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An Injectable Dual-Function Hydrogel Protects Against
Myocardial Ischemia/Reperfusion Injury by Modulating
ROS/NO Disequilibrium

Tian Hao, Meng Qian, Yating Zhang, Qi Liu, Adam C. Midgley, Yangping Liu,
Yongzhe Che, Jingli Hou, and Qiang Zhao*

Acute myocardial infarction (MI) is the leading cause of death worldwide.
Exogenous delivery of nitric oxide (NO) to the infarcted myocardium has
proven to be an effective strategy for treating MI due to the multiple
physiological functions of NO. However, reperfusion of blood flow to the
ischemic tissues is accompanied by the overproduction of toxic reactive
oxygen species (ROS), which can further exacerbate tissue damage and
compromise the therapeutic efficacy. Here, an injectable hydrogel is
synthesized from the chitosan modified by boronate-protected
diazeniumdiolate (CS-B-NO) that can release NO in response to ROS
stimulation and thereby modulate ROS/NO disequilibrium after
ischemia/reperfusion (I/R) injury. Furthermore, administration of CS-B-NO
efficiently attenuated cardiac damage and adverse cardiac remodeling,
promoted repair of the heart, and ameliorated cardiac function, unlike a
hydrogel that only released NO, in a mouse model of myocardial I/R injury.
Mechanistically, regulation of the ROS/NO balance activated the antioxidant
defense system and protected against oxidative stress induced by I/R injury
via adaptive regulation of the Nrf2-Keap1 pathway. Inflammation is then
reduced by inhibition of the activation of NF-𝜿B signaling. Collectively, these
results show that this dual-function hydrogel may be a promising candidate
for the protection of tissues and organs after I/R injury.
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1. Introduction

Myocardial infarction (MI) is a common
manifestation of ischemic heart disease and
has become the leading cause of mortal-
ity worldwide.[1] Coronary artery blockage
often results in insufficient blood flow to
the myocardium, leading to the apoptosis
and necrosis of myocardial cells and thereby
affecting cardiac function.[2] Pathologically,
MI is defined as long-term ischemia result-
ing in myocardial cell necrosis. Since termi-
nally differentiated cardiomyocytes are un-
able to regenerate, repair after MI often in-
volves the formation of fibrotic scars, which
are without the electrical conduction and
contraction capabilities of cardiomyocytes,
and this condition eventually evolves into
heart failure, the leading cause of death.

Nitric oxide (NO), a multifunctional sig-
naling molecule, plays a critical role in
homeostatic regulation of the cardiovascu-
lar system.[3] Many studies have shown
the essential role of NO in angiogenesis
and cardioprotection. Inhalation of NO can
attenuate the adhesion and activation of
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leukocytes to the injured endothelium, thus reducing the over-
production of reactive oxygen species (ROS) in the heart.[4]

Accumulating evidence indicates that NO and its related sig-
naling pathway are pivotal for the cardioprotective effect of
preconditioning.[5]Therefore, different types of NO-containing
biomaterials (injectable hydrogels,[6] electrospun cardiac patches,
etc.) have been developed to realize the site-specific delivery of
NO with a controlled release profile,[7] and some of them have
shown therapeutic potential for the treatment of MI in both ro-
dent and swine models.[8]

Myocardial ischemia/reperfusion (I/R) injury leads to oxida-
tive stress that further impairs mitochondrial function. In the
early stage of reperfusion, ADP is significantly reduced,[9] and
the reintroduction of O2 with reperfusion results in the overpro-
duction of O2

•− and O2
•−-derived ROS in the mitochondria. O2

•−

is readily converted to the more stable H2O2, which is an impor-
tant member of ROS family as a physiological second messenger.
However, the overproduction of H2O2 can induce oxidative stress
and has been associated with the development and progression
of cardiovascular disorders.[10] In addition, myocardial ischemia
and reperfusion serve as a stimulus that alters NO metabolism,
which alters the balance between NO and O2

•− to favor oxidation
reactions in the mitochondria rather than the normal physiolog-
ical conditions (NO> O2

•−).[11]

One way that ROS can affect NO responses is by oxidizing
the sites in proteins with which NO reacts or sites that other-
wise influence NO binding.[11e] In addition, excess ROS can di-
rectly react with NO, which leads to the formation of peroxynitrite
(ONOO−), a potent oxidant that mediates the oxidation of both
nonprotein and protein thiols,[12] and greatly increases related
protein tyrosine nitration in the mitochondria.[13] The nitration
of tyrosine can deleteriously impact cellular function and viabil-
ity because this specific modification is known to alter protein
function in vitro.[14]

Complete NO signaling is essential for homeostasis in the car-
diovascular system as it regulates vascular tone, platelet aggrega-
tion, and cardiac function. It was further proposed that the im-
pairment of NO signaling leads to failure of the cardiovascular
system, which is attributable to disequilibrium between ROS and
RNS in the heart. In this regard, next-generation NO delivery sys-
tem should combine NO-donation with other effects, especially
ROS scavenging in order to enhance NO signaling.[15]

In this context, we designed a novel hydrogel, CS-B-NO,
with dual functions: ROS scavenging and NO release. Specif-
ically, boronate ester groups, which are efficiently and specifi-
cally cleaved upon ROS stimulation, were utilized as a protective
group and conjugated with azide-modified diazeniumdiolate to
obtain a small-molecule NO donor (B-NO). This donor was then
grafted onto the sidechain of natural chitosan by the click reac-
tion to generate CS-B-NO. The CS-B-NO hydrogel demonstrated
shear-shinning properties; thus, its administration by intramy-
ocardial injection could treat MI after myocardial I/R.[16] The CS-
B-NO hydrogel could modulate ROS/NO disequilibrium follow-
ing I/R injury, thus inhibiting I/R-induced oxidative stress and
the inflammatory response via adaptive regulation of the nuclear
factor-erythroid 2-related factor 2 (Nrf2)-NF-𝜅B defense system.
Therefore, CS-B-NO exhibits enhanced therapeutic efficacy over
that of hydrogels with the ability to only release NO or scavenge
ROS.

