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Hydrogen sulfide (H,S). as a reducing agent and an antioxidant molecule, exerts protective effects against hyperglycemic stress
in the vascular endothelium. The mitochondrial enzyme 3-mercaptopyruvate sulfurtransferase (3-MST) is an important biological
source of H,S. We have recently demonstrated that 3-MST activity is inhibited by oxidative stress in vitro and speculated that this may
have an adverse effect on cellular homeostasis. In the current study, given the importance of H,S as a vasorelaxant, angiogenesis
stimulator and cellular bioenergetic mediator, we first determined whether the 3-MST/H,S system plays a physiological regulatory role
in endothelial cells. Next, we tested whether a dysfunction of this pathway develops during the development of hyperglycemia and
diabetes-associated vascular complications. Intraperitoneal (IP) 3-MP (1 mg/kg) raised plasma H,S levels in rats. 3-MP (10 umol/L to
1 mmol/L) promoted angiogenesis in vitro in bENd3 microvascular endothelial cells and in vivo in a Matrigel assay in mice (0.3-1
mg/kQ). In vifro studies with bENd3 cell homogenates demonstrated that the 3-MP-induced increases in H,S production depended
on enzymatic activity, although at higher concentrations (1-3 mmol/L) there was also evidence for an additional nonenzymatic H,S
production by 3-MP. In vivo, 3-MP facilitated wound healing in rats, induced the relaxation of dermal microvessels and increased mi-
tochondrial bioenergetic function. In vifro hyperglycemia or in vivo streptozotocin diabetes impaired angiogenesis, attenuated mi-
tochondrial function and delayed wound healing; all of these responses were associated with an impairment of the proangiogenic
and bioenergetic effects of 3-MP.The antioxidants pL-a-lipoic acid (LA) in vivo, or dihydrolipoic acid (DHLA) in vifro restored the abil-
ity of 3-MP to stimulate angiogenesis, cellular bioenergetics and wound healing in hyperglycemia and diabetes. We conclude that
diabetes leads to an impairment of the 3-MST/H,S pathway, and speculate that this may contribute to the pathogenesis of hyper-
glycemic endothelial cell dysfunction. We also suggest that therapy with H,S donors, or freatment with the combination of 3-MP and
lipoic acid may be beneficial in improving angiogenesis and bioenergetics in hyperglycemia.
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INTRODUCTION

Recent studies have demonstrated that
the endogenous biological mediator hy-
drogen sulfide (H,S) acts as a reducing
agent and an antioxidant molecule (1-7).
It exerts protective effects against hyper-

glycemic stress in the vascular endothe-
lium and exhibits protective effects in an-
imal models of diabetic complications
(8-16).

The mitochondrial enzyme 3-mercap-
topyruvate sulfurtransferase (3-MST) is a
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newly identified endogenous source of
hydrogen sulfide (H,S) in various cells
and tissues, including vascular endothe-
lial cells (17-19). We have recently
demonstrated that 3-MST activity is in-
hibited by oxidative stress in vitro and
speculated that this may exert adverse
effects on cellular homeostasis (20,21).
Given the importance of H,S as a vasore-
laxant (22-29), proangiogenic agent
(27,30-36) and mitochondrial /bioener-
getic modulator (20,21,35,37-42), here we
examined whether the 3-MST/H,S sys-
tem plays physiological regulatory roles
in endothelial cells. Next, we examined
whether a dysfunction of the 3-MST/H,S
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system develops in hyperglycemia/dia-
betes and tested whether this dysfunc-
tion can be corrected by DL-a-lipoic acid
(LA), a known antioxidant and 3-MST
cofactor (43-45).

MATERIALS AND METHODS

Cell Culture

The bEnd3 microvascular endothelial
cell line was purchased from the Ameri-
can Type Culture Collection (Manassas,
VA, USA), cultured at 37°C at 5% CO,, in
a humidified chamber, with 5.5 mmol/L
glucose containing DMEM (low glucose)
or 40 mmol/L glucose (high glucose)
with 10% FBS, 2 mmol/L glutamine,
100 IU/mL penicillin, 100 ug/mL strepto-
mycin, and 1% nonessential amino acids.
In some experiments, the high glucose cell
culture medium was supplemented with
100 umol/L dihydrolipoic acid (DHLA).

shRNA-Mediated Silencing of 3-MST
bEnd3 cells were transduced at a multi-
plicity of infection (MOI) of 3 with a
lentiviral vector containing shRNA se-
quences targeting 3-MST (SHCLNYV, clone
TRCN0000045359). A nontargeting control
shRNA sequence (shNT) was used to con-
trol for off-target effects (SHC002V,
MISSION shRNA; Sigma-Aldrich, St.
Louis, MO, USA). Transduced cells were
selected and maintained in DMEM media
supplemented with puromycin (2 ug/mL).
Silencing of 3-MST was confirmed by
Western blot analysis of the cell lysates.

Cell Proliferation Assay

bEnd3 cells were grown in full DMEM
medium containing 5.5 mmol/L glucose
(low-glucose control) or 40 mmol/L glu-
cose (high glucose) for 14 d. Cells were
then seeded in 12-well plates at a density
of 6 x 10° cells/cm®. After overnight in-
cubation, cells were exposed to vehicle,
3-MP or NaHS at various concentrations
and allowed to proliferate for 48 h. Cells
were then harvested and counted using a
Neubauer hemocytometer. For real-time
assessment of cell proliferation, the
xCELLigence system (Roche Diagnostics
Corporation, Indianapolis, IN, USA)

was used as described (35). Briefly, wild-
type, NT shRNA and 3-MST shRNA
bEnd3 cells were cultured until approxi-
mately 70% confluence in complete
medium. Cells were then detached by
trypsin—-EDTA and resuspended in fresh
culture medium at 30,000 cells/mL;

200 uL of this cell suspension was added
to each well to yield 6,000 cells/well on
an E-Plate 96 (ACEA Biosciences, Inc.,
San Diego, CA, USA), a specially de-
signed 96-well microtiter plate containing
interdigitated microelectrodes to nonin-
vasively monitor the cell proliferation by
measuring the relative change in the elec-
trical impedance of the cell monolayer, a
unitless parameter named cell index (CI).

Wound Scratch Assay

bEnd3 cells were seeded at 5 x 10* cells/
well into a 12-well plate and allowed to
reach confluence. Following starvation
for 8 h with DMEM containing 0.1% FBS,
a scratch was made in a straight line
across the diameter of each well by using
a 200-uL sterile pipette tip. Cell monolay-
ers were incubated in the presence or ab-
sence of 3-MP and NaHS at various con-
centrations. Images of the monolayers
were taken at the start of the experiment
and 48 h thereafter using an inverted
phase microscope, and the wound sizes
were determined by the NIS-Elements
imaging software (Nikon, Tokyo, Japan).

