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Lung ischemia-reperfusion (IR) injury remains a significant factor for the early mortality
of lung transplantations. Diabetes mellitus (DM) is an independent risk factor for 5-
year mortality following lung transplantation. Our previous study showed that DM
aggravated lung IR injury and that oxidative stress played a key role in this process.
Previously, we demonstrated that hydrogen sulfide (H2S) protected against diabetic lung
IR injury by suppressing oxidative damage. This study aimed to examine the mechanism
by which H2S affects diabetic lung IR injury. High-fat-diet-fed streptozotocin-induced
type 2 diabetic rats were exposed to GYY4137, a slow-releasing H2S donor with or
without administration of EX527 (a SIRT1 inhibitor), and then subjected to a surgical
model of IR injury of the lung. Lung function, oxidative stress, cell apoptosis, and
inflammation were assessed. We found that impairment of lung SIRT1 signaling under
type 2 diabetic conditions was further exacerbated by IR injury. GYY4137 treatment
markedly activated SIRT1 signaling and ameliorated lung IR injury in type 2 DM
animals by improving lung functional recovery, diminishing oxidative damage, reducing
inflammation, and suppressing cell apoptosis. However, these effects were largely
compromised by EX527. Additionally, treatment with GYY4137 significantly activated
the Nrf2/HO-1 antioxidant signaling pathway and increased eNOS phosphorylation.
However, these effects were largely abolished by EX527. Together, our results indicate
that GYY4137 treatment effectively attenuated lung IR injury under type 2 diabetic
conditions via activation of lung SIRT1 signaling. SIRT1 activation upregulated Nrf2/HO-
1 and activated the eNOS-mediated antioxidant signaling pathway, thus reducing cell
apoptosis and inflammation and eventually preserving lung function.

Keywords: hydrogen sulfide, SIRT1, lung ischemia-reperfusion injury, type 2 diabetes mellitus, Oxidative Stress

INTRODUCTION

The prevalence of diabetes is dramatically increasing across all age groups around the world
(Chen et al., 2011). There is now increasing evidence indicating that the lung is one of the
target organs for diabetic injury in diabetes mellitus (DM) patients (Kuitert, 2008; Pitocco et al.,
2012). Diabetes mellitus, especially type 2 DM, is an independent risk factor for morbidity and
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mortality at both 1 and 5 years following lung transplantation
(Christie et al., 2010). Several studies have demonstrated that
peri-operative hyperglycemia is a critical factor leading to the
poor survival in lung transplant recipients (Hackman et al.,
2014). Lung ischemia-reperfusion (IR) injury can contribute
to acute graft failure, which is the major risk factor for
mortality in the early period of lung transplantation (De
Perrot et al., 2003). Under the diabetic condition, sustained
hyperglycemia dramatically induces reactive oxygen species
(ROS) overproduction and impairs antioxidant defenses, thereby
aggravating oxidative stress and causing cell necrosis and
apoptosis (Evans et al., 2002; Zheng et al., 2017). Furthermore,
ROS are a stimulatory signal of Nuclear factor-kappa B (NF-
κB) activation, which aggravates inflammatory response by
upregulating tumor necrosis factor-α (TNF-α) (Donath and
Shoelson, 2011). Oxidative stress and inflammation play key
roles in the processes of apoptosis, which may account for the
poor outcome in diabetic patients following lung transplantation
(Hackman et al., 2014). We have demonstrated that DM
aggravated lung IR insult and that enhanced oxidative stress
played a crucial role in diabetic lung IR insult (Song et al.,
2017; Jiang et al., 2019). Therefore, novel strategies ameliorating
diabetic lung IR injury may derive from studies scavenging free
radicals or targeting the sources of ROS.

Silent information regulator 1 (SIRT1) is a nicotinamide
adenine dinucleotide (NAD+)-dependent deacetylase that
participates in multiple cellular functions and exerts influence in
tissue injury and repair (Winnik et al., 2015). By deacetylating
target proteins such as endothelial nitric oxide synthase (eNOS),
erythroid 2-related factor 2 (Nrf2), PGC-1α, and FOXOs, SIRT1
regulates cellular homeostasis (Motta et al., 2004; Mattagajasingh
et al., 2007). Growing evidence has shown that SIRT1 signaling
is responsive to the oxidative stress and inflammation that is
caused by a variety of acute lung injuries (Guo et al., 2015;
Sun et al., 2017a). Silent information regulator 1 also plays a
protective role in lung IR injury (Liu et al., 2016). Notably,
emerging data suggested that SIRT1 is a promising therapeutic
target for the treatment of type 2 DM by regulating insulin
sensitivity and glucose-lipid homeostasis in both animal studies
and clinical research (Kitada and Koya, 2013). Recent research
has focused on the role of SIRT1 in the treatment of IR injury in
the diabetic state.

Hydrogen sulfide (H2S) is a new gasotransmitter with a wide
range of physiological functions (Kasparek et al., 2012; Wallace
and Wang, 2015). Circulating levels of H2S are decreased in
both patients with type 2 DM and diabetic animal models, as
hyperglycemic cells consume and oxidize H2S, which contributes
to the development of diabetic complications (Jain et al., 2010).
Our previous study showed that H2S attenuated diabetic lung
IR injury, although the potential mechanisms remain unexplored
(Jiang et al., 2019). Moreover, H2S is able to upregulate SIRT1
to protect against oxidative stress in cardiomyocytes (Wu
et al., 2015). However, whether the SIRT1 signaling pathway is
involved in H2S’s protective effect on diabetic lung IR injury
is still unknown.

Here, we employed GYY4137 as a slow-releasing H2S donor
drug to evaluate whether SIRT1 signaling plays a regulatory role

in the protective actions of H2S treatment against diabetic lung
IR injury and observed the signaling pathways involved in the
ameliorative effect of H2S on oxidative stress.

MATERIALS AND METHODS

Animals
Pathogen-free male Sprague Dawley (SD) rats weighing 200–
220 g were purchased from the Animal Experiment Center
of Harbin Medical University (Harbin, Heilongjiang, China).
The animals were allowed free access to food and water and
maintained at 22–24◦C with a light/dark cycle (12/12 h). This
study was carried out in accordance with the National Institutes
of Health Guidelines for the Care and Use of Laboratory
Animals (NIH Publication No. 85–23, revised, 1996). All study
protocols were approved by the Institutional Animal Care and
Use Committee at Harbin Medical University.

Type 2 Diabetic Rat Model
The type 2 diabetic rat model was established as described
previously (Jiang et al., 2019). Briefly, rats were fed with high-
fat food containing (2.5% cholesterol, 5% sesame oil, 15% lard,
20% sucrose, and 57.5% normal chow) for 6 weeks. After that,
streptozotocin (STZ, 35 mg/kg) was intraperitoneally injected.
Then, rats were continuously fed with high-fat food, and diabetes
was defined as existing in rats with fasting plasma glucose above
11.1 mmol/L 72 h after STZ injection. The standard laboratory
chow-fed rats were studied as the non-diabetic controls. We
measured the glucose tolerance of various groups by conducting
the intraperitoneal glucose tolerance test (IPGTT) and the oral
glucose tolerance test (OGTT) to confirm the success of the
diabetic animal model. Glucose was administered at a dose of
2 g/kg by intraperitoneal injection or gastric lavage to 12-h-fasted
rats. The blood glucose level was tested at 0 (before glucose load),
30, 60, 90, and 120 min after glucose load.

Rat Lung IR Model
The lung IR model was performed as described previously (Jiang
et al., 2019). Briefly, under sodium pentobarbital anesthesia
(40 mg/kg), the rats were intubated with a 12-gauge through a
tracheostomy and ventilated with a tidal volume of 10 ml/kg,
which led to an inspired oxygen fraction (FiO2) of 40% (40%
oxygen and 60% nitrogen) at a positive end-expiratory pressure
of 2 cm H2O. The breathing rate was adjusted to maintain
arterial carbon dioxide tension (PaCO2) at 35 to 45 mmHg. A 24-
gauge catheter was inserted into the right femoral artery for
pressure monitoring (Datex, Helsinki, Finland) and arterial blood
sampling analysis (Bayer, Medfield, MA, United States), and the
right femoral vein was also cannulated for drug administration.
After thoracotomy, the left lung hilum was clamped with a
non-clash microclip 5 min after the administration of heparin
(50 IU/animal) at the end of expiration. Subsequently, the
tidal volume was adjusted to 6 ml/kg during clamping. The
left lung hilum was clamped for 90 min and released, and
reperfusion proceeded for 4 h while the tidal volume was
restored to 10 ml/kg. All rats were positioned on a heating
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pad to maintain body temperature. Pipecuronium bromide
(0.4 mg/kg/h) was used to maintain muscle relaxation, and
anesthesia was maintained with sodium pentobarbital. Rats in the
sham groups underwent the same procedure except for the left
lung hilum occlusion.