2. Results

2.1. Fabrication and Characterization of an ROS-Responsive,
NO-Releasing Hydrogel

I/R cardiac injury is often characterized by a burst of ROS, which
exacerbates ischemic damage. Inspired by this pathological fea-
ture, we designed a microenvironment-responsive hydrogel that
could release NO upon ROS stimulation. CS-B-NO was syn-
thesized through two steps.[6] First, alkyne-substituted chitosan
(alkynyl-CS) was synthesized through the reaction between 4-
pentynoic acid and chitosan according to a reported method.[17]

Then, a small-molecule NO donor (B-NO), which contained an
azide group at its end, was grafted onto the alkynyl-CS by the click
reaction. The chemical structure of CS-B-NO was confirmed by
1H NMR (Figures S1 and S2, Supporting Information).

Rheological measurements (Figure 1B) of the storage and loss
moduli demonstrated that CS-B-NO formed a robust hydrogel
due to dynamic boronate ester bonding between phenylboronate
ester and hydroxyl/amino on chitosan.[18] With increasing CS-B-
NO concentration from 1 to 2 wt.%, the mean G’ value evidently
increased from 100 to 608 Pa. The formed CS-B-NO hydrogel
was stable when subjected to an inversion test. In particular, the
CS-B-NO hydrogel exhibited shear-thinning behavior and could
transform to liquid-like flow under high strain. As a result, mea-
surement of dynamic viscosity demonstrated a decrease in vis-
cosity with increasing strain rate, reflecting shear thinning prop-
erties that are characteristic of shear-rate-dependent breakage of
interchain linkages in hydrogels (Figure 1C). Besides, the CS-B-
NO hydrogel was easily injectable and readily re-formed after in-
jection into the targeted location, such as cardiac tissue. In vitro
degradation profile of the hydrogel was evaluated, and the results
showed that CS-B-NO hydrogel was relatively stable in PBS with-
out detectable weight loss. The degradation was accelerated by
the addition of H2O2 that mimics the situation of ROS burst af-
ter I/R injury; the CS-B-NO hydrogel experienced weight loss of
more than 90% after 21 days of incubation (Figure 1D).

The in vitro NO-release behavior of CS-B-NO was evaluated
using a Griess assay. As shown by the results, no released NO
was detected in the absence of H2O2. After incubation with H2O2
of various concentrations (10 mm, 1 mm, 100 μm, or 10 μm),
the absorbance at 540 nm (maximal absorption wavelength) in-
creased as the reaction progressed, reflecting the controlled and
sustained release of NO from CS-B-NO (Figure 1E).

Meanwhile, a CS-B hydrogel that can respond to H2O2 and pro-
duce fluorescence was synthesized as a control (Figures S3–S8,
Supporting Information). To investigate the sensitivity of CS-B to
H2O2, the fluorescence response of CS-B towards H2O2 was eval-
uated with the excitation wavelength 𝜆 = 680 nm. CS-B showed
very weak fluorescence at 720 nm (𝜆 = 680 nm), but the addition
of H2O2 led to a gradual increase in fluorescence with reaction
time (Figure S9, Supporting Information).

2.2. The CS-B-NO Hydrogel Modulated ROS/NO Disequilibrium
In Vitro

To determine the regulatory effect of the CS-B-NO hydrogel on
ROS/NO disequilibrium after I/R injury, an in vitro oxidative
stress model was established by treating H9C2 cells with H2O2
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Figure 1. Preparation and characterization of the injectable chitosan hydrogel with ROS-responsive NO-releasing function (CS-B-NO). A) Schematic
illustration of the treatment of I/R heart injury by CS-B-NO. B) Rheology properties of CS-B-NO was evaluated by frequency sweep experiments at a
constant strain of 1%. C) Oscillatory strain sweeps of CS-B-NO. D) In vitro degradation of CS-B-NO hydrogel in the presence or absence of H2O2 (100
μm), and the residual weight of dried hydrogel was measured at different intervals. Data were presented as mean ± SEM (n = 3 individual experiments).
E) In vitro generation of NO from the CS-B-NO hydrogel (5mg) in 5 mL of PBS buffer (pH 7.4) with hydrogen peroxide of various concentrations. The
cumulative releasing amount of NO was calculated. Data were presented as mean ± SEM (n = 3 individual experiments).

