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BACKGROUND AND PURPOSE
Atherosclerosis is associated with reduced vascular hydrogen sulfide (H2S) biosynthesis. GYY4137 is a novel slow-releasing H2S
compound that may effectively mimic the time course of H2S release in vivo. However, it is not known whether GYY4137
affects atherosclerosis.

EXPERIMENTAL APPROACH
RAW 264.7 cells and human blood monocyte-derived macrophages were incubated with oxidized low density lipoprotein
(ox-LDL) with/without GYY4137. ApoE−/− mice were fed a high-fat diet for 4 weeks and administered GYY4137 for 30 days.
Lipid and atherosclerotic lesions were measured by oil red O staining. Endothelium-dependent relaxation was assessed in
response to acetylcholine. Superoxide production was detected by dihydroethidium staining. Expression of mRNA and protein
were evaluated by quantitative real-time PCR and Western blot.

KEY RESULTS
GYY4137 inhibited ox-LDL-induced foam cell formation and cholesterol esterification in cultured cells. GYY4137 decreased the
expression of lectin-like ox-LDL receptor-1, iNOS, phosphorylated IκBα, NF-κB, ICAM-1, VCAM-1 and chemokines, including
CXCL2, CXCR4, CXCL10 and CCL17, but increased the scavenger protein CD36, in ox-LDL-treated RAW 264.7 cells. In vivo,
GYY4137 decreased aortic atherosclerotic plaque formation and partially restored aortic endothelium-dependent relaxation in
apoE−/− mice. GYY4137 decreased ICAM-1, TNF-α and IL-6 mRNA expression as well as superoxide (O2

−) generation in aorta.
In addition, GYY4137 increased aortic eNOS phosphorylation and expression of PI3K, enhanced Akt Ser473 phosphorylation
and down-regulated the expression of LOX-1.

CONCLUSION AND IMPLICATIONS
GYY4137 inhibits lipid accumulation induced by ox-LDL in RAW 264.7 cells. In vivo, GYY4137 decreased vascular inflammation
and oxidative stress, improved endothelial function and reduced atherosclerotic plaque formation in apoE−/− mice.
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Abbreviations
CCL, chemokine (C-C motif) ligands; CE, cholesterol; CSE, cystathionine γ lyase; CXCL, chemokine (C-X-C motif)
ligand; CXCR, chemokine (C-X-C motif) receptor; GYY4137, morpholin-4-ium-4-methoxyphenyl(morpholino)
phosphinodithioate; ICAM-1, intercellular adhesion molecule-1; iNOS, inducible NOS; ox-LDL, oxidized low density
lipoprotein; VCAM-1, vascular cell adhesion molecule-1

Introduction

Atherosclerosis, a leading cause of mortality and morbidity in
Western countries, is a complex process involving multiple
cell types, mediators and a combination of pathogenic
factors, which includes chronic inflammation, endothelial
dysfunction and oxidative stress (Libby, 2002; Davignon and
Ganz, 2004; Stocker and Keaney, 2004). While the role of NO
in atherosclerosis has been intensively studied in recent years
(Gkaliagkousi and Ferro, 2011), the part played by another
naturally occurring gaseous mediator, hydrogen sulfide (H2S),
in this disease has received less attention. Like NO, H2S bio-
synthesis from cysteine via the enzyme, cystathionine γ lyase
(CSE), occurs in vascular endothelial, smooth muscle cells as
well as in macrophages (Yang et al., 2004; 2008; Bełtowski
et al., 2010; Zhu et al., 2010), all of which play crucial roles in
atherosclerosis. Moreover, H2S donor drugs exhibit vasodila-
tor, pro-angiogenic and anti-inflammatory activity (Zhao
et al., 2001; Zhao and Wang, 2002; Papapetropoulos et al.,
2009; Ekundi-Valentim et al., 2010). As such, like NO, H2S is
becoming widely regarded as a vasculoprotective agent.
Moreover, the possibility that atherosclerosis is associated
with changes in vascular H2S production has been suggested
(Wang et al., 2009) and NaHS has recently been shown to
inhibit the oxidized LDL (ox-LDL)-evoked rise in macrophage
cholesterol levels (Zhao et al., 2011).

However, the precise role of H2S in atherosclerosis in vivo
and macrophage foam cell formation in vitro remains unclear
as does the possibility that atherosclerotic disease can be
influenced by H2S donors. One reason for the lack of clarity is
the reliance on NaHS as an H2S donor in studies of this type.
NaHS has been widely used to evaluate the biology of H2S and
has provided useful information about the pharmacological
effects of this gas. However, when dissolved in water, NaHS
releases copious amounts of H2S over a short time frame
(seconds) and as such does not effectively mimic the time
course of H2S release in vivo. With this in mind, we have been
evaluated the biological effects of GYY4137, which, as a novel
H2S donor, releases low concentrations of H2S slowly (hours)
in aqueous solution at physiological pH and temperature and
may effectively mimic the time course of H2S release in vivo
(Li et al., 2008). Furthermore, GYY4137 reduces the forma-
tion of pro-inflammatory cytokines in LPS-challenged RAW
264.7 macrophages (Whiteman et al., 2009) and is anti-
inflammatory in LPS-treated mice (Li et al., 2009). In addi-
tion, GYY4137 does not cause apoptosis or cell death in
normal cells such as fibroblasts (Lee et al., 2011). However, it
is not known whether GYY4137 affects foam cell formation
in vitro or atherosclerosis in vivo.

