Capillary density was
significantly higher in IMZ-containing plugs (~2.9 fold vs
control plugs) (Figure 7A,B), demonstrating that IMZ sig-
nificantly induced angiogenesis in vivo.
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FIGURE 4 IMZ activates eNOS and increases Nitric Oxide production in HUVECs. A, Western blot images and densitometric analysis

of P-eNOS (Ser1177) and eNOS in HUVECS treated with IMZ 1 uM or vehicle control for 10 min. n = 6 per group. *P < .05 vs control. B,
Representative fluorescence images and relative fluorescence intensity of HUVECs loaded with the NO sensitive dye, DAF-FM DA, in the
presence or absence of IMZ 1 uM. The fluorescence of the NO dye was examined using a fluorescent microscope (EVOS, Thermo Fisher
Scientific) at an excitation wavelength of 480 nm and an emission of 510 nm. Fluorescence intensity was quantified using ImageJ software.

n =5 per group. *P < .05 vs control. C, Western blot images and densitometric analysis of eNOS and HIF-1a expression levels. HUVECs were
treated with eNOS siRNA or scramble siRNA for 48 h, followed by the exposure to IMZ 1 uM or vehicle control for 24 h. n = 6 per group. *P <
.05 vs scramble control, **P < .01 vs scramble control, P < .01 vs IMZ in scramble. D, Representative images and dot-plot graph from the
modified Boyden chamber migration assay. eNOS knockdown or control HUVECs were treated with IMZ 1 uM or vehicle control (water) for

16 h. Images were taken at a magnification of 20X. Bar = 200 um. n = 4 per group. *P < .05 vs scramble control, P < .01 vs IMZ in scramble.
E, Representative images and dot-plot graph of the network formation assay. eNOS knockdown or control HUVECs were cultured in growth
factor reduced Matrigel in the absence or presence of IMZ 1 uM for 16 h. Images were taken under a magnification of 10x, and network length
was quantified by ImageJ software. Bar = 400 um. n = 4 per group. *P < .05 vs scramble control, P < .01 vs IMZ in scramble. F, Western blot
images and densitometric analysis of eNOS expression level. HUVECs were treated with HIF-1a siRNA or scramble siRNA for 48 h, followed
by the exposure to IMZ 1 uM or vehicle control for 24 h. n = 4 per group. All data are presented as mean + SD. The statistical significance of the
difference between the two groups was determined by the Mann-Whitney test. The statistical significance of the difference of more than 2 groups
was determined by one-way ANOVA with Tukey's multiple comparison test

3.6 | IMZ accelerates recovery from hind
limb ischemia in hyperglycemic mice

Next, we evaluated the potential therapeutic efficacy of
IMZ in a well-established animal model of hyperglycemia
that exhibits delayed recovery from hind limb ischemia
due to impaired angiogenesis.27 Clinically, individuals with

hyperglycemia are at a much higher risk of developing crit-
ical limb ischemia to the extent that it might even require
amputation.28 Adult male C57BL/6J mice were rendered
hyperglycemic by 5 consecutive low-dose (50 mg/kg) injec-
tions of streptozotocin (STZ). The wild type (WT) control
mice received citrate buffer injections. Animals were kept
for at least 3 months after confirmation of hyperglycemia
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FIGURE 5 The effects of knocking down HIF-1a and eNOS on IMZ-mediated expression of VEGFA and bFGF. A, Western blot images and

densitometric analysis of bFGF and VEGFA expression level. HUVECs were treated with HIF-1a siRNA or scramble siRNA for 48 h, followed by
the exposure to IMZ 1 uM or vehicle control for 24 h. n = 6 per group. *P < .05, **P < .01. B, Western blot images and densitometric analysis of

bFGF and VEGFA expression level. HUVECs were treated with eNOS siRNA or scramble siRNA for 48 h, followed by the exposure to IMZ 1 uM
or vehicle control for 24 h. n = 6 per group. *P < .05, **P < .01. All data are presented as mean + SD. The statistical significance of the difference

of more than 2 groups was determined by one-way ANOVA with Tukey's multiple comparison test