for 24 h and then subjecting the cells to different treatments (Fig-
ure 2A). The levels of H2O2 and NO in the cell culture super-
natants were monitored with an H2O2 assay kit and chemilumi-
nescence NO analyzer (NOA), respectively. The results showed
that oxidative-stress induced the overproduction of ROS (H2O2),
resulting in the disequilibrium of ROS and NO (ROS>NO). Ad-
ministration of the CS-B and CS-NO hydrogels was proven to
be an effective strategy to correct the ROS/NO balance through
direct clearance of H2O2 or production of NO, respectively. A
more prominent effect was observed in the group treated with the
CS-B-NO hydrogel, which could simultaneously scavenge H2O2

and release NO. As a result, the CS-B-NO hydrogel significantly
(p<0.0001) reduced the H2O2 level but enhanced the NO level
compared to those in the group without treatment, reversing the
balance between ROS and NO (ROS<NO) to resemble the bal-
ance characteristic of a normal physiological state (Figure 2B,C).
It is worth noting that the level of NO has been remarkably en-
hanced after CS-B treatment. This is because CS-B treatment
provides direct clearance of H2O2 that reduces the tendency of
ONOO− formation, therefore it is reasonable to ascribe the en-
hanced NO level in CS-B group to the increased bioavailability of
endogenous NO generated by cardiomyocytes, H9C2 cells.[19]
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Figure 2. CS-B-NO hydrogel modulated the myocardial ROS/NO disequilibrium after I/R injury by simultaneously releasing NO and scavenging ROS.
A) Schematic illustration of H9C2 cells oxidative stress model of H2O2-induced oxidative. B,C) Quantitative analysis of H2O2 and NO release with
different treatments one day after oxidative stress stimuli (n = 3 individual experiments). D) After 24 h of H2O2 stimulation followed with different
hydrogel treatments, H9C2 cells were stained with DAF-FM DA, MitoSOX Red, and DAX-J2 PON Green 99 to detect the production of NO, superoxide,
and peroxynitrite (ONOO−), respectively. The mean fluorescence intensity was quantified respectively. (scale bar = 20 μm, n = 5 individual experiments).
E) In vivo imaging of H2O2 and quantitative analysis of fluorescence intensity. F) Quantitative analysis on the H2O2 level of heart homogenate after
different treatments at one-day post-surgery (n = 3). G) Representative EPR spectra reflecting NO generation in the presence of (DETC)2Fe. H) NO
levels were determined by quantitation of (DETC)2Fe-NO complex using 2,2,5,5-tetramethyl piperidine 1-oxyl (TEMPO), n = 3 animals for each group.
I) Schematic illustration demonstrating that CS-B-NO hydrogel treatment restored the local balance of ROS/NO in infarcted myocardium after I/R
injury. Data are expressed as mean ± SEM. Significant differences were detected by one-way ANOVA with Tukey’s multiple comparisons test, *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001.
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CS-NO is a NO-releasing biomaterial reported by our group
before,[6] in which galactose-protected NONOate moieties were
grafted onto the natural chitosan backbone. As a result, CS-NO
demonstrates a high degree of stability in PBS without detectable
NO production and is decomposed to release NO in the presence
of glycosidase secreted by the cells (Figure S10, Supporting In-
formation).

The production of superoxide (O2
•−) and NO in H9C2 cells

was further evaluated by fluorescence staining with MitoSOX
Red and DAF-FM DA, respectively. As shown in Figure 2D, faint
red and green fluorescence was observed in H9C2 cells under
normal culture conditions. Oxidative stress injury led to red flu-
orescence due to the production of superoxide (O2

•−), and the
fluorescence density gradually decreased in sequence when CS-
B, CS-NO, and CS-B-NO were applied. In contrast, green fluo-
rescence, indicating NO, followed the opposite trend, with the
highest density observed upon treatment with CS-B-NO. In ad-
dition, NO is scavenged by O2

•− leading to the formation of
the powerful oxidant, peroxynitrite (ONOO−). The production
of ONOO− was also detected by the fluorescent probe (DAX-J2
PON Green 99). CS-B-NO significantly inhibited the formation
of ONOO− because of the simultaneous ROS scavenging and NO
release.

2.3. The CS-B-NO Hydrogel Modulated Myocardial ROS/NO
Disequilibrium After I/R Injury

We then investigated the regulatory effect of CS-B-NO on the dys-
regulated ROS/NO balance in a mouse model of myocardial I/R
injury. H2O2 generation in the infarcted heart was evaluated by
live imaging using an H2O2-sensitive near-infrared fluorescent
probe (C46H47BBrNO6) (Figure 2E; Figure S3, Supporting Infor-
mation). Compared to that in the sham group, the fluorescent sig-
nal was markedly elevated after I/R injury, and treatment with the
CS-B-NO hydrogel significantly (p<0.01) lowered the H2O2 level.
Notably, the fluorescence density in the CS-B and CS-NO groups
was also moderately decreased due to the antioxidant function via
ROS scavenging or NO release by the hydrogel. Moreover, the de-
livery of NO by the hydrogel quenched endogenous H2O2. Next,
the level of H2O2 in heart tissues was quantified with an H2O2 as-
say kit (Figure 2F), and the lowest H2O2 production was observed
in the CS-B-NO group because of the dual effects of CS-B-NO,
which eliminated ROS and generated NO.