In the present study we obtained evidence that the slow-
releasing H2S donor, GYY4137, not only reduces biochemical

and histological markers of atherosclerosis in an isolated cell
system but, importantly, retards the development of an
ongoing atherosclerotic response in the mouse. The mecha-
nisms involved probably include inhibition of macrophage
foam cell formation, reduced O2

− and inflammation, and
enhanced endothelial cell function. The molecular basis of
these effects includes inhibition of NF-κB transcription
leading to a range of beneficial downstream effects including
activation of eNOS. Thus, the present data raise the possibil-
ity that, treatment with slow-releasing H2S donors, such as
GYY4137, can provide a novel therapeutic approach to
reduce the development, and hence limit the deleterious
cardiovascular consequences of this most pervasive disease.

The nomenclature used for receptors conforms to BJP’s
Guide to Receptors and Channels (Alexander et al., 2011).

Methods

Macrophage culture: mouse and human cells
Murine macrophages (RAW 264.7 cells), purchased from the
American Type Culture Collection (Rockville, MD, USA), were
cultured in DMEM with 10% v/v FBS, penicillin (100 U·mL−1)
and streptomycin (100 mg·mL−1) in a 95% O2:5% CO2

humidified atmosphere at 37°C. Confluent cells (85–90%)
were incubated (six well plates) with ox-LDL (100 μg mL−1,
Yiyuan biotechnology, Guangzhou, China) with or without
different concentrations of GYY4137 (50–400 μmol·L−1) or
ZYJ1122 (200 μmol·L−1), which is a structural analogue of
GYY4137 lacking sulfur (Lee et al., 2011) and unable to
release H2S or influence the lipid accumulation in mac-
rophages (Supporting Information Figure S1).

Human peripheral blood monocytes were isolated from
each subject by density gradient centrifugation as described
previously (Zhao et al., 2006). Cells were thereafter dif-
ferentiated into macrophages using macrophage colony-
stimulating factor (M-CSF, 1 ng·mL−1) for 5 days in X-Vivo 15
medium (BioWhittaker Ltd, Walkerville, MD, USA) and sup-
plemented with 10% v/v human serum. After 5 days, cells
were incubated (48 h) with ox-LDL (50 μg mL−1) in the pres-
ence or absence of either GYY4137 (50–400 μmol·L−1) or
ZYJ1122 (200 μmol·L−1). The investigation conforms to the
principles outlined in the Declaration of Helsinki. The study
protocol was approved by the ethics committees of Nanjing
Medical University. Written informed consent was obtained
from all patients and volunteers (See supplementary material
online for detailed methods).

Animals
Eight-week-old male C57BL/6J mice (wild-type mice, WT)
and homozygous apoE−/− mice were purchased from the
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Animal Center of Beijing University, Beijing, China. To accel-
erate the development of spontaneous atherosclerotic lesions
in apoE−/− mice, animals were fed a high-fat diet (15% fat plus
1.25% cholesterol) for 4 weeks. Thereafter, mice were ran-
domly divided into three groups: (i) WT, (ii) apoE−/− + NS
(normal saline, 0.1 mL·day−1, i.p.) for 30 days, and (iii) apoE−/−

+ GYY4137 (133 μmol·kg−1·day−1, i.p.) for 30 days. The dose of
GYY4137 used in this work was based upon previous reports
of the anti-inflammatory effect of this compound in other
animal models (Li et al., 2009; 2013). At the end of the treat-
ment period, animals were killed by an overdose of pento-
barbital (100 mg·kg−1, i.v.).

A total of 32 male homozygous apoE−/− mice and 16 male
C57BL/6J mice (wild-type mice) were used in the experi-
ments. The animals were housed individually in the specific
pathogen free barrier facility at constant temperature (20-
22°C) and humidity (45%-55%) with a 12 hour light-dark
cycle. ApoE−/− mice were fed with a high-fat diet (15% fat plus
1.25% cholesterol), and C57BL/6J mice with rodent diet for 4
weeks.

The animal experiments were approved by the Commit-
tee on Animal Care of Nanjing Medical University (NJMU-
ERLAUA-20100112) and were conducted according to NIH
Guidelines for the Care and Use of Laboratory Animals. All
studies involving animals are reported in accordance with the
ARRIVE guidelines for reporting experiments involving
animals (Kilkenny et al., 2010; McGrath et al., 2010).

Measurement of H2S, lipid staining and
cholesterol in macrophages
Briefly, medium (75 μL) was mixed 1% (w/v) zinc acetate
(250 μL) and distilled water (425 μL). N,N,dimethyl-p-
phenylenediamine sulfate (20 mmol·L−1) in 7.2 M HCl
(133 μL) and FeCl3 (30 mmol·L−1) in 1.2 mM HCl (133 μL)
were added and incubated (10 min) at room temperature.
Protein was precipitated by adding 10% v/v trichloroacetic
acid (250 μL) to the reaction mixture. The absorbance of the
resulting solution was measured by spectrophotometry at
670 nm. NaHS (2.5–200 μmol·L−1) was used as a standard
(Zhang et al., 2003; Zhu et al., 2007; Sowmya et al., 2010).