(=250 mg/dL glucose, Figure 8B). Maintaining STZ-injected
mice under hyperglycemia for 3 months allows our animal
model to resemble chronic diabetic complications as seen in
humans. Both WT and STZ mice received unilateral femoral
artery ligation surgery, with the contralateral limb receiving
sham surgery (artery isolation but no ligation). Animals were
randomly divided into 4 groups: WT + PBS, WT + IMZ
(20 mg/kg, ip twice/day), STZ + PBS, STZ + IMZ (20 mg/
kg, ip, twice/day). Our pilot studies showed that IMZ at this
dosage reached blood concentrations within the pM range
in C57B/6J mice (data not shown), comparable to the con-
centrations used in our in vitro studies. Furthermore, IMZ
at this dosage exerted antidiabetic effects in type 2 diabetic
mouse model, db/db mice, with no adverse effects (data
not shown). There was no change in blood glucose or body
weight between IMZ-treated STZ mice and control-treated
STZ mice (Figure 8A,B). IMZ treatment did not affect blood
glucose levels, as there was no difference in blood glucose
between WT + PBS and WT + IMZ mice (Figure 8B). Blood

perfusion of the hind paw was assessed using a laser Doppler
imaging system (Perimed) at different time points during the
21-day recovery (Figure 8C). The blood flow reperfusion in
mouse paws depends on multiple factors such as ambient
temperature, cardiac rhythm, and the deep of anesthesia, and
so it varies at different time points. To accurately reflect the
blood perfusion recovery, the limb receiving sham surgery
was used as an internal control in each animal. The blood
perfusion recovery index was calculated based on the blood
perfusion in the ischemic paw divided by that in the sham
paw. IMZ did not affect blood perfusion recovery in normo-
glycemic mice, as there was no difference between WT +
PBS and WT + IMZ mice (Figure S6A). While the recovery
of blood perfusion was significantly delayed in the STZ +
PBS group compared with that in WT + PBS mice, there
was no statistical difference between STZ + IMZ and WT +
PBS over the post-surgery period of 21 days (Figure 8C,D).
Two mice in the STZ + PBS group were euthanized prior to
the end of the experiment due to significant toe/limb loss.
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IMZ activates eNOS via PI3K/AKT signaling in HUVECs. A, Western blot images and densitometric analysis of P-AKT (ser473)

and AKT in HUVECS treated with IMZ 1 uM or vehicle control for 10 min. n = 6 per group. *P < .05 vs control. B, Western blot images and
densitometric analysis of P-AKT (ser473) and AKT. HUVECs were pretreated with wortmannin (10 nM) for 1 h, followed by the addition of
IMZ or vehicle (water) for 10 min. n = 4 per group. *P < .05 vs control, #P < .01 vs IMZ without wortmannin. C, Western blot images and
densitometric analysis of P-eNOS (Ser1177) and eNOS. HUVECs were pretreated with wortmannin 10 nM for 1 h, followed by the addition of
IMZ or vehicle (water) for 10 min. n = 4 per group. **P < .01 vs control, *P < .05 vs IMZ without wortmannin. All data are presented as mean +

SD. The statistical significance of the difference between the two groups was determined by the Mann-Whitney test. The statistical significance of
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IMZ enhances capillary formation in the subcutaneous Matrigel plug assay. A, Representative images of Matrigel plugs stained

with CD31. Matrigel plugs were collected 14-days post-injection, embedded in OCT, sectioned (10 um), and stained with antibody against the

capillary marker, CD31. Bar = 200 um. B, Quantitation of capillary density of Matrigel plugs. n = 6 per group. *P < .05 vs control. All data are

presented as mean + SD. The statistical significance of the difference between the two groups was determined by the Mann-Whitney test