Cell Migration Assay

A modified Boyden chamber cell mi-
gration assay was used as described (35)
in the presence of various concentrations
of 3-MP or NaHS. In some experiments,
the cell culture medium was also supple-
mented with 100 umol/L DHLA. Migra-
tion was microscopically quantified at
200x magnification.

Aortic Ring Angiogenesis Assay

The thin gel rat/mouse aortic ring
assay was conducted as described (27).
Vessel sprouting was stimulated with
various concentrations of 3-MP or NaHS.
The angiogenic response was measured
in the live cultures by counting the num-
ber of neovessels.
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Western Blot Analysis

bEnd3 cells were lysed in NP-450 lysis
buffer (Invitrogen [Thermo Fisher Scien-
tific Inc., Waltham, MA, USA]), diluted in
NuPAGE LDS Sample Buffer (Invitrogen
[Thermo Fisher Scientific]), sonicated,
and boiled. Lysates were resolved on
4%-12% NuPage Bis-Tris acrylamide gels
(Invitrogen [Thermo Fisher Scientific])
and transferred to PVDF membranes.
Membranes were blocked with Starting
Block T20 (Thermo Scientific [Thermo
Fisher Scientific]) and then probed
overnight with primary antibodies
against 3-MST (Atlas Antibodies, Stock-
holm, Sweden), CSE (Proteintech Group,
Inc., Chicago, USA), CBS (Abnova, Taipei
City, Taiwan), phosphorylated (Ser473) or
total Akt (Cell Signaling Technology, Bev-
erly, MA, USA) and phosphorylated
(Ser239) or total VASP (Cell Signaling
Technology). Anti-rabbit horseradish per-
oxidase (HRP) conjugate secondary anti-
body (Cell Signaling Technology) was ap-
plied for 2 h at room temperature.
Enhanced chemiluminescent substrate
(Pierce Biotechnology, Rockford, IL, USA)
was used to detect the signal on high-
sensitivity film (Kodak, Rochester, NY,
USA). HRP-conjugated antibody against
actin (Santa Cruz Biotechnology, Dallas,
TX, USA) was used as a loading control.
The intensity of Western blot signals was
quantified by densitometry using the Im-
age] software (NIH, Bethesda, MD, USA;
http:/ /rsb.info.nih.gov /ij/).

Measurement of H,S Production
bEnd3 Cells (Live Cells and Cell
Homogenates)

To test the effect of hyperglycemia on
3-MST activity H,S production in live
cells, bEnd3 cells were grown in full
DMEM media containing 5.5. mmol/L
glucose (low glucose) or 40 mmol/L glu-
cose (high glucose) for 14 d. Next, 30,000
bEnd3 cells were seeded in Lab-Tek II
chamber coverglass system and incu-
bated overnight. Cells were loaded with
10 umol/L of the fluorescent H,S probe
7-azido-4-methylcoumarin (AzMC) for
30 min as described (40). 3-MP was
added at various concentrations and cells



were further incubated for 1 h. Cells were
washed three times with phosphate-
buffered saline (PBS), and the specific flu-
orescence of the dye was visualized using
Nikon Eclipse 80i inverted microscope
and NIS-Elements software. In an addi-
tional set of studies, 3-MP-induced H,S
production was measured in endothelial
cell homogenates using AzMC (10 umol/L)
at 37°C for 1 h, in a 96-well plate format
(150 ug total protein per well in 200 uL
volume). Control experiments included
measurement of 3-MP-induced H,S pro-
duction in cell homogenates that have
been heat-inactivated (5 min, 100°C) to
inhibit enzymatic activity (since 3-MP en-
zymatic inhibitors are not available). Ad-
ditional controls included measurement
of H,S production in PBS, in the absence
of cell homogenate. Since at higher con-
centrations, 3-MP induced an increase in
AzMC fluorescence, additional studies
were conducted where 3-MP solutions

(1 mmol/L) were made in PBS in vacu-
tainer tubes and incubated at 37°C for

20 min. In one group of samples, a needle
was inserted through the cup to reach the
gas phase and connected to a vacuum
pump. In the other group of samples, the
tubes remained closed. After 20 min, H,S
levels in the solution were measured.

Animals

Male Sprague Dawley rats (~300 g of
weight) and male C57BL/6 mice (8 wks
of age) were obtained from Charles River
Laboratories (Wilmington, MA, USA) or
Jackson Laboratories (Bar Harbor, ME,
USA) respectively. Animals were housed
in an air-conditioned environment (22 +
1°C, 50 + 5% relative humidity, 12-h
light-dark cycle) with free access to
standard chow diet. Animals were al-
lowed five days to acclimatize before the
experiments.

In Vivo Angiogenesis Assay

All procedures were approved by the
Institutional Animal Care and Use Com-
mittee of the University of Texas Medical
Branch in accordance with the U.S. Na-
tional Institutes of Health—-approved
Guide for the Care and Use of Laboratory An-

imals (46). We performed a 30% total body
surface area burn injury in Sprague Daw-
ley rats, as described previously (27). In a
first set of experiments, normoglycemic
(nondiabetic control) rats were randomly
divided into two groups and a full-thick-
ness scald burn was created on their
backs under deep anesthesia. Starting at d
1 and for the following 28 d, rats received
daily subcutaneous (s.c.) injections of ei-
ther saline or 3-MP (300 ug/kg per day)
in the volume of 100 ul per injection at
four equally spaced sites in the transition
zone between burn site and healthy tis-
sue. Images of the lesions at d 28 were ob-
tained on a transparent sheet and the
areas were quantified by NIS-Elements
imaging software. In a subsequent set of
experiments, diabetes was induced by
streptozotocin (STZ) administered in ice-
cold citrate buffer (pH = 4.5) and injected
intraperitoneally (IP) at a dose of 60
mg/kg to animals fasted overnight (10).
Four days later, development of diabetes
was assessed by measuring blood glucose
using a glucometer. Seven days after STZ
injection, burn wounds were created and
wound areas at d 28 of injury was evalu-
ated, as described above for normoglyce-
mic rats. A group of rats received daily
LA (100 mg/kg, IP) starting d 1 of burn
injury. LA was dissolved as described by
Cameron and colleagues (44). The powder
was mixed with sterile saline, and NaOH
was added until the suspension dissolved.
The pH was then brought to pH 7.4 with
HCI. Daily s.c. injections of either saline,
3-MP (300 ug/kg/day) or NaHS (300 ug/
kg/day) were performed. For the Matrigel
plug assay (Corning Matrigel Plug; Corn-
ing, Tewskbury, MA, USA), C57BL/6] mice
were injected s.c. with 500 uL of Matrigel.
3-MP (300-1000 pg/kg/day) was injected
s.c. in proximity of the Matrigel plugs
twice a day for 10 d. The Matrigel plugs
were recovered by dissection, digested by
Drabkin reagent, and angiogenesis was
assessed by hemoglobin measurements,
as described (27).