Lipid staining was assessed histologically using 0.5% v/v
oil red O for 1 h. Cell lipid was also extracted in order to
measure cholesterol esterification (CE). The difference
between total cholesterol and free cholesterol is defined as
esterified cholesterol (Gamble et al., 1978). (See supplemen-
tary material online for detailed methods).

Measurement of atherosclerotic lesions
Hearts were embedded in tissue optimal cutting temperature
compound, serially sectioned from the heart to the root of
aortic valve (5 μm, Leica CM1900 cryostat, Solms, Germany),
mounted on slides and then stained with Oil-Red-O solution
for analysis of atherosclerotic lesions as described previously
(Wang et al., 2009). Total plasma cholesterol (TC), triglycer-
ides (TG), high-density lipoprotein cholesterol (HDL-C) and
low-density lipoprotein-cholesterol (LDL-C) concentration
were determined using commercially available kits (Zhong
Sheng Bei Kong, Peking, China) as per the manufacturer’s
instructions.

Assessment of endothelium-dependent
vasodilatation
Vasorelaxation of isolated aortic ring segments were deter-
mined in organ baths containing oxygenated Kreb’s solution.
After an equilibration period of 60 min, aortic rings were
precontracted with noradrenaline (NA) at a concentration
(0.1 μmol·L−1). Endothelium-dependent relaxation was then
assessed in response to cumulative addition of acetylcholine
(ACh, 0.001–10 μmol·L−1). Relaxation at each concentration
was measured and expressed as the percentage of force gen-
erated in response to NA.

Measurement of H2S in plasma and tissue
in apoE−/− mice
Plasma H2S was measured as described previously using NaHS
(2.5–200 μmol·L−1) as a standard (Xu et al., 2009). H2S synthe-
sizing activity was determined using tissue homogenates.
Briefly, the assay mixture (500 μl) contained 460 μL of tissue
homogenate, 10 mol·L−1 L-cysteine and 2 mmol·L−1 pyridoxal
5'-phosphate. Incubations were carried out tightly sealed
Eppendorf vials. After incubation (37°C, 30 min), zinc acetate
(1% w/v, 250 μL) was added to trap the H2S generated, fol-
lowed by trichloroacetic acid (10% w/v, 25 μL) to stop
the reaction. N,N-dimethyl-p-phenylenediamine sulfate
(20 mmol·L−1, 133 μL) and FeCl3 (30 mmol·L−1, 133 μL) were
added and the mixture centrifuged (12 000 x g). The absorb-
ance of aliquots (200 μL) was determined 10 min thereafter at
670 nm.

Measurement of superoxide formation
in mouse aorta
Superoxide production in tissue sections of mouse aorta was
detected by fluorescence microtopography using the fluores-
cent probe dihydroethidium (DHE) as described previously
(Ali et al., 2008). Sections (5 μm) were subsequently incu-
bated (30 min, 37°C) in Kreb’s HEPES buffer containing DHE
(2 μmol·L−1) in a light-protected chamber. The slides were
examined with a Nikon TE2000 Inverted Microscope (Nikon
Ltd, Tokyo, Japan), using excitation and emission wave-
lengths of 480 and 610 nm respectively.

Quantitative real-time PCR
For tissues, total RNA was extracted using Trizol reagent (Inv-
itrogen, Carlsbad, CA, USA) and cDNA was synthesized using
Rever Tra Ace qPCR RT kit (Toyobo, Osaka, Japan) using the
TaqMan system based on real-time detection of accumulated
fluorescence. Gene expression was normalized to 18S mRNA
and reported as ratios compared to the level of expression in
control mice (given an arbitrary value of 1). For macrophages,
total RNA was extracted with Trizol and purified using the
PureLink RNA mini-kit (Invitrogen). RNA (1 μg) was added as
a template to reverse-transcriptase reactions carried out using
SuperScript® III First-Strand Synthesis Kit (Invitrogen). Quan-
titative real-time PCRs (qRT-PCRs) were carried out with the
resulting cDNAs in triplicate using iQ SYBR Green Supermix
(Bio-Rad, Hercules, CA, USA) and Biorad CFX384 RealTime
System. Experimental Ct values were normalized to r12s and
relative mRNA expression was calculated in comparison to a
reference sample. Each sample was run and analysed in
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triplicate. (Structures of all primers used are listed in Support-
ing Information Table S1).

Western blot analysis
Protein samples were separated on 10% v/v SDS-PAGE, trans-
ferred onto PVDF membrane (Millipore, Billerica, MA, USA)
and then immunoblotted with antibodies (Detailed in Sup-
porting Information Table S2). Proteins were visualized by
enhanced chemiluminescence substrate (Thermo Fisher Sci-
entific Inc., Rockford, IL, USA).

Measurement of NF-κB binding activity
NF-κB binding activity was measured using an electropho-
retic mobility shift assays kit (Pierce Chemical, Rockford, IL,
USA) according to the manufacturer’s instructions (See sup-
plementary material online for detailed methods).

Statistical analysis
All data are expressed as mean ± SD and were analysed by
Student’s paired t test or one-way ANOVA followed by
Newman–Keuls multiple comparison test as appropriate
(GraphPad Prism version 5 software). A value of P < 0.05 was
considered statistically significant.