Experimental Groups
The animals were randomly assigned to the following groups
(n = 8 in each group): sham group (Con + Sham), lung
IR group (Con + IR), DM + sham group (DM + Sham),
DM + IR group (DM + IR), DM + IR + GYY4137 group
(DM + IR + H), DM + IR + GYY4137 + EX527 group
(DM + IR + H + E), and DM + IR + EX527 group
(DM + IR + E). GYY4137 (133 µmol/kg, dissolved in 1.0 ml
of sterile normal saline) was intraperitoneally injected 1 h
prior to the surgery. EX527 (the inhibitor of SIRT1 signaling,
5 mg/kg/day) was dissolved in dimethyl sulfoxide (DMSO) and
then diluted to the final concentration with sterile saline (the
final DMSO concentration was 1%). EX527 was intraperitoneally
injected for 3 days before the surgery and once 20 min
before the reperfusion. The doses of GYY4137 and EX527 were
selected on the basis of our previous studies (Yu et al., 2017;
Jiang et al., 2019).

Histological Analysis
The lung tissues were fixed in paraformaldehyde, embedded
in paraffin, sectioned (5-µm thickness) and stained with
hematoxylin and eosin. Injury morphology was assessed under a
light microscope in the following respects: (1) airway epithelial
cell damage, (2) hyaline membrane formation, (3) interstitial
edema, (4) hemorrhage, and (5) neutrophil infiltration. The
degree of lung injury was scored on a semiquantitative scale of
0–4 as follows: normal = 0, minimal change = 1, mild change = 2,
moderate change = 3, and severe change = 4.

Measurement of the Static Compliance
of the Lungs and Wet/Dry Lung Weight
Ratio
As previously described, median sternotomies were performed
immediately after sacrifice, and the animals were connected to an
apparatus to measure the static pressure–volume (P–V) curves of
the lungs (Jiang et al., 2019). At the time of rat death, the upper
section of the lung was placed in an oven at 80◦C for 72 h, and
the wet weight-to-dry weight ratio (W/D) was measured.

Blood Gas Analysis
The blood was drawn through the right femoral artery, and the
arterial blood gas was measured at certain time points (T0–T7).
T0–T7 represent the following time points: the baseline, the end
of ischemia (at 90 min after ischemia), and 30, 60, 90, 120, 180,
and 240 min after reperfusion.

Survival Analysis
After 4-h reperfusion, rats were extubated after recovery from
anesthesia and observed for additional time to evaluate the
survival rate. Rat death was identified by cessation of cardiac

mechanical activity. The surviving rats were euthanized by
overdosage of sodium pentobarbital after 168-h observation.

Measurement of Lung H2S Level
The measurement of H2S production in lung tissues followed
the established protocol (Sun et al., 2018). Briefly, lung
tissues were homogenized in a 50 mM ice-cold potassium
phosphate buffer (pH 6.8) containing a 100 mM potassium
phosphate buffer (30 µl), 10 mM L-cysteine (20 µl), and
2 mM pyridoxyal 5’-phosphate (20 µl) and containing 1% zinc
acetate (500 µl) as trapping solution. The reaction mixture
was incubated at 37◦C for 30 min. Subsequently, the reaction
was stopped by 10% trichloroacetic acid (500 µl) followed
by incubation with N,N-dimethyl-p-phenylenediamine sulfate
(in 7.2 M HCl), which was followed by FeCl3 (30 mM,
400 µl) in 1.2 M HCl. After 20 min, the absorbance
of the resulting solution at 670 nm was measured by
spectrophotometer.

SIRT1 Activity Measurements
SIRT1 activity was evaluated in tissue homogenates using a
fluorometric assay (SIRT1 fluorogenic Assay Kit, BPS Bioscience,
San Diego, CA). Acetylated p53 was the potential fluorophore
substrate provided in the kit. After incubation with sirtuin-
containing tissue homogenate, the substrate was deacetylated
and was therefore sensitive to releasing green fluorophore
when mixed with the color developer. Briefly, 20 µl of
homogenated lung tissue was incubated with master mixture
(5 µl diluted SIRT1 substrate, 0.5 µl NAD+, 5 µl BSA,
and 14.5 µl SIRT assay buffer) for 30 min at 37◦C. The
fluorescence was detected by a fluorimeter with excitation set
to 360 nm and emission set to 460 nm (Infinite M200 Pro,
Tecan, Switzerland).

Real-Time Quantitative PCR
Real-time PCR was performed as described previously (Jiang
et al., 2019). Amplification was conducted using the following
primers: 5′-TAGCCTTGTCAGATAAGGAAGGA-3′ (forward)
and 5′-ACAGCTTCACAGTCAACTTTGT-3′ for rat SIRT1. The
following thermal cycling protocol was used: 95◦C for 5 min,
followed by 40 cycles of amplification at 95◦C for 10 s and
62◦C for 20 s.

Western Blot Analysis
Nuclear extracts were prepared using the Minute Cytoplasmic
and Nuclear Fractionation Kit (Invent Biotechnologies Inc.,
Plymouth, MN). The nuclear fractionations were then subjected
to Western blotting analysis using anti-Nrf2 antibody. Total
proteins were subjected to Western blotting analysis using
anti-SIRT1, anti-eNOS,anti-p-eNOS, and anti-HO-1 antibody.
Western blot analysis was performed as previously described
(Jiang et al., 2019).

Immunohistochemical Analysis
Immunohistochemical staining was carried out as described
previously (Jiang et al., 2019).
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Expression of eNOS Acetylation
The expression of eNOS acetylation was measured by
co-immunoprecipitation assay, as previously described
(Ding et al., 2015).

Biotin Switch Assay
The assay was carried out as described previously (Du et al.,
2019). Briefly, lung tissues were homogenized in RIPA lysis
buffer. The primary anti-SIRT1 antibody was added into protein
lysis containing Protein A beads (Sigma, St. Louis, MO,
United States) and incubated overnight at 4◦C. Beads were
added to blocking buffer (HEN buffer with 2.5% SDS and
20 mM methyl methanethiosulfonate) at 50◦C for 20 min. Methyl
methanethiosulfonate was then removed by acetone, and the
proteins were precipitated at −20◦C for 20 min. After acetone
removal, the proteins were resuspended in HENS buffer (HEN
buffer with 1% SDS) and 4 mM biotin-HPDP. After incubation
for 4 h at room temperature, biotinylated-protein was pulled
down by streptavidin magnet beads and eluted by SDS-PAGE
loading buffer and subjected to Western blot analysis.

Assessment of Enzyme-Linked
Immunosorbent
Serum concentrations of interleukin-6 and TNF-α were
measured by enzyme-linked immunosorbent assay kits
(R&D Systems, MN, United States) according to the
manufacturer’s instructions.

Determination of MPO, MDA, SOD, and
T-AOC in Lung Tissue
As previously described, myeloperoxidase (MPO) activity, total
antioxidative capability (T-AOC) levels, superoxide dismutase
(SOD) activity, and malonaldehyde (MDA) activity were detected
by commercial kits (Jiancheng Bio-Technology, Nanjing, China)
(Jiang et al., 2019).

Apoptosis Assay
Lung parenchymal cell apoptosis was detected by In Situ Cell
Death Detection kit (Roche Molecular Biochemicals, Mannheim,
Germany) as specified by the manufacturer. Cells with red
nuclear staining were considered positive, as were all of the
cells with DAPI (4′,6-diamidino-2-phenylindole) staining. The
apoptotic index was expressed as the number of apoptotic
nuclei/the total number of nuclei counted× 100%.