Additionally, regional NO generation in the heart after I/R was
evaluated by electron paramagnetic resonance (EPR) using fer-
rous N-diethyl dithiocarbamate (Fe-DETC) as the spin-trapping
reagent. The resultant NO adduct, (DETC)2Fe-NO, exhibited a
characteristic triplet EPR signal (aN = 13.06 G, giso = 2.041) at
room temperature (Figure 2G). Quantitative analysis indicated
that NO levels were moderately enhanced in both the group sub-
jected to I/R and the group subjected to I/R and treated with the
plain CS hydrogel (without therapeutic function) compared to
the sham group due to endogenous NO production after I/R in-
jury. A greater increase was observed in the CS-B-NO and CS-NO
groups, in which NO levels were significantly (p<0.0001) higher
than those in the I/R group. In addition, the generation of NO
from CS-B-NO was approximately three times higher in the I/R

group than in the sham group, indicating that the NO-release be-
havior was controlled by the local H2O2 level (Figure 2H). H2O2
attacks the boronic ester group directly and transforms to boric
acid pinacol ester, then a self-immolative cascade reaction occurs,
leading to the release of NO (Figure 1A). Hence, the amount of
NO released from CS-B-NO is proportional to the level of ROS.
As a result, it enables the release responsiveness of CS-B-NO to
the pathologic microenvironment—a mechanism that restricts
the undesirable overproduction of NO. In contrast, 𝛽-glycosidase
secreted by the cells acts as a catalyst for the hydrolysis of the glu-
cosidic bond, enabling the further release of NO from CS-NO.
Accordingly, the level of endogenous 𝛽-glycosidase cannot affect
the releasing amount of NO from CS-NO although it also shows
an increasing tendency after I/R injury.[20] Our results further re-
flected that the amount of NO released from CS-NO did not show
significant variation between sham and I/R groups (Figure S11,
Supporting Information).

NO overdosage was reported to cause serious adverse events,
but the widely accepted range for the physiological concentration
of NO is 10 nm to 1 μm.[21] In this study, after comparisons of EPR
results (Figure 2G) against a standard curve, it was shown that
NO production in vivo falls within the nanomolar concentration
range that is favorable to cardioprotection.

Collectively, these results support the hypothesis that adminis-
tration of the CS-B-NO hydrogel efficiently modulated local con-
centrations of ROS and NO after I/R injury by simultaneously
releasing NO and scavenging H2O2 (Figure 2I).

2.4. The CS-B-NO Hydrogel Ameliorated Myocardial I/R Injury in
Mice at an Early Stage

TTC staining was utilized to compare the extent of cardiac dam-
age 2 days after the initiation of reperfusion among the dif-
ferent groups. The results showed that injection of CS-B and
the CS-NO hydrogel moderately reduced the damaged area, and
the infarct area was shown to be significantly (p<0.05, 0.01, or
0.0001) decreased in the mice treated with the CS-B-NO hydro-
gel compared with the other groups (Figure 3B). Then, we per-
formed terminal deoxynucleotidyl transferase dUTP nick-end la-
beling (TUNEL) staining after 1 day to investigate I/R-induced
cardiomyocyte apoptosis. As shown in Figure 3C, I/R stress led
to an increase in cardiomyocyte apoptosis compared with that
in the sham group. After treatment with the CS-B and CS-NO
hydrogels, the number of TUNEL-positive cardiomyocytes was
remarkably decreased (CS-B: p<0.001 vs the I/R group; CS-NO:
p<0.01 vs the I/R group). Moreover, fewer TUNEL+ cardiomy-
ocytes were observed after CS-B-NO hydrogel injection. The de-
sired anti-apoptotic effect of CS-B-NO was also confirmed by flow
cytometric assessment of the cardiomyocytes of neonatal mice
stimulated with H2O2 in vitro (Figure S12, Supporting Informa-
tion).

Both serum cardiac troponin T (cTnT) and lactate dehydroge-
nase (LDH) are widely utilized as potential biomarkers to evalu-
ate the ischemic severity of the myocardial injury.[22] Compared
with those in the sham group, I/R injury induced a marked eleva-
tion in serum cTnT and LDH levels. Treatment with the CS-B and
CS-NO hydrogels reduced the levels of serum cTnT and LDH,
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Figure 3. CS-B-NO hydrogel ameliorated myocardial I/R injury in mice at early stage. A) Experimental schedule for the treatment of I/R injury via
intramyocardial injection of CS-B-NO hydrogel. B) TTC staining (scale bar = 2 mm), was performed to evaluate the ischemia injured myocardium via
quantifying the infarct area (n = 6 animals per group). C) Representative images of TUNEL staining at 1 day after surgery to detect apototic nucleus
(scale bar = 100 μm), and positive staining nucleus was quantified (n = 5–6 animals per group). D,E) Serum cTnT, LDH levels were analyzed, respectively
(n = 3–6 animals per group). F) Representative Western blot images and quantitative data showing the expression of BCL2, Bax, Bad, Caspase3, cleaved
Caspase3 in the hearts at 3 days after different treatments (n = 5 animals per group). Data are expressed as mean ± SEM. Significant differences were
detected by one-way ANOVA with Tukey’s multiple comparisons test, *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001.

while the lowest cTnT and LDH levels were observed in I/R mice
injected with the CS-B-NO hydrogel, which further confirmed the
protective effect of the CS-B-NO hydrogel against cardiac injury
(Figure 3D,E). Furthermore, the expression of apoptosis-related
genes was analysed by Western blot analysis and RT-PCR. The ex-

pression of the anti-apoptotic molecule BCL-2 was upregulated,
whereas that of the pro-apoptotic molecules Bax, Bad, Caspase 3,
and cleaved Caspase3 was downregulated at both the gene and
protein levels after CS-B-NO treatment (Figure 3F; Figure S13,
Supporting Information).
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2.5. The CS-B-NO Hydrogel Improved Heart Function and
Promoted Heart Repair at 28 Days

The impact of the hydrogel treatments on cardiac function af-
ter I/R surgery was measured by echocardiography at the in-
dicated time points. Injection of the CS-B-NO hydrogel im-
proved cardiac ejection function, as shown by increases in the
left ventricular ejection fraction (LV-EF) and LV fractional short-
ening (LV-FS). Moreover, cardiac dimensions were also well
maintained. Four weeks after I/R injury, the dilated internal
diameter (LVIDd) and the end-diastolic volume (LV-EDV) of
the left ventricle were increased in the I/R mice, indicating di-
lated cardiomyopathy. However, treatment with the CS-B-NO
hydrogel significantly suppressed dilation of the heart (LVIDd:
p<0.001 vs the I/R group; LV-EDV: p<0.0001 vs the I/R group)
(Figure 4A).