In contrast, in the STZ + IMZ group, there was a signifi-
cantly accelerated recovery in blood perfusion compared to
that in the STZ + PBS group, as early as the 7th day post-
surgery, and which continued throughout the recovery period
(Figure 8C). To further evaluate the effects of IMZ on neo-
vascularization in ischemic limbs, we assessed the number of
capillary-like structures by CD31 staining in ischemic mus-
cles collected at the end of the study (21-day post-surgery).
Capillary density was significantly lower in STZ + PBS mice
than in WT + PBS mice, whereas STZ + IMZ mice had sig-
nificantly higher capillary density than in STZ + PBS mice
(Figure 8E). Interestingly, similar results were observed in
hind limb ischemic mice treated with IMZ for 7 days, sug-
gesting that the effects of IMZ on the formation of capillaries
occurs within the first 7 days (Figure S6B). Because lowering

the incidence of necrosis is important for the management
of diabetic microangiopathy,zg we recorded tissue necrosis
during the experiment. There were 2 incidences of necrosis
within the STZ + PBS group (40%), and no necrosis in WT
+ PBS and STZ + IMZ groups (Figure 8F), suggesting ad-
ministration of IMZ protected ischemic tissue from necrosis
in the context of hyperglycemia. Western blot analysis of
ischemic muscles on 21-day post-surgery revealed a nearly
40% decrease of P-AKT in the STZ + PBS mice compared
with that in WT + PBS mice, whereas P-AKT was signifi-
cantly increased in STZ + IMZ mice compared to STZ +
PBS controls (Figure 8G). In addition, while there were
~70% and 60% reductions in the expression of HIF-1« and P-
eNOS, respectively, in STZ + PBS mice compared to that in
WT mice, IMZ treatment increased ~25% of each of the two
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FIGURE 8 IMZ accelerates recovery from hind limb ischemia in hyperglycemic mice. A, Table of body weight of mice measured before and
21-day after surgery. WT + PBS (n = 8), WT + IMZ (n = 6), STZ + PBS (n =5), STZ + IMZ (n = 7). B, Table of blood glucose taken from the
tail vein of WT + PBS (n = 8), WT + IMZ (n = 6), STZ + PBS (n =5), STZ + IMZ (n = 7). Blood glucose was determined with a blood glucose
meter. C, Representative images of hind-limb blood perfusion at various time points. Blood perfusion was recorded with a laser Doppler imaging
system. WT + PBS (n = 8), STZ + PBS (n =7), STZ + IMZ (n = 7). D, Quantitation of the blood perfusion recovery index at various time points.
The blood perfusion recovery index is represented as the ratio of blood perfusion in the ischemic paw relative to the sham paw. *P < .05 STZ +
IMZ vs STZ + PBS. #*P < .01 WT + PBS vs STZ + PBS. E, Representative images and quantitation of the capillary density of ischemic muscle
sections stained with CD31. Ischemic muscles were collected at the end of the study (21-day post-surgery). Ischemic muscles were fixed with 4%
PFA, embedded in OCT, sectioned (8 pm), and stained with CD31. Bar = 400 um. **P <.01 vs WT + PBS, #p <01 vs STZ + PBS. F, Incidence
of tissue necrosis in each group of mice. G, Western blot images and densitometric analysis of P-AKT (ser473), AKT, HIF-1a, P-eNOS (ser1177),
eNOS in ischemic muscles of WT (n = 8), STZ + PBS (n = 3) or STZ + IMZ (n = 7) mice. *P < .05 vs WT, #P < .05 vs STZ + PBS (H) Schema
of IMZ's proposed signaling pathway. All data are presented as the mean + SD. The statistical significance of the difference in more than 2 groups
was determined by one-way ANOVA with Tukey's multiple comparison test. For laser Doppler blood perfusion data, two-way repeated-measures
ANOVA followed by Bonferroni's multiple comparison test was used

proteins compared to PBS treated diabetic mice (Figure 8G). of FGF between IMZ treated and PBS treated diabetic mice
Together, this data suggests AKT/eNOS/HIF-1a axis is con- (Figure S7). We speculate that the much smaller changes in
comitantly activated upon IMZ treatment in ischemia. In VEGF and FGF in the in vivo study might be due to the small
addition, there was a significant decrease in VEGFA dimer sample size (n = 3) and the fact that the levels of these two
expression levels in the STZ + PBS mice compared with that ~ growth factors in skeleton muscles might have masked their
in WT + PBS mice, whereas VEGFA levels were modestly changes in ECs within the tissue. Taken together, these data
higher in STZ + IMZ mice compared to STZ + PBS con- illustrate that treatment with IMZ accelerates post-ischemic
trols (P = .26). There were no differences in either isoforms revascularization in hyperglycemic mice, and the AKT/
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eNOS/HIF-1a axis is involved in IMZ induced angiogenesis
in the hind limb ischemic mouse model.