Mesenteric Bed Relaxation
The mesenteric bed preparation was
performed according to Warner (47).
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Rats were anesthetized with ketamine/
xylazine cocktail. The superior mesen-
teric artery was cannulated and whole
vascular bed perfused for 5 min at

2 mL/min with heparinized (10 IU/mL)
and oxygenated (95% O,, 5% CO,) Krebs
buffer composed of 115.3 mmol/L NaCl,
4.9 mmol/L KCl, 1.46 mmol/L CaCl,,
1.2 mmol/L MgSO,, 1.2 mmol/L
KH,PO,, 25.0 mmol/L NaHCO,, and
11.1 mmol/L glucose. The mesenteric
bed was then isolated, connected to a
disposable pressure transducer and
changes in perfusion pressure were mea-
sured by PowerLab data acquisition
software (ADInstruments Inc., Colorado
Springs, CO, USA). After approximately
20 min of equilibration, the adrenergic
agonist methoxamine was added to the
Krebs solution, and relaxation responses
to bolus injections of 3-MP (1-100 ng, in
100 uL) were evaluated.

Measurement of Microvascular
Blood Flow

Skin microvascular blood flow was
measured using a PeriFlux 5000 laser-
Doppler flow meter (Perimed Inc., Ard-
more, PA, USA). Rats were anesthetized
by ketamine/xylazine (IP). The laser-
Doppler probe was placed on the
shaved dorsal skin of the animals and
stable basal signal was recorded.
Changes in the s.c. microcirculatory per-
fusion were detected following intracu-
taneous injections of either vehicle
(saline), 3-MP (0.3-3 mg/kg) or NaHS
(0.1-1 mg/kg).

Arterial Blood Pressure Measurement
Rats were anaesthetized by IP injec-
tion of ketamine/xylazine cocktail. The

left carotid artery was cannulated and
connected to a pressure transducer
(ADInstruments Inc.). The femoral vein
was also cannulated. A heating pad was
used to keep the rat’s body temperature
stable at 37°C. After 60 min of equili-
bration, bolus injections of increasing
doses of 3-MP (0.3-3 mg/kg) or NaHS
(0.1-1 mg/kg) were made into the
femoral vein with 15 min intervals be-
tween injections. Data acquisition and

MOL MED 21:1-14, 2015 | COLETTA ET AL. | 3



IMPAIRMENT OF THE 3-MST/H,S PATHWAY IN HYPERGLYCEMIA

analysis were accomplished by the
PowerLab system.

Plasma H,S Measurement

3-MP or NaHS were given IP at a dose
of 1 mg/kg. Whole blood was collected
30 min later in K,EDTA blood collection
tubes and centrifuged at 4°C for 15 min
at 2000g. Plasma was isolated and H,S
levels were measured with the
fluorescent H,S probe 7-azido-4-
methylcoumarin (AzMC) (40). After in-
cubation of 200 uL of plasma with
10 umol/L AzMC, the fluorescence was
measured using SpectraMax M2 micro-
plate reader (Molecular Devices, Sunny-
vale, CA, USA.) at ex = 365, em = 450 nm.
H,S levels were calculated against a
NaHS standard curve.

Mitochondrial Isolation and
Bioenergetic Analysis

The XF24 Extracellular Flux Analyzer
(Seahorse Biosciences, North Billerica,
MA, USA) was used to measure mito-
chondrial bioenergetic function, as de-
scribed (38). Mitochondria from rat livers
(control, diabetic, either treated with vehi-
cle or with LA, as described above) were
isolated by differential centrifugation and
used for bioenergetic analysis. In the
“coupling assay,” respiration by the mito-
chondria (15 ug/well) was sequentially
measured in a coupled mitochondrial
state with the addition of succinate, as a
complex II substrate into the assay media.
The detection of basal respiration, state 2
was followed by state 3 (phosphorylating
respiration, in the presence of ADP and
substrate), state 4 (nonphosphorylating or
resting respiration) following conversion
of ADP to ATP, finally state 40 was in-
duced with the addition of oligomycin.
Next, maximal uncoupler-stimulated res-
piration (state 3u) was detected by the ad-
ministration of the uncoupling agent,
FCCP. At the end of the experiment the
complex III inhibitor, antimycin A was ap-
plied to completely shut down the mito-
chondrial respiration. The coupling assay
examines the degree of coupling between
the electron transport chain (ETC), and
the oxidative phosphorylation (OXPHOS),

and can distinguish between ETC and
OXPHOS with respect to mitochondrial
function/dysfunction. In a separate set of
studies, “electron flow” experiments were
also conducted. This analysis, which is
conducted in mitochondria uncoupled
with FCCP (4 umol/L), allows the func-
tional assessment of selected mitochondr-
ial complexes together in the same time
frame. Mitochondrial electron transport
was stimulated by the addition of pyru-
vate and malate (10 mmol/L and

2 mmol/L, respectively, to enable the ac-
tivity of all complexes), with succinate (10
mmol/L, in the presence of the complex I
inhibitor rotenone, 2 umol /L, to direct the
electron flow exclusively through com-
plexes II, IIl and IV) or with the artificial
substrates ascorbate and TMPD (10
mmol/L and 100 umol/L, respectively, in
the presence of the complex III inhibitor
antimycin at 4 umol/L, to selectively acti-
vate complex IV). In one set of experi-
ments, the bioenergetic responses from
the four groups (control, diabetic, either
treated with vehicle or with LA) were an-
alyzed for basal bioenergetic parameters.
In another set of experiments (coupling
assay), mitochondria were treated with
the 3-MST substrate 3-MP (10 umol/L) in
vitro, followed by bioenergetic analysis. In
an additional set of experiments (coupling
assay), mitochondria were treated with
DHLA (100 nmol/L) prior to the addition
of 3-MP (10 umol/L), followed by bioen-
ergetic analysis.

Statistical Analysis

Data are shown as mean + SEM.
One-way and two-way ANOVA with
Bonferroni multiple comparison test
were used to detect differences between
groups. Statistical calculations were per-
formed using GraphPad Prism 5 analysis
software (GraphPad Software Inc., La
Jolla, CA, USA).