Statistical Analysis
The data are expressed as mean ± standard deviation (SD).
Statistical testing was performed using the Prism software
package (version 5.0, GraphPad Software, La Jolla, CA,
United States). Statistical significance was evaluated by one-
way ANOVA followed by Tukey’s post hoc test for pairwise
comparisons or a two-tail unpaired t-test. For survival analysis,
the Kaplan–Meier method was used, followed by a log-
rank (Mantel–Cox) test. A P-value of less than 0.05 was
considered significant.

RESULTS

Characterization of Diabetic Animals
As presented in Figures 1A,B and Table 1, compared with the
non-diabetic rats, diabetic rats showed significantly impaired
IPGTT and OGTT and increased blood glucose, serum total
cholesterol, and total triacylglycerol, indicating that the type 2
diabetic model was successfully developed.

Type 2 DM Aggravated Lung IR Injury
As presented in Figure 1C, there were no significant between-
group differences with respect to the oxygenation index
(PaO2/FiO2) at baseline. The PaO2/FiO2 (T7) values in the
DM + Sham group were significantly lower than in the
Con + Sham group (P < 0.05). The PaO2/FiO2 (T7) values in
the DM + IR group showed a further decrease compared with
the Con + IR group (P < 0.01). Similar tendencies were observed
for the static compliance of the lung (the volume at a pressure
of 30 cm H2O) (Figure 1D). The wet weight-to-dry weight ratio
exhibited contrasting tendencies (Figure 1G).

As shown in Figures 1E,F, the lung morphologies in the
Con + Sham groups remained intact. The DM + Sham group
showed edema in the alveolar septa and spaces, interstitial
thickening, intra-alveolar hemorrhage, and leukocyte infiltration,
with higher lung injury scores (P < 0.01, compared with the
Con + Sham group). These histological changes were more
serious in the DM + IR group, with further increase in lung
injury scores (P < 0.01, compared with the Con + IR group).
Together, these experiments indicated the DM further aggravated
lung injury in type 2 diabetic rats subjected to lung IR injury.

As shown in Figure 1H, the survival rate was significantly
reduced in the DM + IR group compared with the Con + IR group
(P < 0.05).

The endogenous H2S level of lung tissue in the DM + Sham
group was decreased compared to the Con + Sham group, and the
H2S level in the DM + IR group also showed a decrease compared
with the Con + IR group (Figure 1I).

Type 2 DM Impaired Lung SIRT1
Signaling and Aggravated Lung Oxidative
Stress, Inflammation, and Apoptosis
Figures 2A,B show that antioxidative capacity (activities of SOD
and T-AOC) was lower in the DM + Sham group than in the
Con + Sham group (P < 0.01), and these antioxidative-related
indexes were further decreased in the DM + IR group (P < 0.01,
compared with the Con + IR group). Contrasting tendencies were
observed for MDA levels (Figure 2C), MPO activity (Figure 2D),
serum concentrations of interleukin-6 (Figure 2E), and TNF-α
(Figure 2F). Contrasting tendencies were also observed in the
Western blot for cleaved caspase 3 (Figures 2H,J).

We measured the expression and activity of lung SIRT1
in both non-diabetic and diabetic rats. Figure 2 showed
dramatically decreased SIRT1 expression and activity in type 2
DM rats (P < 0.01, the DM + Sham group compared with the
Con + Sham group), which was further attenuated following lung
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FIGURE 1 | Type 2 diabetic rats subjected to lung IR injury exhibited significantly impaired lung function. (A) IPGTT, intraperitoneal glucose tolerance test. (B) OGTT,
oral glucose tolerance test. (C) Arterial blood gas analysis. T0–T7 represent the following time points: baseline, end of ischemia, and 30, 60, 90, 120, 180, and
240 min after reperfusion. (D) Static compliance of the lung pressure–volume (P–V) curves. Data are represented by the mean values, and the bars are omitted for
clarity. (E) Histologic analysis of lung tissues (magnification: 200×). (F) Lung injury score. (G) Wet/dry weight ratio. (H) Survival analysis. Rats were observed for
168 h (1 week), and survival time was calculated. (I) Lung H2S levels in rat. PaO2/FiO2: partial pressure of arterial oxygen (PaO2)/fraction of inspired oxygen (FiO2).
IR, ischemia-reperfusion; DM, diabetes mellitus (**P < 0.01 versus Con group, aP < 0.05 versus Con + sham group/aaP < 0.01 versus Con + sham
group,bP < 0.05 versus Con + IR group/bbP < 0.01 versus Con + IR group; n = 8 in each group).
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TABLE 1 | Characterization of diabetic animals.

Group Con DM

Total cholesterol (mmol/L) 1.45 ± 0.16 4.61 ± 0.32**

Total triacylglycerol (mmol/L) 0.57 ± 0.07 1.43 ± 0.10**

DM: High-fat-diet-fed streptozotocin-induced type 2 diabetic group. Con: non-
diabetic group. Results are expressed as mean ± SD. **P < 0.01 versus Con
group; n = 8.

IR injury (P < 0.01, the DM + IR group compared with the
Con + IR group).

EX527 Blunted H2S-Induced Pulmonary
Protective Effect on Lung IR Injury in
Type 2 Diabetic Rats
We used EX527 (the SIRT1-specific inhibitor) to unravel the
role of H2S in diabetic lung IR injury as well as to elucidate
the underlying mechanisms. Initially, we tested the toxic effect
of EX527 administration. The experimental dosage of EX527
caused no significant changes to lung function (Supplementary
Figure S1A–E) and apoptotic signaling (Supplementary
Figure S1F,G) in diabetic rats (P > 0.05, the DM + IR + E
group compared with the DM + IR group). As presented in
Figure 3, H2S treatment significantly improved post-ischemic
lung function in type 2 DM rats by increasing the oxygenation
index (P < 0.01, the DM + IR + H group compared with the
DM + IR group) and the static compliance of the lung (P < 0.01,
the DM + IR + H group compared with the DM + IR group),
decreasing the wet weight-to-dry weight ratio (P < 0.01, the
DM + IR + H group compared with the DM + IR group).
Meanwhile, H2S treatment markedly alleviated lung IR injury
in diabetic rats, as evidenced by reduced lung injury scores
(P < 0.01, the DM + IR + H group compared with the DM + IR
group). However, these protective effects were abolished by
EX527 administration (P < 0.05, the DM + IR + H + E group
compared with the DM + IR + H group).

As shown in Figure 3F, H2S treatment improved the survival
rate (P < 0.05, compared with the DM + IR group). However,
survival did not differ between the DM + IR + H group and the
DM + IR + H + E group (P = 0.0964). These data all suggested
that SIRT1 played a pivotal role in the protective actions of H2S
on diabetic lung IR injury.

Figure 3G shows that GYY4137 treatment recovered the
reduction of endogenous H2S caused by diabetic lung IR
injury (P < 0.01, the DM + IR + H group compared with
the DM + IR group).

EX527 Attenuated H2S-Induced
Alleviation of the Inflammation in
Diabetic Lung IR Injury
Figures 4A,B show that serum concentrations of interleukin-
6 and TNF-α were obviously higher in the DM + IR group
than in the DM + Sham group (P < 0.01). The serum levels
of TNF-α and IL-6 in the DM + IR + H group were lower
than those in the DM + IR group (P < 0.01). However,
inhibition of SIRT1 markedly abolished the anti-inflammatory

activity of H2S by increasing the serum level of TNF-α and
IL-6 (P < 0.05, the DM + IR + H + E group compared with
DM + IR + H group). Similar changes were observed in the MPO
activity (Figure 4C). The expression levels of phosphorylated
eNOS (activation state) showed a trend that was the inverse
of that of the MPO activity (Figures 4E,G). Acetylated eNOS
(deactivation state) showed the opposite changes compared with
the previous levels (Figures 4J,K). These results all indicated that
H2S reduced diabetic lung IR-induced inflammation and that
SIRT1 mediated this action.