4 | DISCUSSION

The novel imidazolinone metabolite of metformin, IMZ,
was identified as the product of the scavenging of MG by
metformin in patients with type-2 diabetes.® Although IMZ
possesses an imidazolinone functional group, the biological
properties of IMZ remain unknown. We now demonstrate
the pro-angiogenic properties of IMZ and the signaling path-
ways engaged by IMZ. At relatively low concentrations,
IMZ enhanced EC migration and network formation in vitro
(Figure 1), with a concomitant increase in several intracel-
lular and secreted pro-angiogenic factors, such as VEGFA
and bFGF (Figure 2). We further demonstrated that eNOS/
HIF-1a plays an indispensable role in IMZ-induced angio-
genesis in vitro (Figures 3 and 4). The induction of angiogen-
esis by IMZ was further confirmed in vivo with the Matrigel
plug assay (Figure 7). Importantly, in a chronic hyperglyce-
mic mouse model with impaired angiogenesis, IMZ treatment
significantly accelerated neovascularization from hind limb
ischemia and reduced tissue necrosis (Figure 8). Our work
has unveiled the pro-angiogenic effects of IMZ, its underly-
ing signaling pathways via eNOS/HIF-1a (Figure 8H), and
contributes to the development of potential pro-angiogenic
agents for the treatment of PAD.

HIF-1a signaling is one of the most potent pathways in
regulating angiogenesis.'” Although HIF-la is stabilized
during hypoxia,'? the regulatory mechanism of HIF-1a sig-
naling under normoxic conditions is not fully understood.
The HIF-1a protein abundance appears to be regulated at
different levels. At the transcriptional level, activation of the
PI3K/AKT pathway leads to phosphorylation of the eukary-
otic translation initiation factor 4E (elF-4E), which is essen-
tial for inhibiting cap-dependent mRNA translation, resulting
in enhanced HIF-1a protein translation.” IMZ was shown to
activate the PI3K/AKT pathway (Figure 6). However, there
was no change in elF-4E phosphorylation (Figure S8A) or
HIF-1ac mRNA levels (Figure 3B) upon IMZ treatment,
suggesting a non-canonical pathway is engaged during
IMZ-induced HIF-1o upregulation. Furthermore, eNOS is
phosphorylated at Ser1177 by IMZ, with a concomitant in-
crease in NO production (Figure 4A,B). IMZ mediated NO
production is not associated with the inflammatory process
as there was no difference in inflammatory markers such
as iINOS, VCAM-1 or ICAM-1, between control and IMZ
treated HUVECs (Figure S8B). Furthermore, levels of po-
tential endotoxin contamination, which is known to induce
angiogenesis, in IMZ samples were below the limits of de-
tection (Figure S9). In addition, eNOS is required for IMZ-
mediated upregulation of HIF-1a (Figure 4C). Although the
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roles of NOS isoforms in regulating HIF-1a are not well es-
tablished, studies have demonstrated the importance of the
eNOS/NO axis in HIF-1a stabilization and activation.’’ NO
is known to stabilize HIF-1a via three putative mechanisms:
(a) Directly modifying HIF-lo through S-nitrosylation”;
(b) activating PI3K/AKT and MAPK pathvvays33 ; and (c)
impairing HIF-1a degradation by inhibition of propyl hy-
droxylases.34 The mechanism(s) by which IMZ interacts
with eNOS/HIF-1a regulatory networks warrants further
investigation.