Next, histological analyses were performed to investigate the
long-term impact of CS-B-NO hydrogel treatment on cardiac
remodeling after I/R injury. Consistent with the improvement
in cardiac function, cardiac morphology was also improved by
the CS-B-NO hydrogel. Masson’s trichrome staining showed an
approximately three times smaller infarct size in the CS-B-NO
group than in the I/R and CS groups (Figure 4B). In addition,
histological analyses of heart tissue sections showed obvious fib-
rillary layers in the I/R and CS-treated groups. In contrast, mod-
erate thickening of the muscle was observed in the CS-B and
CS-NO groups, and the infarcted regions in the CS-B-NO-treated
mice retained distinct and thick muscle layers (Figure 4B; Fig-
ure S14, Supporting Information). Moreover, extensive collagen
deposition was observed in both the I/R and CS hydrogel-treated
mice, but this was clearly inhibited after CS-B-NO treatment (Fig-
ure S15, Supporting Information).

The occurrence of cardiomyocyte hypertrophy was evaluated
by using WGA staining. In general, cardiomyocyte hypertrophy
was significantly increased, while treatment with the functional
hydrogels (CS-NO, CS-B, and CS-B-NO) effectively reduced the
cross-sectional area of cardiomyocytes in I/R hearts, with the
most pronounced inhibitory effect observed upon treatment with
the CS-B-NO hydrogel (Figure 4C).

We then assessed the pro-angiogenic effect of the CS-B-NO
hydrogel in the heart after ischemic injury. Treatment with the
functional hydrogels (CS-B, CS-NO, and CS-B-NO) effectively
promoted neovascularization at four weeks after I/R injury com-
pared to that in the I/R and CS groups. More importantly, the
numbers of both 𝛼-SMA+ arterioles and CD31+ capillaries dis-
tributed at the infarcted border zone were significantly (p<0.01,
p<0.0001) enhanced in the hearts of the CS-B-NO group com-
pared with those of the groups treated with the CS-NO and CS-B
hydrogels. (Figure 4D,E). In addition, the expression of eNOS af-
ter different hydrogel treatments was assessed, and the CS-B-NO
hydrogel effectively promoted eNOS expression after IR injury
(Figure S16, Supporting Information).

During I/R-induced myocardial injury, disruption of the bal-
ance between O2

•− and NO in mitochondria often leads to the
formation of the highly reactive oxidant ONOO−, which can me-
diate cardiac dysfunction and cell death in various types of reper-
fusion injury.[23] Due to the short half-life of ONOO−, measure-
ment of the more stable ONOO−-mediated nitration product ni-
trotyrosine has become an acceptable and reliable biomarker for

the detection of ONOO− in vivo. As shown in Figure 4F, in nor-
mal heart tissue, little if any positive staining was observed. In
contrast, strong positive green staining for nitrotyrosine was ob-
served within the reperfused myocardium in both the I/R and
CS groups, whereas CS-B and CS-NO hydrogel treatment greatly
suppressed the expression of nitrotyrosine compared to that in
the I/R group (CS-B: p<0.05, CS-NO: p<0.05). More significant
(p<0.0001) inhibition was observed in the CS-B-NO group (Fig-
ure 4F).

2.6. The CS-B-NO Hydrogel Modulated the Cardiac Inflammatory
Response by Inhibiting the NF-𝜿B Signaling Pathway

Macrophages are the major players in inflammation resolution
and reparative transition. The modulatory effect of the CS-B-
NO hydrogel on macrophage polarization was first evaluated
by immunofluorescence staining with iNOS and CD206, mark-
ers of pro-inflammatory M1 macrophages, and reparative M2
macrophages, respectively. Treatment with the functional hydro-
gels (CS-B, CS-NO, and CS-B-NO) effectively increased the infil-
tration of M2 macrophages into the heart while inhibiting that of
M1 macrophages; a 2.84-fold increase and a 3.14-fold reduction,
respectively, were observed in the CS-B-NO group (Figure 5A).
Western blotting was also performed to detect the expression of
inflammatory-related mediators in the heart after I/R injury. The
CS-B-NO hydrogel demonstrated the most efficient immunoreg-
ulatory effect; that is, the levels of pro-inflammatory cytokines
secreted by M1 macrophages (IL-1𝛽, IL-6, TNF-𝛼, and iNOS)
were significantly (p<0.01 or 0.0001) decreased, whereas the lev-
els of M2-related anti-inflammatory cytokines (IL-10, Arg-1, and
CD206) were significantly (p<0.01 or 0.0001) enhanced after CS-
B-NO hydrogel treatment (Figure 5B,C). The results were further
supported by the results of an RT-PCR assay (Figure S17, Sup-
porting Information).