As showed in Figure 4, H2S treatment can rescue the impaired
SIRT1 expression and activity caused by diabetic lung IR injury
(P < 0.01, the DM + IR + H group compared with the DM + IR
group). However, EX527 could abolish these effects (P < 0.01,
the DM + IR + H + E group compared with the DM + IR + H
group). The mRNA expression of SIRT1 was reduced in diabetic
lung IR injury (P < 0.01, the DM + IR group compared with the
DM + Sham group). The level of expression of SIRT1 mRNA was
restored with GYY4137 treatment (P < 0.01, the DM + IR + H
group compared with the DM + IR group). Sulfhydrated
SIRT1 was upregulated by GYY4137 treatment (P < 0.01, the
DM + IR + H group compared with the DM + IR group).

EX527 Abolished H2S-Induced
Suppression of the Oxidative Stress
Level in Diabetic Lung IR Injury
As shown in Figure 5A,B, activities of SOD and T-AOC
were markedly lower in the DM + IR group than in the
DM + Sham group (P < 0.01). Administration of GYY4137
improved antioxidative capacity by increasing the activities of
SOD and T-AOC (P < 0.01, the DM + IR + H group compared
with the DM + IR group). However, these antioxidative-related
indexes were lower in the DM + IR + H + E group than in
the DM + IR + H group (P < 0.05). The activities of MDA,
an indicator of the oxidative stress response, showed contrasting
tendencies (Figure 5C). Moreover, the expression levels of two
antioxidative molecules, HO-1 and the nuclear accumulation
of Nrf2, exhibited the same trend (Figures 5D–F). Contrasting
tendencies were also observed in the Western blot for acetylation
of Nrf2 (Figures 5D,G). Together, these experiments suggested
that SIRT1 participated in the effect of H2S on antioxidative
capacity and Nrf2/HO-1 signaling in diabetic lung IR injury.

EX527 Compromised H2S-Induced
Amelioration of the Cell Apoptosis in
Diabetic Lung IR Injury
With respect to cell apoptosis, the apoptotic index (Figures 6A,B)
was markedly increased in the DM + IR group compared with
apoptosis levels in the DM + Sham group (P < 0.01). The number
of apoptotic cells in the pulmonary parenchyma was significantly
reduced in the DM + IR + H group compared with the DM + IR
group (P < 0.01). However, the DM + IR + H + E group
exhibited a markedly higher apoptotic index compared to the
DM + IR + H group (P < 0.01). The expression levels of cleaved
caspase 3 showed the same trend (Figures 6C,D). Together, these
experiments indicated that the anti-apoptotic capability of H2S
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FIGURE 2 | Type 2 DM impaired lung SIRT1 signaling and enhanced oxidative stress, inflammation, and apoptosis. (A) SOD concentration. (B) T-AOC concentration.
(C) MDA concentration. (D) MPO concentration. (E) Serum concentrations of interleukin-6 (IL-6). (F) TNF-α. (G) Representative lung immunohistochemical images of
SIRT1 (magnification: 200×). (H) Representative blots. (I) SIRT1 expression. (J) Cleaved caspase-3 expression. (K) mRNA expression of SIRT1 (n = 4). (L) Relative
SIRT1 activity. IL, interleukin; TNF-a, tumor necrosis factor-a; MPO, myeloperoxidase; MDA, malonaldehyde; SOD, superoxide dismutase; T-AOC, total antioxidative
capability (aP < 0.05 versus Con + sham group/aaP < 0.01 versus Con + sham group,bbP < 0.01 versus Con + IR group; n = 8 in each group).
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FIGURE 3 | EX527 blunted GYY4137-induced pulmonary protective effect on lung IR injury in type 2 diabetic rats. (A) Arterial blood gas analysis. T0–T7 represent
the following time points: baseline, end of ischemia, and 30, 60, 90, 120, 180, and 240 min after reperfusion. (B) Static compliance of the lung pressure–volume
(P–V) curves. Data are represented by the mean values, and the bars are omitted for clarity. (C) Histologic analysis of lung tissues. (magnification: 200×). (D) Lung
injury score. (E) Wet/dry weight ratio. (F) Survival analysis. Rats were observed for 168 h (1 week), and survival time was calculated. (G) Lung H2S levels in rat
(cP < 0.05 versus DM + sham group/ccP < 0.01 versus DM + sham group,dP < 0.05 versus DM + IR group/ddP < 0.01 versus DM + IR group, eP < 0.05 versus
DM + IR + H group/eeP < 0.01 versus DM + IR + H group; n = 8 in each group).
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FIGURE 4 | EX527 attenuated GYY4137-induced alleviation of the inflammation in diabetic lung IR injury. (A) Serum concentrations of interleukin-6 (IL-6). (B) TNF-α.
(C) MPO concentration. (D) Representative lung immunohistochemical images of SIRT1 (magnification: 200×). (E) Representative blots. (F) SIRT1 expression.
(G) The ratio of p-eNOS/eNOS. (H) mRNA expression of SIRT1 (n = 4). (I) Relative SIRT1 activity. (J) Representative blots. (K) Ac-eNOS. (L) Biotin switch assay.
(M) Sulfhydrated SIRT1 expression. Ac-eNOS, acetylated endothelial nitric oxide synthase; eNOS, endothelial nitric oxide synthase; p-eNOS, phosphorylated
endothelial nitric oxide synthase (ccP < 0.01 versus DM + sham group,ddP < 0.01 versus DM + IR group, eP < 0.05 versus DM + IR + H group/eeP < 0.01 versus
DM + IR + H group; n = 8 in each group).

Frontiers in Physiology | www.frontiersin.org 9 June 2020 | Volume 11 | Article 596

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-11-00596 June 26, 2020 Time: 20:51 # 10

Jiang et al. H2S Ameliorates Diabetic Lung IR

FIGURE 5 | EX527 abolished GYY4137-induced suppression of the oxidative stress level in diabetic lung IR injury. (A) SOD concentration. (B) T-AOC concentration.
(C) MDA concentration. (D) Representative blots. (E) Nuclear Nrf2 expression. (F) HO-1 expression. (G) The ratio of Ac-Nrf2/Nrf2. Ac-Nrf2, acetylated erythroid
2-related factor 2; Nrf2, Erythroid 2-related factor 2; HO-1, heme oxygenase 1 (ccP < 0.01 versus DM + sham group,ddP < 0.01 versus DM + IR group, eP < 0.05
versus DM + IR + H group/eeP < 0.01 versus DM + IR + H group; n = 8 in each group).
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FIGURE 6 | EX527 compromised H2S-induced amelioration of the cell apoptosis in diabetic lung IR injury. (A) Representative in situ detection of lung parenchymal
cell apoptosis by TUNEL staining. (magnification: 400×). (B) Percentage of TUNEL-positive nuclei. (C) Representative blots. (D) Cleaved caspase-3 expression.
TUNEL, Terminal deoxynucleotidyl transferase dUTP nick end-labeling (ccP < 0.01 versus DM + sham group,ddP < 0.01 versus DM + IR group, eeP < 0.01 versus
DM + IR + H group; n = 8 in each group).
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against lung IR injury was regulated by SIRT1 signaling in type
2 diabetic rats.

DISCUSSION

The major findings of the present study are as follows. (1)
H2S effectively alleviated lung IR injury-induced oxidative
stress, inflammation, and apoptosis in type 2 diabetic rats.
(2) Lung SIRT1 signaling was markedly downregulated in
type 2 diabetic rats, and it was further attenuated by
IR injury. H2S administration effectively enhanced SIRT1
signaling in lung IR insult in type 2 diabetic rats. (3)
Inhibition of SIRT1 abolished SIRT1-dependent Nrf2/HO-
1 and eNOS activation, thus enhancing oxidative stress,
inflammation, and apoptosis.