Multiple mechanisms, including transcription, translation,
post-translational modification, and protein-protein interac-
tion, are known to regulate HIF-la levels. Among these,
post-translational modifications, such as hydroxylation, ubiq-
uitination, S-nitrosylation, phosphorylation, and acetylation,
have been shown to influence the half-life and/or transcrip-
tional activity of HIF-1a.*® Our work showed that IMZ did
not affect HIF-1a phosphorylation or prolyl hydroxylases
(PHD)-mediated hydroxylation (Figure S5B). Several studies
have suggested the involvement of direct post-translational
modification of HIF-la via S-nitrosylation, particularly in
NO-mediated HIF-la activation.***° Some critical cyste-
ine residues of HIF-1a were demonstrated to be susceptible
with S-nitrosylation. For example, the S-nitrosoglutathione-
mediated prevention of HIF-1a degradation is dependent on
the S-nitrosylation of Cys533 in HIF-la in 4T1 cells.** S-
nitrosylation of Cys800 in HIF-1a has been associated with
an increase in interaction of HIF-1a with p300, thus enhanc-
ing its transcriptional activity.40 Our study showed that IMZ
increases NO production in endothelial cells (Figure 4B). We
speculated that IMZ might be able to stabilize HIF-1a via S-
nitrosylation, but further works are needed to determine the
exact mechanism for HIF-1a post-translation modifications,
especially S-nitrosylation by IMZ.

Diabetes is a chronic metabolic disorder that affects 1
in 10 Americans.*' One of the most devastating complica-
tions of diabetes is PAD, which, in its severest form, causes
critical limb ischemia due to impaired neovascularization.**
Therapeutic strategies designed to improve angiogenesis
have been the subject of intensive research. However, no
small molecule with satisfactory efficacy exists that en-
hances new blood vessel formation. Indeed, most of the
pro-angiogenic therapies have primarily focused on the ad-
ministration of growth factors such as VEGFA and bFGF, or
the delivery of stem/progenitor cells, but these are currently
considered only modestly successful and can be accompa-
nied by multiple adverse effects.*>*> Consequently, there is
a need to discover novel small molecules for the treatment
of PAD. Herein, we provide evidence that IMZ accelerates
blood flow recovery (Figure 8C,D), muscle revascularization
(Figure 8E), and protects against tissue necrosis (Figure 8F)
in a diabetic mouse model. The ability to accelerate blood
flow may be useful in preventing and reducing the severity of
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acute ischemic episodes, particularly in diabetic patients at a
high risk of developing PAD.

MG is highly elevated in hypertensive and diabetic pa-
tients and is widely recognized as a major contributor to cellu-
lar damage and dysfunction.® MG is also the major precursor
to advanced glycation end products, which exacerbate both
oxidative stress and inflammation, further contributing to tis-
sue damage.46’47 Some MG adducts exhibit pharmacological
activity48’49
MG with metformin, its potential biological properties war-
rant investigation. The structure of IMZ includes an imidaz-
oline/guanidine functional group. Indeed, many compounds
containing imidazoline/guanidine groups, such as arginine
and agmatine, are important in treating fungal infections,”
hypertension51
known to improve endothelial dysfunction in patients with
essential hypertension.10 Arginine increases EC function by
enhancing the AKT/eNOS/NO pathway.9 Our finding that
IMZ improves EC angiogenesis and protected hyperglyce-
mic mice from hind limb ischemia provides further evidence
for its therapeutic potential. Structure-activity studies are re-
quired for a better understanding of the application of imid-
azoline/guanidine-based small molecules in the treatment of
diabetic cardiovascular complications.

Metformin is well known to improve endothelial cell func-
tion and to alleviate cardiovascular complications; however,
the effects of metformin on angiogenesis remain controver-
sial depending on disease models and cellular environmen-
tal conditions. While metformin is anti-angiogenic in some
cancer models, it improves angiogenesis in hyperglycemic
mice.”® Metformin inhibits network formation in HUVECs
cultured in normal glucose,54 while, at an equivalent dose,
exerted opposing effects under hyperglycemic conditions.>
We speculate that the gradual accumulation of a large amount
of MG upon exposure to hyperglycemia can be scavenged by
metformin, resulting in IMZ formation. Therefore, the para-
doxical effects of metformin on EC function might actually
depend on the IMZ concentrations in the experimental sys-
tem. We further speculate that although IMZ is a scavenged
product of metformin, it owns characteristics that are distinct
from metformin, because IMZ exerts pro-angiogenesis ef-
fects at relatively low concentrations (UM) compared to that
of metformin (mM). Further work on how IMZ contributes to
the mechanism of action of metformin is in compelling need.