RESULTS

3-MP is a Microvascular Relaxant
Bolus administrations of 3-MP (1 to

100 ng in 100 uL volume) to the isolated

and perfused mesenteric vascular bed
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(with functional endothelium and on a
stable methoxamine precontractile tone),
elicited a concentration-dependent de-
crease in perfusion pressure (Figure 1A).
The vasorelaxant effect of 3-MP on the
mesenteric tone was mimicked by NaHS
(100 ng bolus in 100 uL volume) (see Fig-
ure 1A). With the use of a PeriFlux 5000
laser-Doppler flow meter, we also tested
the effect of 3-MP on the skin microvas-
cular blood flow in anesthetized rats.
Changes in the s.c. microcirculatory
perfusion were detected following intra-
cutaneous injections of either vehicle
(saline), 3-MP (0.3-3 mg/kg) or NaHS
(0.1-1 mg/kg). Both 3-MP and NaHS re-
laxed skin microvessels and increased
the regional blood flow (Figure 1B). In-
travenous bolus injection of 3-MP at 0.3,
1 and 3 mg/kg elicited a transient de-
crease in the mean arterial blood pressure
of anesthetized rats by 6 + 3, 13 + 1 and
21 + 2 mmHg, respectively (Figure 1C).
A similar concentration-dependent effect
was achieved by intravenous bolus ad-
ministration of NaHS (0.1-1 mg/kg) (see
Figure 1C).

In Vivo Administration of 3-MP
Increases Circulating H,S Levels

IP injection of 3-MP to rats at a dose of
1 mg/kg caused an approximately three-
fold increase in circulating H,S levels at
30 min following treatment, as detected
in the plasma using a fluorescent probe.
NaHS (1 mg/kg), which was used as a
positive control, increased circulating
H,S levels as well (Figure 1D).

The Proangiogenic Effect of 3-MP In
Vitro Is Associated with the Activation
of Akt and Protein Kinase G (PKG)
3-MP elicited a concentration-dependent
increase in microvessel sprouting in rat
aortic rings (Figure 2A). In bEnd3 mi-
crovascular endothelial cells, 3-MP facili-
tated migration, as measured by the
wound scratch or the transwell migra-
tion assays (Figures 2B, C) and stimu-
lated endothelial cell proliferation (Fig-
ure 2D). Similarly, and in line with prior
findings (27), NaHS (30 umol/L) induced
proangiogenic responses in vitro. 3-MP



(at 100 umol /L, the concentration that
caused maximal proangiogenic responses
in vitro) stimulated Akt phosphorylation
at its activating site (Ser473) in bEnd3
cells (Figure 2E). Silencing of 3-MST by
shRNA lentiviral particles (inset in Fig-
ure 2F) resulted in a significant inhibition
of the proliferation rate of bEnd3 cells, as
measured by the xCELLigence system
(see Figure 2F), pointing to the impor-
tance of the endogenous 3-MP/3-
MST/H,S pathway in the maintenance of
endothelial cell angiogenesis. Cells with
3-MST silencing showed lower levels of
activated Akt (phosphorylated at Ser473)
and phospho-VASP (Ser239), a marker of
PKG activation, compared with the con-
trols (wild-type cells or cells treated with
a scrambled, nontargeting shRNA se-
quence) (Figures 2G, H).

Contribution of Enzymatic and
Nonenzymatic H,S Production to the
Effects of 3-MP

In an additional set of studies, 3-MP-
induced H,S production was measured
in bEnd3 endothelial cell homogenates.
3-MP induced a concentration-dependent
increase in AzMC fluorescence (Figure
3A). When the homogenates have been
heat-inactivated (5 min, 100°C) to inhibit
enzymatic activity, the H,S signal was re-
duced, but not completely blocked (espe-
cially at the two highest concentrations
tested, 1 and 3 mmol/L) (see Figure 3A).
Likewise, higher concentrations of 3-MP
induced some increase in AzMC fluores-
cence in PBS, in the absence of cell ho-
mogenate (see Figure 3A). Therefore, ad-
ditional studies were conducted in which
3-MP solutions were made in PBS and ei-
ther closed down with no headspace, or
left open and connected to a vacuum
system for 24 h to remove gaseous prod-
ucts diffusing into the headspace, fol-
lowed by the measurement of H,S levels
in the solution. These studies showed
that the H,S signal was reduced when
the solution’s headspace gases were re-
moved via a vacuum system (Figure 3B),
lending further proof that 3-MP at high
concentrations gives rise to H,S via a
nonenzymatic mechanism. However, the
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Figure 1. 3-MP mimics the vasorelaxant properties of H,S. (A) Similarly to NaHS, 3-MP elicits
decreases in perfusion pressure (vasorelaxation) in preconstricted mesenteric arterial bed
in a concentration-dependent manner. Test agents were administered as successive bo-
luses (each in 100 uL volume). The inset shows a typical vasorelaxation curve to 3-MP as re-
corded by PowerlLab data acquisition software (*p < 0.05, n = 4/group). (B) 3-MR similarly fo
NaHS, induced skin microvessel dilation as measured by a PeriFlux 5000 laser-Doppler flow
meter placed on the shaved dorsal skin of anesthetized animals (*p < 0.05 versus vehicle,

n = 4/group). (C) 3-MR similar to NaHS, induces concentration-dependent decreases in
blood pressure in anaesthetized rats. The left carotid artery was cannulated and connected
to a pressure fransducer (ADInstruments) fo detect changes in the arterial blood pressure.
Intravenous bolus injection of 3-MP at 0.3, 1 and 3 mg/kg of body weight and NaHS at 0.1,
0.3 and 1 mg/kg of body weight elicited transient decreases in mean arterial blood pres-
sure (*p < 0.05 versus vehicle; n = 3/group). (D) IP injections of 3-MP at 1 mg/kg to rats re-
sulted in increased circulating levels of H,S as measured by the AzZMC fluorescent probe at
30 min; the circulating H,S response to the injection of NaHS is shown as a positive control
(*p < 0.05 versus vehicle; n = 3/group). In all bar graphs, mean + SEM values are shown.

fact that this production requires high
concentrations of 3-MP makes it unlikely
that this process has a major contribution
to the cellular responses we have ob-
served in the current study.