Results

Effect of GYY4137 on lipid accumulation
and H2S system in ox-LDL-treated mice
macrophages in vitro
Incubation of cultured RAW 264.7 cells with ox-LDL caused
foam cell formation, as evidenced, histologically, by
enhanced oil red O staining and an almost threefold rise in
cell CE (Figure 1A,C). Treatment of ox-LDL-stimulated RAW
264.7 cells with GYY4137 (50–400 μmol·L−1), but not ZYJ1122
(200 μmol·L−1), inhibited foam cell formation determined
both histologically (Figure 1A,B) and by monitoring cell CE
(Figure 1C,D). Exposure of RAW 264.7 cells to ox-LDL
decreased the H2S concentration detected in the medium
(Figure 1E). In contrast, CSE expression in treated cells was
increased (Figure 1F). Concomitant exposure of RAW 264.7
cells to both ox-LDL and GYY4137 (50–400 μmol·L−1)
reversed the ox-LDL-induced change in macrophage H2S con-
centration (Figure 1E) and CSE protein expression (Figure 1F);
these effects were not observed with ZYJ1122 (200 μmol·L−1)
(Figure 1G).

Effect of GYY4137 on lipid accumulation in
ox-LDL-treated human macrophages in vitro
Essentially identical experiments were also conducted using
human peripheral blood monocyte-derived macrophages iso-
lated from either healthy, human volunteers or patients with
coronary heart disease. Exposure to ox-LDL (50 μg·mL−1,
48 h) again resulted in increased cell oil red O staining com-
bined with a marked rise in cell CE in both populations. As
before, pretreatment with GYY4137, but not ZYJ1122 (both
200 μmol·L−1), reduced the ox-LDL-induced rise in lipid stain-

ing and CE in blood monocyte-derived macrophages from
both healthy individuals and patients with coronary artery
disease (Figure 2A-D).

Effect of GYY4137 on LOX-1, iNOS
expression and chemokine release in
ox-LDL-treated RAW 264.7 cells
LOX-1, a scavenger receptor for ox-LDL that facilitates its
cellular uptake, is expressed in macrophages, smooth muscle
cells and vascular endothelial cells. Incubation of RAW 264.7
cells with ox-LDL resulted in marked up-regulation of LOX-
1expression; this effect was inhibited by co-treatment with
GYY4137 (50–400 μmol·L−1) (Figure 3A).

The effect of GYY4137 on the generation of a range of
pro-inflammatory mediators/enzymes in ox-LDL-challenged
macrophages was also assessed in an attempt to gain
insight into the cellular mechanisms involved. Thus,
incubation of RAW 264.7 cells with ox-LDL resulted in
a marked up-regulation of iNOS mRNA and protein
expression and these effects were inhibited by co-treatment
with different doses of GYY4137 (50–400 μmol·L−1)
(Figure 3B-C).

Exposure of RAW 264.7 cells to ox-LDL also resulted in a
significant (P < 0.05) release into the medium of several
chemokines including CXCL2 (macrophage inflammatory
protein-2, MIP-2), CXCR4 (fusin), CXCL10 (interferonγ-
induced protein 10, IP-10) as well as the scavenger protein,
CD36. Co-treatment with GYY4137 (50–400 μmol·L−1) inhib-
ited chemokine release in all cases. ZYJ1122 (400 μmol·L−1)
also reduced the concentration of CXCR4 but had no effect
on the other chemokines (Figure 3D-G). Interestingly,
GYY4137 increased CD36 at lower concentrations (i.e. 50 and
100 μmol·L−1), but this effect was not seen at higher concen-
trations (i.e. 200 and 400 μmol·L−1). In contrast, ox-LDL alone
failed to affect the concentration, in the culture medium, of
a range of other chemokines including CCL2 (monocyte
chemotactic protein-1, MCP-1), CCL5 (RANTES), CXCL9
(macrophage inflammatory protein-1) and CXCL11
(interferon-inducible T-cell α chemoattractant, I-TAC) (data
not shown).

Effect of GYY4137 on NF-κB activation
in RAW 264.7 cells
RAW 264.7 cells challenged with ox-LDL cells showed
increased expression of NF-κB p65 (Figure 4A), IκBα phospho-
rylation and degradation (Figure 4B-D). GYY4137 (50–
400 μmol·L−1) suppressed the increased expression of NF-κB
p65 protein following exposure of RAW 264.7 cells to ox-LDL
(Figure 4A) and inhibited IκBα phosphorylation and degrada-
tion (Figure 4B-D).

In separate experiments, NF-κB binding activity in
nuclear protein extracts was assessed using a gel mobility
shift assay. Ox-LDL increased NF-κB binding activity in RAW
264.7 cells and this effect was reduced by GYY4137
(Figure 4E), but ZYJ1122 (200 μmol·L−1) failed to reduce this
increase in NF-κB binding activity (Figure 4F). Ox-LDL also
increased ICAM-1 and VCAM-1 expression in RAW 264.7 cells
and this effect was reduced by different concentrations of
GYY4137 (Figure 4G-J).
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Figure 1
Effect of GYY4137 on lipid accumulation and H2S in RAW264.7 cells. RAW 264.7 cells were exposed to ox-LDL (100 μg·mL−1) in the presence or
absence of GYY4137 (50–400 μmol·L−1) or ZYJ1122 (200 μmol·L−1) for 24 h. Representative photographs showing RAW 264.7 cells stained with Oil
Red O (A and B). Measurement of CE in RAW 264.7 cells (C and D). H2S concentration in culture medium (E). Western blot analysis and quantification
of CSE protein expression (F and G). +P < 0.05, compared with no treatment, *P < 0.05, compared with treatment with ox-LDL (n = 4).
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Effect of GYY4137 on atherosclerotic lesion
size in intact apoE−/− mice
Further experiments were undertaken to determine the effect
of GYY4137 treatment on the development of atherosclerosis
in high-fat fed apoE−/− mice. Plasma TC, TG and LDL-C con-
centrations were elevated while plasma HDL-C concentration
was reduced in high-fat fed apoE−/− mice when compared with
control animals (Supporting Information Table S3). GYY4137
(133 μmol·kg−1·day−1, 30 days) did not affect the plasma lipid
profile or body weight of these animals.