Type 2 DM is the most common form of diabetes,
encompassing roughly 90% of diabetic patients (Chen et al.,
2011). It has been well established that lung is a target of
diabetic injury, although the lung is one of the least researched
organs for diabetes complications (Wu et al., 2017). Recent
studies have demonstrated that DM is a major risk factor
for morbidity and mortality in lung transplant recipients
(Hackman et al., 2014). Hyperglycemia upregulates poly ADP
ribose polymerase (PARP), protein kinase C pathways, and
the polyol pathway, which contribute to an NADH/NAD+
redox imbalance with increased levels of NADH as well as
diminished levels of NAD+(Wu et al., 2017; Zheng et al., 2017).
NADH/NAD+ redox imbalance contributes to reductive stress
that gradually progresses to oxidative stress (Yan, 2014). Thus,
under the diabetic condition, prolonged hyperglycemia leads to
overproduction of ROS, which then enhance oxidative stress,
inflammatory response, and cell apoptosis, which eventually
aggravate reperfusion damage (Yu et al., 2015). We and
others found that the diabetic state aggravated lung IR injury
and that oxidative stress is a key factor in this process
(Takahashi et al., 2016; Jiang et al., 2019). Consistent with
these findings, we found markedly enhanced oxidative stress
in diabetic rats following lung IR surgery in comparison
to non-diabetic rats, which might lead to the increased
inflammation and apoptosis, thus worsening physiological
parameters of lung (oxygenation index, pulmonary compliance,
and lung edema).

H2S is a novel endogenous signaling gasotransmitter affecting
physiological and pathological processes of the respiratory system
(Zhang et al., 2015). Due to its highly efficient antioxidative
capacity, H2S has been demonstrated to play a potential
role in preserving the function of and reducing insult to
multiple organs, particularly induced by IR (Meng et al., 2017).
Exogenous H2S could increase NAD+ levels to restore the ratio
of NAD+/NADH and alleviate the redox imbalance resulting
from diabetes (Sun et al., 2018). Under the diabetic condition,
sustained hyperglycemia may cause tissues to increase their
consumption of H2S, resulting in lower levels (Wallace and
Wang, 2015). We have recently shown that H2S showed a
protective role in diabetic lung IR by alleviating oxidative
stress damage (Jiang et al., 2019). The results in our study

demonstrated that H2S recovered the reduction of endogenous
H2S caused by diabetic lung IR injury and protected against lung
IR injury in type 2 diabetic rats. However, detailed information
regarding how the signaling pathways mediate the protective
effects of H2S against lung IR injury in the diabetic state remains
largely unknown.

Silent information regulator 1 is a member of the class
III group of histone deacetylase enzymes (Winnik et al.,
2015). Silent information regulator 1 is proved to be a
protective molecule against a wide variety of lung injuries,
particularly that induced by IR (Liu et al., 2016). Silent
information regulator 1 is sensitive to intracellular redox
radicals and protects against oxidative stress in multiple systems
(Alcendor et al., 2007). It has been shown that SIRT1 signaling
protects against IR injury by upregulating antioxidants and
downregulating oxidative stress as well as by decreasing pro-
apoptotic molecules (Hsu et al., 2010). Here, we found that
H2S effectively protected against diabetic lung IR injury by
reducing oxidative damage in a SIRT1-dependent manner.
Silent information regulator 1 also deacetylates NF-κB, hence
effectively inhibiting its activity in in vitro and in vivo systems
(Yeung et al., 2004). Nuclear factor-kappa B is a key regulator
of multiple inflammatory pathways (Liu and Malik, 2006).
A previous study demonstrated that SIRT1 participated in the
anti-inflammatory activity in lipopolysaccharide-induced acute
lung injury (Guo et al., 2015). ROS accumulation caused by
diabetes contributes to the activation of nuclear transcription
factors, such as NF-κB, which enhances inflammation and
leads to endothelium dysfunction (Evans et al., 2002; Donath
and Shoelson, 2011). In this study, we observed that SIRT1-
mediated suppression of inflammation played a critical role
in the protective activity of H2S in diabetic lung IR insult.
Numerous studies found that SIRT1 expression was significantly
decreased in the diabetic state and that overexpression of
SIRT1 produced beneficial effects on glucose homeostasis
(Milne et al., 2007). SIRT1 has been emerging as an effective
therapeutic target for the treatment of type 2 DM by regulating
lipid mobilization and adiponectin excretion (Picard et al.,
2004), controlling fatty acid oxidation and mitochondrial
biogenesis (Gerhart-Hines et al., 2007), protecting pancreatic
β-cells (Lee et al., 2009), and modulating insulin secretion
(Bordone et al., 2006). Several lines of evidence indicate
that SIRT1 is a promising protector against IR-induced tissue
injury under diabetic conditions (Ding et al., 2015; Yu
et al., 2015, 2017). In addition, H2S increased intracellular
NAD+ levels, an effect that was SIRT1-dependent (Das et al.,
2018). Therefore, H2S increases SIRT1 expression and protects
against oxidative stress (Suo et al., 2013; Wu et al., 2015).
Zinc ions play a key role in SIRT1 function, and Zn2+

binding to the zinc-finger motif is essential for the deacetylase
activity of SIRT1 and its structural integrity (Chen et al.,
2010). Sulfhydration promotes Zn2+-tetrathiolate, stabilizes the
alpha-helix, and thus enhances the deacetylase activity. H2S
directly sulfhydrated SIRT1 and enhanced SIRT1 binding to
zinc ion, which promoted SIRT1 deacetylation activity (Du
et al., 2019). Consistent with these studies, we observed
that H2S treatment can rescue the impaired sulfhydrated
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SIRT1 caused by diabetic lung IR injury. Here we also
found that lung SIRT1 expression and activity is significantly
downregulated in type 2 diabetic rats and that reperfusion
injury further aggravated these effects. H2S enhanced SIRT1
expression and activity, whereas these effects were largely
attenuated by SIRT1 inhibitor. Furthermore, inhibition of
SIRT1 signaling largely abolished the protective actions of
H2S, suggesting that SIRT1-mediated reducing oxidative stress,
inflammation, and apoptosis played a critical role in the
protective actions of H2S.

Another major finding of this study is that H2S activated
Nrf2/HO-1 signaling and phosphorylation of eNOS (activation
of eNOS). Treatment with EX527 largely abolished these
effects of H2S. Nrf2, as an important regulator of cellular
antioxidant defense mechanisms, plays a protective role
against lung injury (Meng et al., 2016). Once activated,
Nrf2 translocates to the nucleus, where it transcribes several
antioxidant genes, such as heme oxygenase 1 (HO-1), which
maintains redox homeostasis and regulates the inflammatory
response (Chapple et al., 2012). It has also been demonstrated
that enhanced HO-1 expression could attenuate lung IR injury
by alleviating oxidative stress and inflammation (Sun et al.,
2017b). Recent research showed that Nrf2/HO-1 signaling
plays a critical role in reducing IR injury, especially in
diabetic setting (Peake et al., 2013). In addition, impaired
Nrf2/HO-1 signaling was a key contributor to aggravated IR
injury in diabetic animals (Gao et al., 2016). In this study,
we found that GYY4137 treatment significantly increased
nuclear Nrf2 expression and enhanced Nrf2-dependent
HO-1 transcription in diabetic lung IR injury. Conversely,
these effects were abrogated by SIRT1 inhibition. These
data suggest that SIRT1 might act as upstream regulatory
signal transduction of Nrf2/HO-1. In fact, our data are
consistent with the previous report that SIRT1 modulates
the transcription factor Nrf2 in regulating the transcription
of gene encoding antioxidant enzymes to resist oxidative
damage (Zhang et al., 2018). Recent studies have also
demonstrated that SIRT1 deacetylated Nrf2, thus increasing
the activity and stability of Nrf2, resulting in resistance to
oxidative stress and suppression of apoptosis (Ding et al.,
2016). Here, we found that GYY4137 treatment rescued
the increased acetylation of Nrf2 caused by diabetic lung
IR injury, whereas these effects were largely attenuated by
SIRT1 inhibitor. Therefore, we concluded that GYY4137
might increase Nrf2/HO-1 signaling through activating SIRT1.
Endothelial nitric oxide synthase can maintain endothelial
barrier properties and prevent leukocyte infiltration (Kaminski
et al., 2007). Indeed, activation of eNOS has been demonstrated
as a key factor that protects against lung IR injury (Matsuo
et al., 2015). It is known that diabetes can cause significant
endothelial dysfunction due to decreased NO bioavailability.
Oxidative stress is a critical driver of impaired endothelial
NO bioavailability in the diabetic state, which participates
in the pathogenesis and progression of diabetic tissue injury
(Suganthalakshmi et al., 2006). Decreased expression of eNOS
and impaired NO synthesis have been detected in both type
2 DM patients and diabetic animals, which contributes to the

pathophysiology of diabetes (Torres et al., 2004; Ding et al.,
2015). SIRT1 colocalizes with eNOS, and deacetylation
by SIRT1 increases eNOS activity. Inhibition of SIRT1
activity can acetylate eNOS and decrease eNOS activity
(Mattagajasingh et al., 2007). Our data showed that GYY4137
enhanced eNOS phosphorylation (activation state) and
reduced eNOS acetylation (deactivation state) while SIRT1
inhibition markedly reduced the effect of GYY4137 on the
activity of eNOS. All of these data indicated that GYY4137
might enhance Nrf-2/HO-1 signaling and maintain normal
eNOS function and active form via SIRT1 activation, thus
reducing oxidative stress, inflammation, and apoptosis in
diabetic lung IR injury.