3-MP Exerts Proangiogenic Effects
In Vivo

Daily topical injections of 3-MP (0.3
and 1 mg/kg) caused a sustained in-

crease in neovascularization (measured
by hemoglobin content) in Matrigel
plugs implanted for 10 d in C57BL/6
mice (Figures 4A, B). Because wound
healing is dependent on angiogenesis,
we next assessed the ability of 3-MP to
facilitate wound closure in a burn
wound model in the rat. Skin wound
sizes, measured by planimetry at d 28,
were markedly reduced in rats receiving
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Figure 2. 3-MP mimics the proangiogenic property of H,S. (A) Aortic rings were harvested from rats and cultured for 7 d in collagen gel in
Opti-MEM medium containing 1% FBS in the presence or absence of 3-MP (10 umol/L to 1 mmol/L) or NaHS (30 umol/L), followed by the
quantification of microvessels. Both 3-MP and NaHS increased microvessel formation (*p < 0.05 versus vehicle; n = 4/group), although at
the increase of 3-MP from 100 umol/L to T mmol/L did not elicit an additional increase in microvessel formation; in fact, a fendency for a
decrease was noted. This type of concentration response is consistent with the often-reported bell-shaped pharmacological effect of H,S
where higher concentrations exert inhibitory effects on various cell functions. (B) bEnd3 cells were seeded in 12-well plates and cultured
overnight. Following starvation, a wound scratch was made. Cells were subsequently incubated with 3-M (10 umol/L to T mmol/L) or NaHS
(30 umol/L) for an additional 48 h, followed by the evaluation of scratch wound healing (um). Both 3-MP and NaHS facilitated scratch
wound healing responses (*p < 0.05 versus vehicle; n = 4/group). (C-D) The effects of 3-MP (10 umol/L to T mmol/L) or NaHS (30 umol/L) on
bENd3 cell migration (C) and cell proliferation (D). Both 3-MP and NaHS facilitated these responses (*p < 0.05 versus vehicle; n = 4/group),
although at the highest concentration of 3-MR the cell proliferation response was no longer stimulated, consistent with the often-reported
bell-shaped pharmacological effect of H,S, where higher concentrations exert inhibitory effects on various cell functions. (E) bEnd3 cells
were exposed to 100 umol/L 3-MP for the indicated times. Cell lysates were analyzed by SDS/PAGE. PVDF membranes were blofted by
using rabbit polyclonal antibodies against phosphorylated (Ser473) or total Akt. Increased levels of phosphorylated Akt were detected
upon 3-MP treatment, starting at 30 min. The blot shows a representative experiment of n = 3 independent determinations conducted on
different experimental days (F) The lentiviral ShRNA vector targeting 3-MST was fransfected into bEnd3 cells. The shRNA vector effectively in-
hibited the expression of 3-MST gene at the protein level, as shown by Western blot analysis (inset in F). Following 3-MST silencing, cells were
seeded at the density of 3,000 cells per well in XCELLigence plates and proliferation was monitored for 72 h. Downregulation of 3-MST
markedly reduced the proliferation rate of the bENd3 cells. The graph shows a representative experiment of n = 3 independent determina-
tions conducted on different experimental days; each data point represents mean + SEM of n = 6 xCELLigence wells. (G-H) Cell lysates
from wild-type cells, nontargeting (NT) shRNA cells and 3-MST shRNA cells were analyzed by SDS/PAGE and the analysis of the blots re-
vealed low detectable levels of (G) phosphorylated Akt (serd73) and (H) phosphorylated VASP (ser239), a marker of protein kinase G acti-
vation. There was an inhibition of both of these responses in cells with 3-MST downregulation. The blots show a representative experiment of
n = 3 independent determinations conducted on different experimental days. In all bar graphs, mean + SEM values are shown.
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daily topical administrations of 3-MP at
0.3 mg/kg (Figures 4C, D).

Hyperglycemia Impairs the
3-MP/3-MST/H,S Pathway

To test the effect of hyperglycemia on
the expression and activity of 3-MST,
bEnd3 cells were grown in full DMEM
medium containing 5.5 mmol/L glucose
(low glucose) or 40 mmol/L glucose
(high glucose) for 14 d. Cell lysates were
then analyzed by Western blotting. No
differences were found in the expression
levels of 3-MST in bEnd3 cells following
14 d of hyperglycemia. Similarly, and in
line with our previous findings (10), no
effect of hyperglycemia was found on
the expression of cystathionine-y-lyase
(CSE), another enzymatic source of H,S
in endothelial cells. A tendency for a hy-
perglycemia-induced increase in the lev-
els of cystathionine-B-synthase (CBS, a
third H,S-producing enzyme) was noted
(Figure 5A). Using the fluorescent H,S
probe AzMC, we tested the effect of hy-
perglycemia (14 d of incubation at
40 mmol/L glucose) on 3-MST activity
(defined as the ability to convert the
substrate 3-MP to H,S) in live bEnd3
cells. Cells grown in low glucose condi-
tions and treated with 3-MP (10 or 100
umol/L) showed an increase in the in-
tracellular fluorescence signal, indicat-
ing increased 3-MST-dependent enzy-
matic production of H,S. Hyperglycemic
cells showed a marked decrease in the
detection of intracellular fluorescent sig-
nal (Figure 5B), which can be inter-
preted as a reduced ability of 3-MST to
convert 3-MP to H,S when the extracel-
lular glucose concentration is elevated.
We observed an impairment of the
proangiogenic properties of 3-MP in hy-
perglycemic bEnd3 cells, as well. After
14 d of hyperglycemia, 3-MP was no
longer able to stimulate angiogenesis, as
assessed by cell proliferation, wound
scratch healing and cell migration in
bEnd3 cells (Figures 5C-E). Moreover, 3-
MP failed to facilitate wound closure in
the burn wound model in STZ-diabetic
rats (Figure 5F). By contrast, the H,S
donor NaHS maintained its proangio-
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Figure 3. Enzymatic and nonenzymatic H,S production from 3-MR (A) bEnd3 cell ho-
mogenates, heat-inactivated homogenates or PBS in the absence of homogenates were
incubated with increasing concentrations of 3-MP for 1 h, followed by the measurement
of H,S production. (B) Effect of removal of headspace gases to the detectable levels of
H,S in a PBS solution of 3-MP (1 mmol/L). Data show mean + SEM values; n = 3 indepen-

dent determinations.

genic and wound-healing-stimulating
activity in hyperglycemic cells and in
diabetic animals (see Figures 5C-F).

Lipoic Acid Restores the
Proangiogenic Effect of 3-MP in
Hyperglycemia and Diabetes

LA, a naturally occurring dithiol com-
pound, is known as an antioxidant and
an essential cofactor of mitochondrial en-
zymes (44,45). LA directly terminates free
radicals and chelates transition metal
ions. Recent studies showed that LA acts
as a stimulator/cofactor of 3-MST (43). To
test whether LA may improve or restore
the proangiogenic effect of 3-MP in hy-
perglycemia, bEnd3 cells were grown in
hyperglycemia (40 mmol/L glucose) for
14 d in presence or absence of 100 umol/L
of the reduced form of LA (DHLA).
DHLA restored the effect of 3-MP to stim-
ulate bEnd3 endothelial cell migration in
hyperglycemia (see Figure 5E). To test the
effect of lipoic acid in vivo, STZ-diabetic
rats were subjected to the burn wound
healing model. Rats also received either
vehicle or LA administrations (100 mg/kg,
IP daily), starting 7 d following STZ injec-
tion and continuing for an additional
28-d period. 3-MP or NaHS was given lo-
cally in a fashion identical to the studies
discussed in Figure 3. The ability of 3-MP
to enhance the wound closure was re-

stored by LA treatment in STZ-diabetic
rats (see Figure 5F).