ApoE−/− mice fed a high-fat diet for 4 weeks showed sig-
nificant aortic oil red O staining (Figure 5A). Interestingly,
subsequent daily administration of vehicle for a further 30
days to a separate group of apoE−/− animals resulted in an
additional, marked aortic lipid deposition (approx. twofold

increase compared to animals on high fat diet for 4 weeks,
Figure 5B). In contrast, daily administration of GYY4137 over
the same period abolished this further increase in atheroscle-
rotic lesion size.

Effect of GYY4137 on H2S system
in apoE−/− mice
In separate experiments, it was observed that the plasma H2S
concentration of apoE−/− mice (24.80 ± 9.46 μmol·L−1, n = 5)
was significantly (P < 0.05) less than that detected in WT
controls (38.42 ± 5.84 μmol·L−1, n = 6); administration of
GYY4137 to apoE−/− mice for 30 days increased plasma H2S
concentration to values similar to those detected in controls
(38.71 ± 5.34 μmol·L−1, n = 9, P > 0.05). In contrast, the
expression of CSE in aorta from apoE−/− mice was increased

Figure 2
Effect of GYY4137 on lipid accumulation in human macrophages in vitro; the macrophages were exposed to ox-LDL (50 μg·mL−1) for 48 h.
Monocyte-derived macrophages from healthy donors (A) and patients with coronary heart disease (B) stained with Oil Red O. Measurement of
CE in monocyte-derived macrophages from healthy donors (C) and patients with coronary heart disease (D). +P < 0.05, compared with no
treatment, *P < 0.05, compared with treatment with ox-LDL (n = 4–9).
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Figure 3
Effect of GYY4137 on LOX-1, iNOS expression and chemokine release in RAW264.7 cells. RAW 264.7 cells were exposed to ox-LDL (100 μg·mL−1)
in the presence or absence of GYY4137 (50–400 μmol·L−1) or ZYJ1122 (400 μmol·L−1) for 24 h. Western blot analysis and quantification of LOX-1
protein expression (A). Quantification of iNOS mRNA by real-time PCR (B). Western blot analysis and quantification of iNOS protein expression
(C). Quantification of CXCL2 (D), CXCR-4 (E), CXCL10 (F) and CD36 (G) as carried out by real-time PCR. +P < 0.05, compared with no treatment,
*P < 0.05, compared with treatment with ox-LDL (n = 4).
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compared to WT controls, but this rise was also reduced by
GYY4137 treatment (Figure 5C).

Effect of GYY4137 on aortic superoxide
formation in apoE−/− mice
Aortic endothelial superoxide production was measured by
dihydroethidium oxidative fluorescence microtopography.
Compared with WT mice, endothelial fluorescence was
increased in apoE−/− mice. In contrast, endothelial superox-
ide production in apoE−/− mice was restored to close to
normal levels following chronic GYY4137 administration
(Figure 6A).

Effect of GYY4137 on aortic LOX-1
expression, cytokines and ICAM-1 in
apoE−/− mice
As noted previously, GYY4137 inhibited LOX-1 expression
and the production of a range of pro-inflammatory mediators
in RAW 264.7 cells exposed to ox-LDL possibly by an effect on
the NF-κB pathway. It was thus of interest to determine
whether a similar effect might occur in apoE−/− mice admin-
istered GYY4137 over a 30 day period. Firstly, aortic LOX-1
protein expression was up-regulated in apoE−/− mice; an effect
that was reduced by GYY4137 administration (Figure 6B).
Secondly, atherosclerosis in these animals was characterized
by a marked increase in aortic TNF-α, IL-6 and ICAM-1 mRNA

Figure 4
Effect of GYY4137 on NF-κB activation in RAW 264.7 cells. RAW 264.7 cells were exposed to ox-LDL (100 μg·mL−1) in the presence or absence
of GYY4137 (50–400 μmol·L−1) or ZYJ1122 (200 μmol·L−1) for 24 h. Western blots and quantification of NF-κB p65 protein expression (A).
Representative examples of Western blots and quantification of IκBα phosphorylation (B), IκBα degradation (C) and ratio of IκBα phosphorylation
to IκBα (D). NF-κB binding activity was evaluated by EMSA: (E-a) 1. Control, 2. ox-LDL alone, 3. ox-LDL+GYY4137 (50 μmol·L−1), 4.
ox-LDL+GYY4137 (100 μmol·L−1), 5. ox-LDL+GYY4137 (200 μmol·L−1), 6. ox-LDL+GYY4137 (400 μmol·L−1). (E-b) Bands quantified by densito-
metric analysis. (F-a) 1. Control, 2. ox-LDL alone, 3. ox-LDL+GYY4137 (200 μmol·L−1), 4. ox-LDL+ZYJ1122 (200 μmol·L−1). Bands quantified by
densitometric analysis (F-b). Quantification of ICAM-1 and VCAM-1 mRNA by real-time PCR (G-H). Western blot analysis and quantification of
ICAM-1 and VCAM-1 protein expression (I-J). +P < 0.05, compared with no treatment, *P < 0.05, compared with treatment with ox-LDL (n = 3–5).
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and the up-regulation of these cytokines was successfully
suppressed by GYY4137 treatment (Figure 6C-E).