This study has several limitations. First, we used a high-
fat-diet-fed streptozotocin-induced type 2 diabetic model to
simulate the clinical presentations of type 2 DM patients, but
whether this model completely substitutes for diabetes requires
further detailed elucidation. Second, our animal experiments
were exclusively on a warm IR model without transplantation,
but whether the study findings can be performed in a cold
IR model with transplantation needs further investigation.
Third, the finding that H2S upregulated SIRT1-mediated
protective effects in diabetic lung by enhancing Nrf2/HO-
1 signaling and maintaining normal eNOS function was
verified by using SIRT1 inhibitor EX527 rather than by
genetic manipulation.

CONCLUSION

The present study indicates that lung SIRT1 signaling was
significantly downregulated in type 2 diabetic rats, and
it was further attenuated by IR injury. Exogenous H2S
treatment significantly alleviated IR-induced lung functional
dysfunction, oxidative stress, inflammation, and apoptosis by
SIRT1 signaling reactivation in type 2 diabetic rats. This study
provides a novel theoretical basis for the development of new
therapeutic strategies to treat type 2 diabetic patients with
ischemic lung disease.
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FIGURE S1 | The effect of EX527 on diabetic lung. (A) Arterial blood gas analysis.
T0-T7 represent the following time points: baseline, end of ischemia, and 30 min,
60 min, 90 min, 120 min, 180 min, and 240 min after reperfusion. (B) Static
compliance of the lung pressure–volume (P–V) curves. Data are represented by
the mean values, and the bars are omitted for clarity. (C) Histologic analysis of lung
tissues. (magnification: 200 × ). (D) Lung injury score. (E) Wet/dry weight ratio. (F)
Representative blots. (G) Cleaved caspase-3 expression (n = 8 in each group).

REFERENCES
Alcendor, R. R., Gao, S., Zhai, P., Zablocki, D., Holle, E., Yu, X., et al. (2007). Sirt1

regulates aging and resistance to oxidative stress in the heart. Circ. Res. 100,
1512–1521. doi: 10.1161/01.res.0000267723.65696.4a

Bordone, L., Motta, M. C., Picard, F., Robinson, A., Jhala, U. S., Apfeld, J., et al.
(2006). Sirt1 regulates insulin secretion by repressing UCP2 in pancreatic beta
cells. PLoS Biol. 4:e31. doi: 10.1371/journal.pbio.0040031

Chapple, S. J., Siow, R. C., and Mann, G. E. (2012). Crosstalk between Nrf2 and
the proteasome: therapeutic potential of Nrf2 inducers in vascular disease and
aging. Int. J. Biochem. Cell Biol. 44, 1315–1320. doi: 10.1016/j.biocel.2012.04.
021

Chen, L., Feng, Y., Zhou, Y., Zhu, W., Shen, X., Chen, K., et al. (2010). Dual role of
Zn2+ in maintaining structural integrity and suppressing deacetylase activity of
SIRT1. J. Inorg. Biochem. 104, 180–185. doi: 10.1016/j.jinorgbio.2009.10.021

Chen, L., Magliano, D. J., and Zimmet, P. Z. (2011). The worldwide epidemiology
of type 2 diabetes mellitus–present and future perspectives. Nat. Rev.
Endocrinol. 8, 228–236. doi: 10.1038/nrendo.2011.183

Christie, J. D., Edwards, L. B., Kucheryavaya, A. Y., Aurora, P., Dobbels, F., Kirk,
R., et al. (2010). The Registry of the International Society for Heart and Lung
Transplantation: twenty-seventh official adult lung and heart-lung transplant
report–2010. J. Heart Lung Transplant. 29, 1104–1118. doi: 10.1016/j.healun.
2010.08.004

Das, A., Huang, G. X., Bonkowski, M. S., Longchamp, A., Li, C., Schultz, M. B.,
et al. (2018). Impairment of an Endothelial NAD(+)-H2S Signaling Network Is
a Reversible Cause of Vascular Aging. Cell 173:e20.

De Perrot, M., Liu, M., Waddell, T. K., and Keshavjee, S. (2003). Ischemia-
reperfusion-induced lung injury. Am. J. Respir. Crit. Care Med. 167, 490–511.

Ding, M., Lei, J., Han, H., Li, W., Qu, Y., Fu, E., et al. (2015). SIRT1 protects against
myocardial ischemia-reperfusion injury via activating eNOS in diabetic rats.
Cardiovasc. Diabetol. 14:143.

Ding, Y. W., Zhao, G. J., Li, X. L., Hong, G. L., Li, M. F., Qiu, Q. M., et al. (2016).
SIRT1 exerts protective effects against paraquat-induced injury in mouse type
II alveolar epithelial cells by deacetylating NRF2 in vitro. Int. J. Mol. Med. 37,
1049–1058. doi: 10.3892/ijmm.2016.2503

Donath, M. Y., and Shoelson, S. E. (2011). Type 2 diabetes as an inflammatory
disease. Nat. Rev. Immunol. 11, 98–107.

Du, C., Lin, X., Xu, W., Zheng, F., Cai, J., Yang, J., et al. (2019). Sulfhydrated Sirtuin-
1 increasing its deacetylation activity is an essential epigenetics mechanism of
anti-atherogenesis by hydrogen sulfide. Antioxid. Redox. Signal. 30, 184–197.
doi: 10.1089/ars.2017.7195

Evans, J. L., Goldfine, I. D., Maddux, B. A., and Grodsky, G. M. (2002). Oxidative
stress and stress-activated signaling pathways: a unifying hypothesis of type 2
diabetes. Endocr. Rev. 23, 599–622. doi: 10.1210/er.2001-0039

Gao, S., Yang, Z., Shi, R., Xu, D., Li, H., Xia, Z., et al. (2016). Diabetes blocks
the cardioprotective effects of sevoflurane postconditioning by impairing

Nrf2/Brg1/HO-1 signaling. Eur. J. Pharmacol. 779, 111–121. doi: 10.1016/j.
ejphar.2016.03.018

Gerhart-Hines, Z., Rodgers, J. T., Bare, O., Lerin, C., Kim, S. H., Mostoslavsky, R.,
et al. (2007). Metabolic control of muscle mitochondrial function and fatty acid
oxidation through SIRT1/PGC-1alpha. EMBO J. 26, 1913–1923. doi: 10.1038/
sj.emboj.7601633

Guo, L., Li, S., Zhao, Y., Qian, P., Ji, F., Qian, L., et al. (2015). Silencing
Angiopoietin-Like Protein 4 (ANGPTL4) protects against lipopolysaccharide-
induced acute lung injury via regulating SIRT1/NF-kB pathway. J. Cell. Physiol.
230, 2390–2402. doi: 10.1002/jcp.24969

Hackman, K. L., Bailey, M. J., Snell, G. I., and Bach, L. A. (2014). Diabetes is a
major risk factor for mortality after lung transplantation. Am. J. Transplant. 14,
438–445. doi: 10.1111/ajt.12561

Hsu, C. P., Zhai, P., Yamamoto, T., Maejima, Y., Matsushima, S., Hariharan,
N., et al. (2010). Silent information regulator 1 protects the heart from
ischemia/reperfusion. Circulation 122, 2170–2182. doi: 10.1161/circulationaha.
110.958033

Jain, S. K., Bull, R., Rains, J. L., Bass, P. F., Levine, S. N., Reddy, S., et al. (2010). Low
levels of hydrogen sulfide in the blood of diabetes patients and streptozotocin-
treated rats causes vascular inflammation? Antioxid. Redox Signal. 12, 1333–
1337. doi: 10.1089/ars.2009.2956