Diabetes Elicits Marked Alterations in
Mitochondrial Function

Consistent with prior reports (48-51),
mitochondria isolated from STZ-diabetic
animals showed marked functional alter-
ations (in most cases, suppression) in mi-
tochondrial function. The nature of the al-
terations depended on the mitochondrial
parameter studied and the assay em-
ployed. Figures 6A and C represent origi-
nal tracings of a coupling and electron
flow bioenergetic assays, respectively, as
conducted in liver mitochondria obtained
from healthy control versus STZ-diabetic
rats. Figures 6B and D show collected
data of five individual measurements
conducted on different experimental
days. Data presented in panels A and B
show the comparison of mitochondrial
function between normal and diabetic
mitochondpria in the coupling experiment,
during which the assay media contains
succinate (a mitochondrial complex II
substrate) and rotenone (a mitochondrial
complex I inhibitor). In this assay, elec-
tron flow initiates from complex II and
runs over complexes III and IV. Serial
measurements of basal/state 2, state 3,
state 40 and the uncoupler-stimulated
respiration, state 3u, were performed

MOL MED 21:1-14, 2015 | COLETTA ET AL. | 7
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Figure 4. Stimulatory effects of 3-MP on angiogenesis in vivo. (A-B) The effect of 3-MP on
angiogenesis in vivo was assessed by Matrigel plug assay in C57BL/6 mice. Daily 3-MP
tfreatments (0.3 and 1 mg/kg) significantly promoted neovascularization in the Matrigel
plug assay. (A) Images of the Matrigel plugs immediately after collection at d 10 are
shown. (B) Neovascularization in the Matrigel plugs was quantified by measuring hemo-
globin content using Drabkin reagent, demonstrating the stimulatory effect of 3-MP on
angiogenesis (*p < 0.05 versus vehicle; n = 5/group). (C-D) Following anesthesia and
analgesia, rats were placed in a mold and subjected to burn injury by submerging the
back in scalding (96-99°C) water for 10 s. Rats were randomly divided into two groups
and treated daily for 28 d either with vehicle or 3-MP (300 ug/kg per day s.c.). Subcuta-
neous injections of 3-MP were performed daily at four equally spaced sites in the fransi-
fion zone between burn site and healthy tissue. (C) Burn wound areas were determined
on d 28 by NIS-Elements imaging software (Nikon) and (D) were quantified and analyzed
statistically. 3-MP administration significantly reduced the wound area (*p < 0.05 versus
vehicle; n = 8/group). In all bar graphs, mean + SEM values are shown.

through the sequential injections of ADP,
oligomycin, FCCP and antimycin A. All
respiration stages significantly differed
between control and STZ-diabetic mito-
chondria, with the oxygen consumption
rate (OCR) values in basal (state 2), state
3 and state 40 being higher in STZ group
than in the control group, while state 3u
(which arises after the addition of the un-
coupling agent FCCP) STZ-diabetic mito-
chondria showed a reduction in their
peak mitochondrial function. In panels C
and D, the results of an “electron flow
assay” are shown, which evaluates the
electron flow activity through all four

8 | COLETTA ET AL. |

complexes of the mitochondrial electron
transport chain. The assay media con-
tains pyruvate and malate as substrates
of complex I, and the bioenergetic mea-
surement is conducted in the presence of
FCCP to uncouple the mitochondria. In
this assay, each mitochondrial complex
can be examined individually, the se-
quential injection of rotenone, succinate,
antimycin and TMPD/ascorbate permits
the evaluation of the functions of com-
plexes L, II and IV. When the function of
all complexes (CI + CII + CIII + CIV) was
intact, or when complex I was selectively
inhibited or when the functionality of

MOL MED 21:1-14, 2015

complex IV was assessed on its own, iso-
lated mitochondria collected from STZ
diabetic rats exhibited a marked suppres-
sion of function (Figure 6).

The Mitochondrial Activity of the
3-MST/H,S Pathway Is Reduced in
Diabetes with Restoration by Lipoic
Acid

Because in the coupling assay the most
marked and most consistent differences
between control and diabetic animals
were noted in the FCCP-induced in-
creases in oxygen consumption (which
yields the bioenergetic parameter usually
described as “respiratory reserve capac-
ity”) (see Figure 6), in the followup stud-
ies we have concentrated on this parame-
ter. 3-MP (10 umol /L) stimulated
mitochondrial function, consistent with
our recent studies (20,38), showing that
mitochondria generate H,S when incu-
bated with 3-MP and that the resulting
H,S gives electrons to the mitochondria at
complex II and stimulates mitochondrial
electron transport and cellular bioenerget-
ics. The 3-MP-elicited stimulatory effect
on mitochondrial respiration was reduced
in mitochondria from STZ-diabetic rats by
approximately 40% (Figure 7), in line with
prior findings (20) demonstrating that ox-
idative stress attenuates the catalytic ac-
tivity of 3-MST and of the H,S-associated
bioenergetic responses. Treatment of the
nondiabetic animals with LA did not af-
fect their mitochondrial function (Figure
7A), but it improved the function of the
STZ-diabetic mitochondria (Figure 7B). In
addition, treatment with LA in vivo or
with DHLA in vitro (or, most, effectively,
combined treatment with in vivo LA and
in vitro DHLA) enhanced /partially re-
stored the bioenergetic stimulatory effect
of 3-MP in the mitochondria isolated from
diabetic animals (Figure 8). The seven
open bars in the left side of the figure rep-
resent the responses of mitochondria iso-
lated from livers of nondiabetic animals;
the seven closed bars in the right side of
the figure represent the bioenergetic re-
sponses of mitochondria isolated from liv-
ers of STZ-diabetic animals. The FCCP-in-
duced increments in vehicle-treated
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Figure 5. Hyperglycemia reduces 3-MST activity without affecting 3-MST protein expression. (A) bEnd3 cells were grown in full DMEM media
containing 5.5. mmol/L glucose (low-glucose) or 40 mmol/L glucose (high glucose) for 14 d. Cell lysates were then analyzed by Western
blotting. No differences were found in the expression levels of 3-MST and CSE in bEnd3 cells following 14 d of hyperglycemia, while a ten-
dency for increased levels of CBS was noted. The blots show a representative experiment of n = 3 independent determinations conducted
on different experimental days. (B) The H,S probe AzZMC was employed to measure 3-MST activity (estimated as the ability to convert the
substrate 3-MP (10-100 umol/L) to H,S) in live bEnd3 cells. Cells grown in high glucose conditions, unlike those grown in normal glucose,
showed a marked decrease in the intfracellular fluorescent signal stimulated by 3-MPThe figures show a representative experiment of n = 3
independent determinations conducted on different experimental days. Colocalization studies with the mitochondrial localization marker
Mitotracker show that 3-MP-induced H,S production shows partial mitochondrial localization, consistent with the known presence of 3-MST
both in the mitochondria and in the cytoplasm. (C-E) Functional impairment of the 3-MP/3-MST/H,S pathway was further evidenced by
the loss of the in vifro proliferative, wound-healing-stimulatory and scratch-wound-closing-stimulatory effect of 3-MP in hyperglycemic
bENd3 cells (experimental conditions as in Figure 2). Note that 3-MP no longer stimulates these responses, while NaHS continues to exert a
significant effect (*p < 0.05 versus vehicle; n = 4/group). (E) The presence of LA restored the stimulatory effect of 3-MST on bEnd3 cell mi-
gration in high glucose conditions (*p < 0.05 versus vehicle; n = 4/group), but did not affect the effect of NaHS. (F) In STZ-diabetic rats sub-
jected to burn-induced wound healing model, 3-MP did not accelerate wound closure, whereas the combination of LA and 3-MP had a
significant effect. Similar to its effect in nondiabetic rats, NaHS remained effective in stimulating burn wound healing in diabetic animals.
Burn wound healing in STZ-diabetic animals was studied and analyzed similar to the approach used in nondiabetic rats in Figure 4. (*p <
0.05 versus vehicle; n = 8/group). In all bar graphs, mean + SEM values are shown.