Effect of GYY4137 on aortic endothelium-
dependent relaxation in apoE−/− mice
Endothelium-dependent relaxation, assessed in response to
cumulative addition of acetylcholine, was reduced in apoE−/−

mice and treatment of these animals with GYY4137 for
30 days significantly (P < 0.05) reversed this deficit in
acetylcholine-induced relaxation almost to that observed in
controls (Figure 7A). Further work was carried out to investi-
gate the molecular mechanisms by which GYY4137 restores
endothelium-dependent vasodilatation in apoE−/− mice.
Western blot analysis showed that phosphorylation of eNOS

Figure 5
Effect of GYY4137 on atherosclerotic lesion formation and CSE expression in aorta of apoE−/− mice. Effect of GYY4137 (133 μmol·kg−1·day−1) on
atherosclerotic lesion formation determined by Oil-Red O-staining of the aortic sinus (A, 40 × magnification). Quantitation of lesion area in Oil Red
O-stained aortic sections by Image-Pro Plus software (B). Western blot analysis and quantification of CSE protein expression (C). ‡P < 0.05,
compared with WT mice, §P < 0.05, compared with apoE−/− + NS (n = 5).
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Figure 6
Effect of GYY4137 on superoxide production, LOX-1 expression, cytokines and ICAM-1 in aortas of apoE−/− mice. Dihydroethidium (DHE) staining
of aortic sections for superoxide production (A-a) and quantification of superoxide production(A-b). Western blot analyses and quantification of
LOX-1 protein expression (B). Quantification of aortic TNF-α mRNA (C), IL-6 mRNA (D) and ICAM-1mRNA (E) was carried out by real-time PCR.
‡P < 0.05, compared with WT mice, §P < 0.05, compared with apoE−/− + NS (n = 5).
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at Ser1177 was diminished in aorta from apoE−/− mice (c.f.
WT controls). Intriguingly, treatment of apoE−/− mice with
GYY4137 normalized this decreased aortic eNOS phosphor-
ylation (Figure 7B). Since eNOS activity is governed to some
extent by upstream regulators such as PI3K and Akt, we also
demonstrated that GYY4137 treatment increased the expres-
sion of the p85α subunit of PI3K and enhanced the phospho-
rylation of Akt Ser473 (Figure 7C,D).

Discussion and conclusions

Atherosclerosis predisposes patients to numerous cardiovas-
cular diseases including hypertension, coronary heart disease

and stroke and, as such, considerable attention has been
focused on identifying novel mediators of one or more of the
component parts of the underlying pathology with a view to
developing new therapeutic approaches. In this context, H2S
donors may be an option worth considering since this gas
exhibits a wide range of beneficial effects in the vasculature
including dilation of blood vessels (Zhao et al., 2001; Zhao
and Wang, 2002), inhibition of smooth muscle cell prolifera-
tion both in vitro and following balloon injury-induced
neointimal hyperplasia in vivo (Meng et al., 2007) and
reduction of atherogenic modification of purified LDL by
hypochlorite in vitro (Laggner et al., 2007). In addition, H2S
has profound anti-inflammatory activity (Zanardo et al.,
2006) as evidenced by changes in leukocyte adhesion to

Figure 7
Effect of GYY4137 on aortic endothelium-dependent relaxation in intact apoE−/− mice. Endothelium-dependent vasodilatation of aortic segments
induced by acetylcholine (A). Western blots and quantification of phospho-eNOS protein (B), p85α subunit of PI3K (C) and phospho-Akt (D)
protein. ‡P < 0.05, compared with WT mice, §P < 0.05, compared with apoE−/− + NS. n = 5.
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microvessels and the associated altered expression of adhe-
sion molecules coupled with potent antioxidant and free
radical quenching activity (Jha et al., 2008; Pan et al., 2011).
Such a spectrum of biological effects would be expected to be
‘vasculoprotective’ that is able to preserve normal vascular
function, and thus be of value in atherosclerosis.

Recently, a defect in the cysteine/CSE/H2S pathway, has
been suggested to play a part in some of the manifestations of
atherosclerosis. In the present study, we noted that ox-LDL
promotes CSE expression but reduced H2S generation in mac-
rophages. Moreover, in whole animals, we observed increased
aortic CSE mRNA in atherosclerotic mice whereas plasma and
aortic H2S synthesis were reduced. These findings appear
counterintuitive. Interestingly, an identical inverse relation-
ship between CSE expression and H2S concentration has been
reported previously in ox-LDL challenged macrophages
(Wang et al., 2009). These authors attributed this apparent
discrepancy to the existence of a positive compensatory feed-
back mechanism, presumably operative both in vitro and in
vivo, whereby low concentrations of H2S serve to promote
CSE expression. Certainly, in our experiments, administra-
tion of GYY4137 (which elevates H2S concentration) reversed
the rise in CSE expression. Further experiments are required
to examine the nature of this possible feedback loop in more
detail. A number of other questions also remain to be
addressed. For example, the identity of the cell type(s)
involved in the deficient H2S biosynthesis in these animals is
not known. Vascular endothelial and smooth muscle cells as
well as macrophages contain CSE and can synthesize H2S
(Yang et al., 2004; Bełtowski et al., 2010; Zhu et al., 2010).
Macrophages, activated by inflammatory stimuli such as LPS,
consistently show evidence of CSE up-regulation. However, it
is not clear whether macrophages challenged with ox-LDL to
form foam cells also exhibit altered H2S biosynthesis (Wang
et al., 2009). Taken together, these observations suggest that
atherosclerosis is associated with vascular H2S deficiency.
Whether a lack of H2S predisposes to atherosclerosis or is a
consequence thereof is also not clear. One approach to this
conundrum is to assess whether H2S ‘replacement therapy’
with a slow-releasing donor is beneficial in this condition.