Finally, there are several limitations of the study. First,
although our data strongly suggest that HIF-1a and eNOS
mediate the angiogenic effects of IMZ in vitro, we cannot
exclude the possibility that other proangiogenic factors,
such as VEGFA and bFGF contribute to the angiogenic re-
sponse to IMZ. Secondly, in the in vivo Matrigel plug assay,
IMZ is delivered locally within the Matrigel. The subse-
quent neovascularization occurs mainly via the infiltration
of resident cells such as ECs, monocytes, and macrophages

and since IMZ is formed from the adduction of

. . 32 .. .
and cardiovascular disease.”” Arginine is

into the Matrigel plugs. However, angiogenesis is a com-
plex process, in which both pro- and anti-angiogenic factors
can influence the angiogenic response.55 Given that IMZ
mediates its effects via downstream angiogenesis signal-
ing, conditioned medium from IMZ-treated cells should be
examined. Thirdly, wortmannin was used to inhibit PI3K.
However, because pharmacological inhibitor might have
off-target effects, the roles of PI3K/AKT in IMZ induced
angiogenesis remain to be elucidated using complementary
genetic approaches. We understand that arterial endothelial
cells are more clinically relevant than HUVECs to study an-
giogenesis. Although HUVECs do not represent all endo-
thelial cell types found in an organism, they are the most
well-established model for the study of vascular endothe-
lium properties and the main biological pathways involved
in endothelium function, including angiogenesis. However,
the vein endothelial cells are different from arterial endothe-
lial cells in morphology and function.’® For example, while
venular endothelial cells are the primary sites for immune
cell trafficking, arteriolar endothelial cells robustly control
vascular tone.”® Therefore, it is important to observe the im-
pact of IMZ on angiogenesis using different endothelial cell
models such as arterial endothelial cells. In addition, since
C57B/6] mice are more amputation resistance than mice
with other genetic backgrounds, additional mouse models
could also be used to investigate the effects of IMZ on an-
giogenesis in vivo. The effects of IMZ on angiogenesis in
vivo should ideally be examined using expanded sample
size and models of diabetes, such as the diet-induced obese
(DIO) mouse, and Zucker diabetic fatty (ZDF) rats. Though
the concentration and doses of IMZ used in this study were
chosen based on our prior observations of patient urine, the
range of IMZ in plasma of metformin-treated diabetic pa-
tients remains to be determined. Since IMZ was detected
in T2D patients taking MF, the level of IMZ in biological
samples is an attractive question. A multiple reaction mon-
itoring (MRM) method was developed in our laboratory to
specifically look at the level of IMZ in urine samples.8 Urine
was chosen due to the reduced complexity of the matrix and
presumed higher concentrations of IMZ. IMZ was detected
at the level of 18.8 nM to 4.3 uM after taking into account
the detection limit of the mass spectrum and the dilution
factors of urine satmples.8 Although no conclusive data yet,
we were able to detect IMZ in one plasma sample from the
patient with the highest IMZ concentration in the urine, sug-
gesting the feasibility of IMZ detection in other biological
specimens such as plasma. Further studies are needed to
access plasma concentrations of IMZ in patients receiving
metformin. Our findings have shown that IMZ increases EC
angiogenesis and protects hyperglycemic mice from hind
limb ischemia, suggesting the therapeutic potential of IMZ
at UM concentrations. We believe that it is particularly com-
pelling to dissect the role of IMZ on diabetic cardiovascular
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complications at the physiological levels in diabetic patients
once the information of IMZ concentrations in plasma has
been acquired. In addition, future studies are needed to de-
termine whether IMZ can rescue hyperglycemia-induced EC
dysfunction and the effects of high glucose on IMZ-induced
eNOS/HIF-1 signaling pathway in vitro. The effects of IMZ
on downstream pro-angiogenic mediators such as VEGF and
FGF could also be examined using eNOS knock out mice.
By uncovering IMZ's biological properties and signaling,
our work has important implications for the development of
novel therapeutic strategies to rescue impairments in angio-
genesis under diabetic conditions.
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