Myocardial I/R leads to a burst of oxidative stress that produces
an excess of ROS, augmenting inflammation. The NF-𝜅B sig-
naling pathway plays a major role in innate immunity and in-
flammatory responses. Western blot analyses revealed that I/R
injury induced NF-𝜅B activation and enhanced the phosphoryla-
tion of IKK and I𝜅B𝛼. After treatment with the functional hydro-
gels (CS-B, CS-NO, and CS-B-NO), the expression of NF-𝜅B was
remarkably downregulated (CS-B: p<0.05, CS-NO: p<0.05, CS-B-
NO: p<0.01 vs the I/R group). More specifically, CS-NO treatment
decreased NF-𝜅B activation mainly by inhibiting the phosphory-
lation of IKK and subsequent H2O2-induced I𝜅B𝛼 phosphoryla-
tion during I/R injury (p<0.05 or 0.01).[24] The inhibitory effect
in the CS-B hydrogel-treated group was achieved by directly re-
ducing I𝜅B𝛼 phosphorylation by H2O2 elimination (p<0.01) (Fig-
ure 5B,C). In contrast, the CS-B-NO hydrogel had the most ef-
fective inhibitory effect on NF-𝜅B activation by simultaneously
decreasing the phosphorylation of both IKK and I𝜅B𝛼. Cellular
experiments using H2O2-stimulated H9C2 cells also supported
these in vivo observations (Figure S18, Supporting Information).
Generally, these results suggest that the CS-B-NO hydrogel pro-
tected against inflammation-induced heart injury, most likely by
inhibiting activation of the NF-𝜅B signaling pathway and down-
stream macrophage polarization and inflammatory factor expres-
sion (Figure 5D).

Adv. Sci. 2022, 9, 2105408 © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH2105408 (7 of 15)



www.advancedsciencenews.com www.advancedscience.com

Figure 4. CS-B-NO hydrogel improved heart function, stimulated angiogenesis, and reduced adverse cardiac remodeling in mice after myocardial I/R
injury. A) Cardiac echo measurement was performed at different time-points post-surgery, and cardiac function indicators of left ventricular-ejection
fraction (LV-EF), left ventricular-fractional shortening (LV-FS), left ventricular internal diameter at end diastole (LVIDd), and left ventricular end-diastolic
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2.7. The CS-B-NO Hydrogel Protected Against Oxidative Stress
Induction After I/R Injury Via Adaptive Regulation of the
Nrf2-Keap1 Signaling Pathway

Nrf2 is an important cytoprotective transcription factor. Many
findings suggest that Nrf2 plays a vital role in defense against
oxidative stress by activating cellular antioxidant mechanisms
and inhibiting pro-inflammatory signaling. In this study, we
first assessed the protective effect of CS-B-NO against oxida-
tive stress. Flow cytometric assays demonstrated that the func-
tional hydrogels clearly decreased the proportion of ROS-positive
cells in heart tissues after I/R injury, with the most signifi-
cant (p<0.0001) reduction observed in the CS-B-NO group (Fig-
ure 6A). The ROS+ cells in myocardial tissue at 1 day post-surgery
were further identified by co-immunostaining with markers of
cardiomyocytes (cTNI), cardiac fibroblasts (Vimentin), and M1
macrophages (iNOS), respectively, which were the main cell types
of myocardial tissue. The results showed that cardiac fibroblasts
and macrophages are the major contributors to ROS production
after I/R injury, while the CS-B-NO hydrogel treatment signifi-
cantly reduced the percentage of ROS positive cells in the my-
ocardium (p<0.0001) (Figure S19, Supporting Information). Ox-
idative stress was also found to be mitigated in the cardiomy-
ocytes of neonatal mice stimulated with H2O2 in vitro and then
treated with the functional hydrogels, especially CS-B-NO (Figure
S20, Supporting Information).

Mechanistically, NO has been reported to activate Nrf2
by S-nitrosylation of Keap1.[25] Therefore, we purified the S-
nitrosylated proteins from the hearts of I/R mice after various
treatments through biotin switching. Keap1 has been identified
as a highly S-nitrosylated protein, and after I/R injury, Keap1 S-
nitrosylation was clearly decreased (p<0.01 vs the sham group).
However, treatment with the CS-B-NO hydrogel efficiently in-
creased Keap1 S-nitrosylation compared to that of the I/R group
(p<0.05 vs the I/R group)(Figure 6B). A similar phenomenon was
observed in in vitro experiments using H2O2-stimulated H9C2
cells (Figure 6C). More importantly, the increase in Keap1 S-
nitrosylation was more pronounced in the CS-B-NO group than
in the other two groups (CS-B and CS-NO). To further elucidate
the underlying mechanism, we determined the free thiol content
in heart tissues by monobromobimane fluorescence assay.[26] As
shown in Figure S21, Supporting Information, I/R injury clearly
reduced the quantity of free thiols, thus restricting further S-
nitrosylation of the corresponding proteins. As a result, the effect
of NO was diminished in the CS-NO group. In contrast, in addi-
tion to its ability to deliver NO, CS-B-NO could simultaneously
scavenge local H2O2. This decrease in the ROS level further re-
duced the oxidative post-translational modification of free thiols
in cysteines, making them available for S-nitrosylation.[27] The

enhanced Keap1 S-nitrosylation in the CS-B group could also be
explained by the increased bioactivity of endogenous NO follow-
ing H2O2 scavenging.