We show here, for the first time, that ox-LDL-challenged
macrophages release less H2S into the medium but, paradoxi-
cally, express more CSE protein. It is possible that the rise in
CSE expression reflects a compensatory change in these cells
in an attempt to restore the deficient H2S generation. In the
apoE−/− atherosclerotic mouse, we also show that plasma H2S
concentration is reduced compared to WT mice, although
care should be taken in interpreting plasma H2S concentra-
tions particularly using the spectrophotometric assay, which
detects not only H2S but also other thiols and, as such, prob-
ably overestimates the absolute value of H2S. Nevertheless,
this assay has been widely used to detect changes in plasma
H2S in different disease states and, as such, it seems reason-
able to conclude that reduced levels of H2S (defined here as
H2S, HS- and S-) occur in atherosclerotic mouse plasma. Thus,
both in vitro and in vivo data support the notion that athero-
sclerosis is associated with a decline in bioavailable H2S and
raise the possibility that an H2S donor may exhibit anti-
atherosclerotic activity.

As noted earlier, considerable emphasis has been placed in
the literature on the use of NaHS as a ‘tool’ to model the

biological effects of endogenous H2S. NaHS is not an ‘ideal’
H2S donor in this respect since its biological effects are not
only transient but the concentrations of H2S generated are
high (probably far beyond physiological concentrations) and
likely to cause a fall in blood pressure in normotensive
animals (Yan et al., 2004) and perhaps also to trigger cell
apoptosis in normal cells (Yang et al., 2004). With this in
mind, we used GYY4137, which releases H2S slowly over a
period of several hours and has previously been shown to
inhibit LPS-evoked release of pro-inflammatory mediators
from macrophages and to reduce LPS-evoked endotoxic
shock in the mouse (Li et al., 2009; Whiteman et al., 2009).

In the present work, GYY4137 caused an inhibition of
ox-LDL-evoked macrophage foam cell formation, as meas-
ured by oil red O staining and inhibition of cholesterol ester
accumulation. These effects were not mimicked by the inac-
tive structural analogue, ZYJ1122, suggesting that they were
secondary to H2S release induced by GYY4137. Furthermore,
GYY4137 reduced the ox-LDL-mediated up-regulation of
LOX-1, a scavenger receptor for ox-LDL expressed in mac-
rophages, smooth muscle cells and vascular endothelial
cells which facilitates its cellular uptake (Vohra et al., 2006).
This effect may be especially significant for the anti-
atherosclerotic activity of GYY4137 since LOX-1 knockout
mice have recently been shown to exhibit markedly reduced
atherosclerotic lesions when grown in a pro-atherogenic
background under a high-cholesterol diet (Mehta et al.,
2007). Interestingly, lower concentrations of GYY4137
increased CD36 mRNA, an alternative ox-LDL scavenger
receptor, while higher concentrations were without effect.
The precise role of CD36 and its interrelationship with LOX-1
in the effect of GYY4137 on atherosclerosis thus requires
further study. In subsequent experiments, GYY4137 treat-
ment also reduced the ox-LDL-evoked increase in a range
of pro-inflammatory chemoattractant chemokines such as
CXCL2 and its receptor (CXCR4) (Zernecke et al., 2008).
Taken together, these data suggest that GYY4137 exhibits
significant vascular anti-inflammatory activity in apoE−/−-

mice.
The molecular mechanisms underlying the anti-

atherosclerotic effect of GYY4137 in isolated macrophages
most likely centre upon inhibition of NF-κB transcription,
since GYY4137 reduced the increased expression of NF-κB in
ox-LDL-exposed macrophages and also inhibited IκBα phos-
phorylation and degradation and prevented nuclear translo-
cation of NF-κB p65. We have previously reported that the
anti-inflammatory effect of GYY4137 in LPS-challenged mac-
rophages is dependent on the inhibition of NF-κB transcrip-
tion (Whiteman et al., 2009). Such an effect on macrophages
would account for the ability of GYY4137 to down-regulate
iNOS and chemokine expression in RAW 264.7 cells. Inter-
estingly, the expression of LOX-1 is also linked to NF-κB
activation in that inhibition of LOX-1 is associated with
reduced activation of NF-κB (Chen et al., 2007). Previous
researchers have reported that H2S-linked sulfhydration of
NF-κB mediates anti-apoptotic actions. Thus, H2S sulfhy-
drates the p65 subunit of NF-κB at cysteine-38 and this is
likely to be a critical physiological determinant of the anti-
apoptotic activity of this gas in macrophages (Sen et al.,
2012). Moreoever, NaHS significantly inhibited NF-κB activa-
tion, as indicated by the attenuated breakdown of the NFκB
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inhibitor (IκBα) and nuclear translocation of NF-κB (Wang
et al., 2009). Since activation of NF-κB is involved in
up-regulating the expression of iNOS, ICAM-1 and VCAM-1
and we showed here that GYY4137 suppresses the ox-LDL-
induced increase in iNOS, ICAM-1 and VCAM-1 mRNA and
protein; it seems likely that GYY4137 acts by inhibiting
NF-kB transcription. However, the details of the molecular
mechanism(s) by which H2S interacts with NF-κB are not yet
clearly understood.