control mitochondria (for the groups indi-
cated with open bars) or in vehicle-treated
STZ-diabetic mitochondria (for the groups
indicated with closed bars) were consid-
ered as FCCP-induced respiration in nor-

mal conditions and were subtracted from
all the 3-MP/DHLA /LA-mediated bioen-
ergetic responses shown in the figure. For
instance, the white bar on the left (DHLA,
with a value very close to zero) means

MOL MED 21:1-14, 2015 |

that the respiratory reserve capacity of the
mitochondria was unaffected by the in
vitro addition of DHLA in control (nondi-
abetic) mitochondria. Likewise, the black
bar on the right with a high value (LA +
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Figure 6. Altered mitochondrial function in liver mitochondria of STZ-diabetic rafs. Com-
parison of mitochondrial oxygen consumption rate (OCR) of liver mitochondria iso-
lated from control (CTL) and streptozotocin-diabetic (STZ) rats is shown in (A,B) cou-
pling and (C,D) electron flow experiments. Note the suppression of the FCCP-induced
oxygen consumption responses (respiratory reserve capacity, state 3u) by diabetes in
the coupling experiment, and the suppression of all bioenergetic parameters in the
electron flow experiment. A-B show measurement of bioenergetics tracings and C-D
show mean = SEM values collected from five individual measurements conducted on
different experimental days; **p < 0.01 shows significant differences between control
and diabetic mitochondria for the indicated functional parameter.

DHLA + 3-MP) means that the indicated
condition (in vivo lipoic acid treatment of
STZ-diabetic rats, followed by in vitro
DHLA and 3-MP administrations) mark-
edly elevated the respiratory reserve ca-
pacity, when compared with the control

STZ-diabetic mitochondria (see Figure 8).

DISCUSSION

The main novel results of the present
report are the following: (a) the 3-MP/
3-MST/H,S pathway regulates vascular
function (acts as a microvascular vasore-
laxant); (b) the 3-MP/3-MST /H,S path-
way acts as a physiological stimulator of
angiogenesis; (c) the 3-MP/3-MST/H,S

pathway develops a functional impair-
ment in hyperglycemia (suppression of
the angiogenic and bioenergetic re-
sponses); and (d) lipoic acid improves/re-
stores the function of the 3-MP/3-MST/
H,S pathway in hyperglycemia. On the
basis of these findings, we speculate that
the impairment of the 3-MP/3-MST/H,S
pathway may contribute to the pathogen-
esis of hyperglycemic endothelial cell dys-
function. We also speculate that pharma-
cological supplementation of H,S and/or
the restoration of the 3-MST system may
be a potential future experimental thera-
peutic approach. It is conceivable that
some of the previously noted beneficial
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and therapeutic effects of lipoic acid in di-
abetic complications (including vascular
disease and diabetic neuropathy)
(44,45,52,53) may be, at least in part, re-
lated to the lipoic acid-induced enhance-
ment of the H,S pathway in diabetic ani-
mals or diabetic patients.

The 3-MP/3-MST pathway is receiving
increasing attention as a novel enzymatic
system involved in physiological H,S gen-
eration (with CSE and CBS being the
other two physiological H,S-generating
enzymes, which have been studied for
longer times and are currently much bet-
ter characterized). Although the presence
of 3-MST and the metabolism of 3-MP by
3-MST in various tissues has been known
for over three decades (54), the produc-
tion of H,S by this pathway has only been
realized in the last few years. There are
now several reports demonstrating
3-MP/3-MST induced H,S production in
the central and peripheral nervous system
(55,56) and in the vascular endothelium
(17), as well as in various other cells and
tissues (20,38,43). The oxidative-stress-
sensitive nature of 3-MST (57,58) and the
functional consequence of this property
(in terms of reduced H,S production and
impaired cellular bioenergetics) (20) have
also been demonstrated in recent years.
Moreover, the molecular structure and
biochemical profile of the human 3-MST
enzyme has recently been characterized in
significant detail (59). However, the phys-
iological and especially the pathophysio-
logical relevance of the 3-MP/3-MST/H,S
pathway remains largely unexplored. A
study by Shibuya and colleagues that
demonstrated H,S production by 3-MP
via 3-MST in endothelial cells focused on
the localization of the enzyme within the
endothelium and the biochemical aspects
of H,S production, but did not explore the
functional consequences of the H,S pro-
duced by 3-MST. The results of the pres-
ent study, demonstrating that 3-MP in-
duces microvascular relaxation,
angiogenesis and in vivo H,S production
extend the prior findings and suggest that
3-MST-derived H,S, in addition to CBS-
and CSE-derived H,S plays physiological
regulatory roles in the cardiovascular sys-
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Figure 7. 3-MP/3-MST mediated bioenergetic responses are suppressed in liver mitochondria of STZ-diabetic rats; restoration of the re-
sponses by DHLA in vitro. (A-D) Comparison of mitochondrial oxygen consumption rate (OCR) of liver mitochondria isolated from control
(CTL) and streptozotocin-diabetic (STZ) rats, with or without the addition of 3-MP (10 umol/L), in the presence or absence of preincubao-
fion with DHLA is shown in mitochondrial coupling assay experiments. (A,C) representative bioenergetic tracings; (B,D) collective OCR
values (from six individual measurements conducted on different experimental days) show increments in the 3-MP-induced increases in
bioenergetic responses (calculated as increments in area-under-the-curve (AUC) of the calculated respiratory reserve capacity re-
sponses affer FCCP administration) in mitochondria isolated from control or STZ-diabetic rats, and in mitochondria of STZ-diabetic rats
with or without DHLA (100 nmol/L) incubation. Note the suppression of the 3-MP induced bioenergetic responses in mitochondria from
STZ-diabetic rats, and the stimulatory effect of DHLA in mitochondria isolated from STZ-diabetic (but not in mitochondria isolated from
conftrol) ratfs. Bar graphs show mean + SEM values; **p < 0.01 shows significant differences between 3-MP freated and 3-MP combination
with DHLA-treated diabetic mitochondria in vitro between the two indicated groups; NS: not significant.