Next, we detected the expression of Nrf2 and its downstream
target genes. As expected, Nrf2 was clearly increased in the I/R
mice treated with the CS-B and CS-NO hydrogels (CS-B: p<0.05,
CS-NO: p<0.05 vs the I/R group), especially in the group treated
with the CS-B-NO hydrogel (p<0.01). Accordingly, the expression
of the Nrf2-related antioxidant defense enzymes, including su-
peroxide dismutase (SOD), haem oxygenase (HO), quinone oxi-
doreductase 1 (NQO1), and catalase, was significantly (p<0.05 or
0.01) upregulated in the CS-B-NO group (Figure 6D). In vitro cell
assays also demonstrated the expression of Nrf2 and downstream
antioxidant-related proteins was enhanced at both the gene and
protein levels after functional hydrogel treatment (Figures S22
and S23, Supporting Information).

Collectively, all these results indicate that administration of a
functional hydrogel with dual functions in NO delivery and H2O2
scavenging, that is, CS-B-NO, is an effective strategy to activate
the Nrf2 signaling pathway via the enhanced S-nitrosylation of
Keap1.

2.8. Nrf2 is Required for CS-B-NO Hydrogel-Mediated
Myocardial Protection During Myocardial I/R

To gain further insight into the pathophysiological importance
of Nrf2 activation by NO-induced Keap1 S-nitrosylation, we de-
tected the regulatory effect of the CS-B-NO hydrogel on oxi-
dation and inflammation in Nrf2−/− mice. Histological analy-
ses (Masson’s trichrome, HE, and DHE staining) revealed that
Nrf2 deficiency aggravated myocardium fibrosis, the inflamma-
tory response, and oxidative stress in the I/R mice (Figure 7A).
Similarly, the induction of NQO1, SOD1, and HO-1 by the CS-
B-NO hydrogel was totally abolished in the Nrf2−/− mice (Fig-
ure 7B). The inhibitory effect of the CS-B-NO hydrogel on the NF-
𝜅B signaling pathway was also less pronounced in the Nrf2−/−

mice than in their wild-type counterparts. As a result, expres-
sion of inflammatory cytokines, such as IL-1𝛽, IL-6, and TNF𝛼,
was induced to a greater degree in the Nrf2−/− mice than in the
WT mice.

In vitro experiments were further performed by using an Nrf2
inhibitor (ML385) to inhibit Nrf2 in H9C2 cells. The expression
of antioxidant genes related to Nrf2 signaling and inflammatory
genes corresponding to NF-𝜅B signaling was also detected (Fig-
ure 7C). The results demonstrated that the inhibition of Nrf2 di-
minished the antioxidant function and resulting cardioprotection
provided by the CS-B-NO hydrogel. Moreover, Nrf2 deficiency ex-
acerbated the NF-𝜅B-mediated pro-inflammatory response.

volume (LV-EDV) were evaluated accordingly. Data are expressed as mean ± SEM, n = 5–8 animals per group. Significant differences were detected
by two-way ANOVA with Tukey’s multiple comparisons test, *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001. The hearts were collected for histo-
logical analyses at 28 days post-surgery. B) Masson’s trichrome (scale bar = 400 μm) was performed, and infarcted size was quantified accordingly.
C) Representative images of WGA immunofluorescence staining and the cross-section area of cardiomyocytes were measured (scale bar = 50 μm).
D) Representative images of 𝛼-SMA immunofluorescence staining and number of the 𝛼-SMA positive arterioles were counted (scale bar = 100 μm).
E) Representative images of CD31 immunofluorescence staining and number of the CD31 positive capillaries were quantified (scale bar = 50 μm). F)
Representative images of nitrotyrosine immunostaining and quantification of the relative nitrotyrosine protein expression (scale bar = 25 μm). Data are
expressed as mean ± SEM, n = 5–8 animals for each group. Significant differences were detected by one-way ANOVA with Tukey’s multiple comparisons
test, *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001.
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Figure 5. CS-B-NO hydrogel inhibited NF-𝜅B inflammatory signaling pathway by regulating local ROS/NO balance after myocardial I/R injury. A)
Macrophage polarization was detected by immunofluorescence staining targeting iNOS and CD206, the markers of M1 and M2 macrophage phenotype,
respectively (scale bar = 50 μm). B,C) Representative Western blot images and quantitative data showing the expression of IL-10, Arg-1, CD206, IL-1𝛽,
IL-6, TNF-𝛼, iNOS, NF-𝜅B, IKK, p-IKK, I𝜅B𝛼, and p-I𝜅B𝛼, in the hearts after I/R injury with different treatments. Data are expressed as mean ± SEM,
n = 5 animals for each group, Significant differences were detected by one-way ANOVA with Tukey’s multiple comparisons tests, *p<0.05, **p<0.01,
***p<0.001, and ****p<0.0001. D) Schematic illustration summarizing the mechanism of CS-B-NO hydrogel on inhibiting the NF-𝜅B signaling pathway
after I/R injury.
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Figure 6. CS-B-NO hydrogel ameliorated oxidative stress induced by ischemic/reperfusion injury via adaptive regulation of the Nrf2-Keap1 signaling
pathway. A) Flow cytometric analysis was performed to quantify the number of ROS positive cells in myocardial tissue at 1-day post-surgery (n = 3
animals per group). B) Mice after I/R injury were treated by myocardial injection of CS-B-NO hydrogel, and 7 days post-surgery Keap1 S-nitrosylation of
the heart tissues was detected by biotin switch (##p<0.01 vs Sham, *p<0.05 vs I/R, n= 5 animals per group). C) H9C2 cells were stimulated with H2O2 for
24 h and followed by various treatments. Keap1 S-nitrosylation was further detected by biotin switch assay. (####p <0.0001 vs Ctrl, *p<0.05, ***p<0.001
vs H2O2 stimulated group, n = 5 individual experiments) D) Representative Western blot images and quantitative data showing the expression of Nrf2,
SOD1, SOD2, HO-1, HO-2, NQO-1, and CAT in mice hearts in mice hearts after I/R injury with different treatments (n = 5 animals per group). Data
are expressed as mean ± SEM, Significant differences were detected by one-way ANOVA with Tukey’s multiple comparisons test, *p<0.05, **p<0.01,
***p<0.001, and ****p<0.0001. E) Schematic illustration summarizing the mechanism of CS-B-NO hydrogel on activation of the Nrf2 pathway against
oxidative stress via enhancing Keap1 S-nitrosylation.