Jiang, T., Liu, Y., Meng, Q., Lv, X., Yue, Z., Ding, W., et al. (2019). Hydrogen
sulfide attenuates lung ischemia-reperfusion injury through SIRT3-dependent
regulation of mitochondrial function in type 2 diabetic rats. Surgery 165,
1014–1026. doi: 10.1016/j.surg.2018.12.018

Kaminski, A., Kasch, C., Zhang, L., Kumar, S., Sponholz, C., Choi, Y. H., et al.
(2007). Endothelial nitric oxide synthase mediates protective effects of hypoxic
preconditioning in lungs. Respir. Physiol. Neurobiol. 155, 280–285. doi: 10.
1016/j.resp.2006.06.005

Kasparek, M. S., Linden, D. R., Farrugia, G., and Sarr, M. G. (2012). Hydrogen
sulfide modulates contractile function in rat jejunum. J. Surg. Res. 175, 234–242.
doi: 10.1016/j.jss.2011.03.069

Kitada, M., and Koya, D. (2013). SIRT1 in Type 2 Diabetes: Mechanisms and
Therapeutic Potential. Diabetes Metab. J. 37, 315–325.

Kuitert, L. M. (2008). The lung in diabetes–yet another target organ? Chron. Respir.
Dis. 5, 67–68. doi: 10.1177/1479972308091408

Lee, J. H., Song, M. Y., Song, E. K., Kim, E. K., Moon, W. S., Han, M. K., et al.
(2009). Overexpression of SIRT1 protects pancreatic beta-cells against cytokine
toxicity by suppressing the nuclear factor-kappaB signaling pathway. Diabetes
Metab. Res. Rev. 58, 344–351. doi: 10.2337/db07-1795

Liu, S., Xu, J., Fang, C., Shi, C., Zhang, X., Yu, B., et al. (2016). Over-expression
of heat shock protein 70 protects mice against lung ischemia/reperfusion injury
through SIRT1/AMPK/eNOS pathway. Am. J. Transl. Res. 8, 4394–4404.

Liu, S. F., and Malik, A. B. (2006). NF-kappa B activation as a pathological
mechanism of septic shock and inflammation. Am. J. Physiol. Lung. Cell Mol.
Physiol. 290, L622–L645.

Frontiers in Physiology | www.frontiersin.org 14 June 2020 | Volume 11 | Article 596

https://www.frontiersin.org/articles/10.3389/fphys.2020.00596/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphys.2020.00596/full#supplementary-material
https://doi.org/10.1161/01.res.0000267723.65696.4a
https://doi.org/10.1371/journal.pbio.0040031
https://doi.org/10.1016/j.biocel.2012.04.021
https://doi.org/10.1016/j.biocel.2012.04.021
https://doi.org/10.1016/j.jinorgbio.2009.10.021
https://doi.org/10.1038/nrendo.2011.183
https://doi.org/10.1016/j.healun.2010.08.004
https://doi.org/10.1016/j.healun.2010.08.004
https://doi.org/10.3892/ijmm.2016.2503
https://doi.org/10.1089/ars.2017.7195
https://doi.org/10.1210/er.2001-0039
https://doi.org/10.1016/j.ejphar.2016.03.018
https://doi.org/10.1016/j.ejphar.2016.03.018
https://doi.org/10.1038/sj.emboj.7601633
https://doi.org/10.1038/sj.emboj.7601633
https://doi.org/10.1002/jcp.24969
https://doi.org/10.1111/ajt.12561
https://doi.org/10.1161/circulationaha.110.958033
https://doi.org/10.1161/circulationaha.110.958033
https://doi.org/10.1089/ars.2009.2956
https://doi.org/10.1016/j.surg.2018.12.018
https://doi.org/10.1016/j.resp.2006.06.005
https://doi.org/10.1016/j.resp.2006.06.005
https://doi.org/10.1016/j.jss.2011.03.069
https://doi.org/10.1177/1479972308091408
https://doi.org/10.2337/db07-1795
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-11-00596 June 26, 2020 Time: 20:51 # 15

Jiang et al. H2S Ameliorates Diabetic Lung IR

Matsuo, S., Saiki, Y., Adachi, O., Kawamoto, S., Fukushige, S., Horii, A.,
et al. (2015). Single-dose rosuvastatin ameliorates lung ischemia-reperfusion
injury via upregulation of endothelial nitric oxide synthase and inhibition
of macrophage infiltration in rats with pulmonary hypertension. J. Thorac.
Cardiovasc. Surg. 149, 902–909. doi: 10.1016/j.jtcvs.2014.10.030

Mattagajasingh, I., Kim, C. S., Naqvi, A., Yamamori, T., Hoffman, T. A., Jung, S. B.,
et al. (2007). SIRT1 promotes endothelium-dependent vascular relaxation by
activating endothelial nitric oxide synthase. Proc. Natl. Acad. Sci. U.S.A. 104,
14855–14860. doi: 10.1073/pnas.0704329104

Meng, C., Cui, X., Qi, S., Zhang, J., Kang, J., and Zhou, H. (2017). Lung inflation
with hydrogen sulfide during the warm ischemia phase ameliorates injury
in rat donor lungs via metabolic inhibition after cardiac death. Surgery 161,
1287–1298. doi: 10.1016/j.surg.2016.10.031

Meng, Q. T., Cao, C., Wu, Y., Liu, H. M., Li, W., Sun, Q., et al. (2016). Ischemic
post-conditioning attenuates acute lung injury induced by intestinal ischemia-
reperfusion in mice: role of Nrf2. Lab. Invest. 96, 1087–1104. doi: 10.1038/
labinvest.2016.87

Milne, J. C., Lambert, P. D., Schenk, S., Carney, D. P., Smith, J. J., Gagne, D. J., et al.
(2007). Small molecule activators of SIRT1 as therapeutics for the treatment of
type 2 diabetes. Nature 450, 712–716.

Motta, M. C., Divecha, N., Lemieux, M., Kamel, C., Chen, D., Gu, W., et al. (2004).
Mammalian SIRT1 represses forkhead transcription factors. Cell 116, 551–563.
doi: 10.1016/s0092-8674(04)00126-6

Peake, B. F., Nicholson, C. K., Lambert, J. P., Hood, R. L., Amin, H., Amin, S., et al.
(2013). Hydrogen sulfide preconditions the db/db diabetic mouse heart against
ischemia-reperfusion injury by activating Nrf2 signaling in an Erk-dependent
manner. Am. J. Physiol. Heart Circ. Physiol. 304, H1215–H1224.

Picard, F., Kurtev, M., Chung, N., Topark-Ngarm, A., Senawong, T., Machado De
Oliveira, R., et al. (2004). Sirt1 promotes fat mobilization in white adipocytes
by repressing PPAR-gamma. Nature 429, 771–776. doi: 10.1038/nature0
2583

Pitocco, D., Fuso, L., Conte, E. G., Zaccardi, F., Condoluci, C., Scavone, G., et al.
(2012). The diabetic lung–a new target organ? Rev. Diabet. Stud. 9, 23–35.
doi: 10.1900/rds.2012.9.23

Song, L., Li, D., Wang, J., Meng, C., and Cui, X. (2017). Effects of p38 mitogen-
activated protein kinase on lung ischemia-reperfusion injury in diabetic rats.
J. Surg. Res. 216, 9–17. doi: 10.1016/j.jss.2017.03.024

Suganthalakshmi, B., Anand, R., Kim, R., Mahalakshmi, R., Karthikprakash, S.,
Namperumalsamy, P., et al. (2006). Association of VEGF and eNOS gene
polymorphisms in type 2 diabetic retinopathy. Mol. Vis. 12, 336–341.

Sun, Q., Han, W., Hu, H., Fan, D., Li, Y., Zhang, Y., et al. (2017a). Hydrogen
alleviates hyperoxic acute lung injury related endoplasmic reticulum stress in
rats through upregulation of SIRT1. Free Radic. Res. 51, 622–632. doi: 10.1080/
10715762.2017.1351027

Sun, Q., Wu, Y., Zhao, F., and Wang, J. (2017b). Maresin 1 Ameliorates Lung
Ischemia/Reperfusion Injury by Suppressing Oxidative Stress via Activation
of the Nrf-2-Mediated HO-1 Signaling Pathway. Oxid. Med. Cell Longev.
2017:9634803.