tem as a vasodilator and proangiogenic tribute to the generation of ATP, the bio- importance and the overall applicability
local hormone. The reduced proliferative logical “fuel” needed for cell proliferation, of the current findings.

capacity of the 3-MST-silenced endothelial ~ movement and division). It should be em- With respect to the pathophysiological
cells, shown in the current study, indicates ~ phasized that, similar to the case with the roles of the 3-MP/3-MST/H,S system,

a significant role of the 3-MP/3-MST/H,S other two H,S-producing enzymes CSE the literature is scarce. We have recently
system in the physiological maintenance and CBS, there may be marked differ- made the observation that physiological
of angiogenesis. This effect may be due to ences in the expression and activity of 3- aging impairs the bioenergetic effect of 3-
a combination of the stimulation of H,S- MST in different vascular beds, blood ves- MP (21), Wallace and colleagues demon-
mediated signaling pathways (such as sels of different sizes and different strated the upregulation of 3-MST in

Akt and PKG, as well as, potentially, species. Therefore, additional studies (in- colonic inflammation (60), several groups
many other pathways) and H,S-mediated cluding studies in 3-MST deficient mice) showed the upregulation of 3-MST in re-
stimulatory bioenergetic effects (to con- are needed to extend the physiological sponse to various forms of hypoxia
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Figure 8. Treatment of STZ-diabetic rats with LA enhances the bioenergetic function of rat
liver mitochondria; comparison with in vitro tfreatment of the mitochondria with DHLA.
(A-B) Comparison of the respiratory reserve capacity (FCCP-induced increments in oxy-
gen consumption rate (OCR)) of rat liver mitochondria isolated from control animals or
from STZ-diabetic animals treated with either vehicle or LA in vivo, with or without addi-
tional in vitro preincubation with DHLA (100 nmol/L) in mitochondrial coupling assay ex-
periments. The height of each bar corresponds to the magnitude of the increase in respi-
ratory reserve capacity by the indicated condition, expressed as delta AUC. Please note
that the most pronounced enhancements in 3-MP-induced bioenergetic responses were
seen in the presence of LA or LA + DHLA pretreatments. When these freatments were ap-
plied, the 3-MP bioenergetic responses of the STZ-diabetic rats became higher than the
responses of the corresponding nondiabetic conftrols, indicating that these tfreatments
tended to restore normal mitochondrial functionality. Please also note that LA treatment
of the STZ-diabetic rats (but not the control rats) increased mitochondrial function in the
absence of any 3-MP addition. *p < 0.05 and **p < 0.01 show significant enhancements
of FCCP-induced OCR responses by the indicated agents (in vitro 3-MP; in vifro DHLA in
the presence of in vifro 3-MP; in vivo LA; in vivo LA, followed by the addition of in vifro
DHLA; in vivo LA, followed by the addition of in vitro 3-MP; in vivo LA, followed by the addi-
tion of in vitro DHLA and 3-MP) compared with FCCP alone in the respective (control or
STZ-diabetic) mitochondria; *o < 0.05 and *#p < 0.01 show significant enhancements of
FCCP-induced OCR responses by in vitro 3-MP or in vitro DHLA and 3-MP in combination,
when compared with the responses of the respective (control or STZ-diabetic) mitochon-
dria isolated from LA-tfreated rats. Bar graphs show mean + SEM values of af least n = 4
experiments for each condition.

(61,62), and there is a recent report show-
ing the downregulation of 3-MST in
stroke (63). Moreover, a recent report
showed that 3-MST-knockout mice ex-
hibit increased anxiety-like behaviors
(64), although there are currently no pub-
lished data with respect to the nature of
the changes in the H,S homeostasis in
the 3-MST-knockout mice. Likewise,

prior to the present report, there were no
papers in the literature connecting the 3-
MP/3-MST/H,S system to the hypergly-
cemia or diabetic complications. The
findings presented in the current report
indicate that the function (but not the ex-
pression level) of 3-MST is decreased in
STZ-diabetes in vivo and during elevated
extracellular glucose in endothelial cells
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in vitro. One of the key features that ele-
vated extracellular glucose in vitro and
STZ-diabetes in vivo share is the in-
creased cellular production of reactive
oxygen and nitrogen species as these
species have been long identified as key
pathophysiological factors in mitochon-
drial dysfunction, endothelial dysfunc-
tion and the development of micro- and
macrovascular dysfunction and mito-
chondrial dysfunction in diabetes
(48-51). Because the functionality of the
3-MST system was improved /restored
by treatment with lipoic acid both in vitro
and in vivo, we believe that oxidative
stress is the most likely mechanism
through which diabetes (or hyperglyce-
mia) impairs the catalytic activity of 3-
MST (Figure 9). Interestingly, the proan-
giogenic and wound-healing stimulatory
effect of authentic H,S (generated from
NaHS) was not attenuated by hypergly-
cemia. This indicates that the signaling
and effector pathways downstream from
H,S are not impaired significantly in ex-
perimental models used in the current
study. It must be noted that, depending
on the experimental conditions and mod-
els used, the other H,S-producing en-
zyme systems also have been shown to
be affected by diabetes and diabetic com-
plications (8-15,65-67; overviewed in
[67]). Thus, it is likely that there is a com-
plex dysregulation of the H,S system in
diabetes, the nature of which depends on
the model used, as well as the stage and
severity of the disease.

CONCLUSION

The current results further support the
view (67) that authentic H,S donors
have future therapeutic potential in con-
ditions associated with hyperglycemia.
While the current report utilized an STZ
model of diabetes, hyperglycemia is also
important in the pathophysiological con-
text of critical illness (for example, acute
hyperglycemia post-surgery) (68). Like-
wise, the wound healing studies re-
ported here were discussed in the con-
text of diabetes, but wound healing is
also highly relevant in the context of
critical illness (burn injury) (69,70).
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Figure 9. Impairment of the 3-MP/3-MST system in hyperglycemia/diabetes; restoration by
lipoic acid (DHLA) proposed mechanisms. (A) Normal conditions, physiological levels of
endogenous DHLA permit the normal function of 3-MST, yielding H,S production from
3-MST. (B) Hyperglycemic conditions, overproduction of reactive oxygen and nitrogen
species (ROS, RNS) impairs the 3-MP/3-MST system, by consuming DHLA, and/or by directly
and reversibly inactivating 3-MST. (C) DHLA supplementation during hyperglycemic condi-
fions improves the function of the 3-MP/3-MST system.

Therefore, some of the conclusions and
implications of the current report may
also well be applicable for the patho-
physiology and experimental therapy of
various forms of critical illness. With re-
spect to the therapeutic potential of the
3-MST substrate 3-MP, based on the cur-
rent results, we conclude that the high-
est efficacy will be achieved if it is si-
multaneously applied with lipoic acid
(and/or possibly other antioxidants).
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