The effect of GYY4137 treatment on the development of
atherosclerosis in vivo was also assessed in the high-fat fed,
apoE−/− mouse model. This is the first report of the use of a
slow releasing H2S donor in this way. Treatment of animals
with GYY4137 abolished the development of further athero-
sclerotic plaque during the 30 day treatment period and also
partially restored aortic endothelium-dependent relaxation
responses. Both enhanced vascular lipid deposition and
endothelial dysfunction are considered to be early markers of
atherosclerosis, as highlighted by the observation that fatty
streak progression is associated with increasingly impaired
vascular relaxation (Murphy et al., 2005). Endothelial dys-
function is associated with reduced eNOS enzyme activity
leading to a reduced generation of NO, which is a key regu-
lator of vascular homeostasis. eNOS is activated by phospho-
rylation of a serine amino acid residues (Ser1177) achieved
via a number of protein kinases including PI3K, which is an
upstream kinase from Akt (Dimmeler et al., 1999). Thus, acti-
vation of either of these protein kinases would, in turn, acti-
vate eNOS. We found that the phosphorylation of eNOS was
decreased in apoE−/− mice on a high fat diet. It is well-
documented that there are different pathways in various cells
or tissues involved in eNOS activation and in a previous study
it was shown that in the process of endothelial dysfunction,
phosphorylation of eNOS by ADP and other purine nucleo-
tides is dependent on PKCδ, but not classical Akt and AMP-
dependent protein kinase (Vita, 2011). Thus, we presume that
it reasonable to conclude that Akt phosphorylation might
not necessarily be reduced during endothelial dysfunction in
apoE−/− mice, the mechanism of which is still not completely
understood. Indeed, previous studies have demonstrated that
H2S protects the heart against the damaging effects of
ischaemia-reperfusion by activation of the Akt and eNOS
pathways (Yong et al., 2008). Moreover, GYY4137 treatment
of these apoE−/− mice did increase the expression of the p85α
subunit of PI3K and Akt phosphorylation along with restor-
ing the deficient phosphorylation of eNOS at Ser1177. Thus,
the up-regulation of eNOS phosphorylation by GYY4137 is
likely to contribute to the improvement in vascular endothe-
lial function detected in apoE−/− mice treated with this H2S
donor.

In addition to a decreased production of NO, endothelial
dysfunction is also associated with an increase in vascular
oxidant stress due to the production of endogenous ROS.
Increasing evidence indicates that ROS can both initiate and
accelerate the development of atherosclerosis (Li and Shah,
2004). The finding that GYY4137 treatment reduced
endothelial superoxide production in the aortic wall suggests
an additional possible mechanism underlying the protective
effect of this compound in atherosclerosis. Interestingly,
LOX-1 activation can cause oxidative stress, and oxidative
stress, in turn, can stimulate LOX-1 expression, suggesting a

positive feedback loop between oxidative stress and LOX-1
expression (Cominacini et al., 2000). In these experiments,
aortic LOX-1 expression was up-regulated in apoE−/− mice and
this effect was reduced by GYY4137, highlighting an addi-
tional site by which GYY4137, acting as an anti-oxidant, may
reduce atherosclerotic disease.

In conclusion, our study provides evidence that the novel
slow-releasing H2S donor, GYY4137, not only reduces bio-
chemical and histological markers of atherosclerosis in an
isolated cell system but, importantly, retards the develop-
ment of an ongoing atherosclerotic response in the mouse.
The mechanisms involved probably include inhibition of
macrophage foam cell formation, reduced O2

− production
and inflammation, and enhanced endothelial cell function.
The molecular basis of these effects includes inhibition of
NF-κB transcription leading to a range of beneficial down-
stream effects including activation of eNOS. Thus, the present
data raise the possibility that treatment with slow-releasing
H2S donors, such as GYY4137, can provide a novel therapeu-
tic approach to reduce the development of atherosclerosis
and hence limit the deleterious cardiovascular consequences
of this most pervasive disease.
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Figure S1 Effect of ZYJ1122 on lipid accumulation and H2S
release in ox-LDL-treated mice macrophages in vitro. RAW
264.7 cells were exposed to ox-LDL (100 μg·mL−1) in the pres-
ence of ZYJ1122 (50 μmol·L−1–400 μmol·L−1) for 24 h or with
ZYJ1122 (400 μmol·L−1) for 6 h to 48 h. Representative pho-
tographs showing RAW 264.7 cells stained with Oil Red O (A
and B). Measurement of cholesterol (CE) in RAW 264.7 cells
(C and D). Measurement of H2S concentration in culture
medium (E and F). +P < 0.05, c.f. no treatment, *P < 0.05, c.f.
treatment with ox-LDL (n = 4).
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