Sun, Y., Tian, Z., Liu, N., Zhang, L., Gao, Z., Sun, X., et al. (2018). Exogenous H2S
switches cardiac energy substrate metabolism by regulating SIRT3 expression
in db/db mice. J. Mol. Med. 96, 281–299. doi: 10.1007/s00109-017-1616-3

Suo, R., Zhao, Z. Z., Tang, Z. H., Ren, Z., Liu, X., Liu, L. S., et al. (2013).
Hydrogen sulfide prevents H(2)O(2)-induced senescence in human umbilical
vein endothelial cells through SIRT1 activation. Mol. Med. Rep. 7, 1865–1870.
doi: 10.3892/mmr.2013.1417

Takahashi, M., Chen-Yoshikawa, T. F., Menju, T., Ohata, K., Kondo, T., Motoyama,
H., et al. (2016). Inhibition of Toll-like receptor 4 signaling ameliorates lung
ischemia-reperfusion injury in acute hyperglycemic conditions. J. Heart Lung
Transplant. 35, 815–822. doi: 10.1016/j.healun.2015.12.032

Torres, S. H., De Sanctis, J. B., De, L. B. M., Hernandez, N., and Finol, H. J. (2004).
Inflammation and nitric oxide production in skeletal muscle of type 2 diabetic
patients. J. Endocrinol. 181, 419–427. doi: 10.1677/joe.0.1810419

Wallace, J. L., and Wang, R. (2015). Hydrogen sulfide-based therapeutics:
exploiting a unique but ubiquitous gasotransmitter. Nat. Rev. Drug Discov. 14,
329–345. doi: 10.1038/nrd4433

Winnik, S., Auwerx, J., Sinclair, D. A., and Matter, C. M. (2015). Protective effects
of sirtuins in cardiovascular diseases: from bench to bedside. Eur. Heart J. 36,
3404–3412. doi: 10.1093/eurheartj/ehv290

Wu, D., Hu, Q., Liu, X., Pan, L., Xiong, Q., and Zhu, Y. Z. (2015). Hydrogen sulfide
protects against apoptosis under oxidative stress through SIRT1 pathway in
H9c2 cardiomyocytes. Nitric Oxide 46, 204–212. doi: 10.1016/j.niox.2014.11.
006

Wu, J., Jin, Z., and Yan, L. J. (2017). Redox imbalance and mitochondrial
abnormalities in the diabetic lung. Redox Biol. 11, 51–59. doi: 10.1016/j.redox.
2016.11.003

Yan, L. J. (2014). Pathogenesis of chronic hyperglycemia: from reductive stress to
oxidative stress. J. Diabetes Res. 2014:137919.

Yeung, F., Hoberg, J. E., Ramsey, C. S., Keller, M. D., Jones, D. R., Frye, R. A., et al.
(2004). Modulation of NF-kappaB-dependent transcription and cell survival by
the SIRT1 deacetylase. EMBO J. 23, 2369–2380. doi: 10.1038/sj.emboj.7600244

Yu, L., Li, S., Tang, X., Li, Z., Zhang, J., Xue, X., et al. (2017). Diallyl trisulfide
ameliorates myocardial ischemia-reperfusion injury by reducing oxidative
stress and endoplasmic reticulum stress-mediated apoptosis in type 1 diabetic
rats: role of SIRT1 activation. Apoptosis 22, 942–954. doi: 10.1007/s10495-017-
1378-y

Yu, L., Liang, H., Dong, X., Zhao, G., Jin, Z., Zhai, M., et al. (2015). Reduced silent
information regulator 1 signaling exacerbates myocardial ischemia-reperfusion
injury in type 2 diabetic rats and the protective effect of melatonin. J. Pineal Res.
59, 376–390. doi: 10.1111/jpi.12269

Zhang, B., Zhai, M., Li, B., Liu, Z., Li, K., Jiang, L., et al. (2018). Honokiol
ameliorates myocardial ischemia/reperfusion injury in type 1 diabetic rats by
reducing oxidative stress and apoptosis through activating the SIRT1-Nrf2
signaling pathway. Oxid. Med. Cell Longev. 2018:3159801.

Zhang, P., Li, F., Wiegman, C. H., Zhang, M., Hong, Y., Gong, J., et al. (2015).
Inhibitory effect of hydrogen sulfide on ozone-induced airway inflammation,
oxidative stress, and bronchial hyperresponsiveness. Am. J. Respir. Cell Mol.
Biol. 52, 129–137. doi: 10.1165/rcmb.2013-0415oc

Zheng, H., Wu, J., Jin, Z., and Yan, L. J. (2017). Potential biochemical mechanisms
of lung injury in diabetes. Aging Dis. 8, 7–16.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Jiang, Yang, Zhang, Song, Liu and Lv. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Physiology | www.frontiersin.org 15 June 2020 | Volume 11 | Article 596

https://doi.org/10.1016/j.jtcvs.2014.10.030
https://doi.org/10.1073/pnas.0704329104
https://doi.org/10.1016/j.surg.2016.10.031
https://doi.org/10.1038/labinvest.2016.87
https://doi.org/10.1038/labinvest.2016.87
https://doi.org/10.1016/s0092-8674(04)00126-6
https://doi.org/10.1038/nature02583
https://doi.org/10.1038/nature02583
https://doi.org/10.1900/rds.2012.9.23
https://doi.org/10.1016/j.jss.2017.03.024
https://doi.org/10.1080/10715762.2017.1351027
https://doi.org/10.1080/10715762.2017.1351027
https://doi.org/10.1007/s00109-017-1616-3
https://doi.org/10.3892/mmr.2013.1417
https://doi.org/10.1016/j.healun.2015.12.032
https://doi.org/10.1677/joe.0.1810419
https://doi.org/10.1038/nrd4433
https://doi.org/10.1093/eurheartj/ehv290
https://doi.org/10.1016/j.niox.2014.11.006
https://doi.org/10.1016/j.niox.2014.11.006
https://doi.org/10.1016/j.redox.2016.11.003
https://doi.org/10.1016/j.redox.2016.11.003
https://doi.org/10.1038/sj.emboj.7600244
https://doi.org/10.1007/s10495-017-1378-y
https://doi.org/10.1007/s10495-017-1378-y
https://doi.org/10.1111/jpi.12269
https://doi.org/10.1165/rcmb.2013-0415oc
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

	Hydrogen Sulfide Ameliorates Lung Ischemia-Reperfusion Injury Through SIRT1 Signaling Pathway in Type 2 Diabetic Rats
	Introduction
	Materials and Methods
	Animals
	Type 2 Diabetic Rat Model
	Rat Lung IR Model
	Experimental Groups
	Histological Analysis
	Measurement of the Static Compliance of the Lungs and Wet/Dry Lung Weight Ratio
	Blood Gas Analysis
	Survival Analysis
	Measurement of Lung H2S Level
	SIRT1 Activity Measurements
	Real-Time Quantitative PCR
	Western Blot Analysis
	Immunohistochemical Analysis
	Expression of eNOS Acetylation
	Biotin Switch Assay
	Assessment of Enzyme-Linked Immunosorbent
	Determination of MPO, MDA, SOD, and T-AOC in Lung Tissue
	Apoptosis Assay
	Statistical Analysis

	Results
	Characterization of Diabetic Animals
	Type 2 DM Aggravated Lung IR Injury
	Type 2 DM Impaired Lung SIRT1 Signaling and Aggravated Lung Oxidative Stress, Inflammation, and Apoptosis
	EX527 Blunted H2S-Induced Pulmonary Protective Effect on Lung IR Injury in Type 2 Diabetic Rats
	EX527 Attenuated H2S-Induced Alleviation of the Inflammation in Diabetic Lung IR Injury
	EX527 Abolished H2S-Induced Suppression of the Oxidative Stress Level in Diabetic Lung IR Injury
	EX527 Compromised H2S-Induced Amelioration of the Cell Apoptosis in Diabetic Lung IR Injury

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