3. Discussion

NO is a key signaling molecule in the cardiovascular, immune,
and central nervous systems. NO produced in endothelial cells
and cardiomyocytes is important in regulating cardiac func-

tion. The heart expresses all three NO synthase (NOS) iso-
forms, and NOS3 (endothelial NOS) is located in the endothe-
lium and cardiomyocyte caveolae, where it demonstrates anti-
inflammatory, vasoactive, and vasoprotective effects.[28] In addi-
tion to the vasoactive functions of NO, increasing attention has
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Figure 7. Nrf2 deficiency abrogates the cardioprotection of CS-B-NO hydrogel in mice after ischemic/reperfusion injury. A) H&E (scale bar = 100 μm)
and DHE staining (scale bar = 50 μm) were performed in wild-type C57BL/6 mice (WT) and Nrf2 deficient mice (Nrf2−/−) at 3 days post-surgery.
Myocardium fibrosis was indicated by yellow arrows. Masson’s trichrome was performed at 28 days post-surgery (scale bar = 100 μm). The infarction
area, inflammatory cell infiltration, and DHE positive staining were quantified, respectively. (####p<0.0001 vs Sham, *p<0.05, **p<0.01, ***p<0.001,
****p<0.0001 vs I/R, n = 5 animals per group). B) WT and Nrf2−/− mice after I/R surgery were treated by CS-B-NO hydrogel. At 7 days post-surgery,
western blotting analysis was performed to quantify the expression level of Nrf2, NQO1, SOD1, HO-1, NF-𝜅B, I𝜅B𝛼, p-I𝜅B𝛼, TNF𝛼, IL-1𝛽, and IL-6
in hearts (n = 5 animals per group). C) H9C2 cells were treated with 5 μm ML385 to inhibit Nrf2 expression in vitro. 200 μm H2O2 was introduced
to stimulate H9C2 cells with or without Nrf2 inhibition for 24 h, followed by administration of CS-B-NO hydrogel for 48 h. Protein expression level of
Nrf2, NQO1, SOD1, HO-1, NF-𝜅B, I𝜅B𝛼, p-I𝜅B𝛼, TNF𝛼, IL-1𝛽, and IL-6 in H9C2 cells was evaluated by Western blotting analysis (n = 5 individual
experiments). Data are expressed as mean ± SEM. Significant differences were detected by one-way ANOVA with Tukey’s multiple comparisons test,
*p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001.

been given to the protective role of NO against cardiac ischemia,
the underlying mechanism of which has been suggested to be
mitochondria-targeted cardioprotection,[29] including the open-
ing of ATP-sensitive potassium channels and inhibition of mi-
tochondrial respiration and electron transfer.[8,15]

In a previous study, we prepared a NO-releasing biomaterial
(CS-NO) that releases NO under the catalysis of 𝛽-glycosidase.[6]

Enzyme-controlled release of NO efficiently promotes vascu-

larization, thus showing great promise in the therapy of vari-
ous ischemia diseases, including MI.[7b] In the present study,
we designed and synthesized a chitosan-based hydrogel that re-
leases NO under the attack of H2O2. Hence it holds both ROS-
scavenging and NO-delivery dual functions. The therapeutic ef-
ficacy of it was systemically evaluated in a mouse model of my-
ocardial I/R injury that enables a head-to-head comparison with
CS-NO. Administration of CS-B-NO effectively delivered NO to
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Figure 8. Mechanistic summary of CS-B-NO hydrogel for myocardial repair after ischemic/reperfusion injury by a head-to-head comparison with CS-NO.

the infarcted myocardium while lowering the level of ROS as well
as peroxynitrite (ONOO−), a potent oxidant, in contrast to CS-NO
which only provided NO delivery function. As a result, the local
ROS/NO balance was effectively regulated, leading to enhanced
therapeutic efficacy in CS-B-NO (Figure 8). Although only sup-
plementation with exogenous NO also inhibited ROS-dependent
oxidation depending on relative ROS flux,[30] therapeutic efficacy
of NO was markedly compromised in CS-NO.

Mechanistically, we also found that the ROS/NO equilib-
rium plays an essential role in regulating oxidative stress and
inflammation,[31] which are considered the most important
molecular mechanisms responsible for I/R injury.

First, thiols are critical sites at which NO and O2
•− interact in

biological systems; hence, the relative flux of ROS and NO can
determine the post-translational modification of thiol-containing
proteins through nitrosation and oxidation, which further influ-
ence cellular function.[32] Protein S-nitrosylation, binding of an

NO moiety with the thiol group of a cysteine residue to form an
S-nitrosothiol (SNO) group, has been shown to be a critical reg-
ulator of cardiovascular function and an important contributor
to NO-mediated cardioprotection.[33] The S-nitrosylation of cas-
pases by NO can inhibit apoptosis, which plays an important role
in regulating the function of mitochondrial caspase.[34] Previous
studies have demonstrated that post-translational S-nitrosylation
inhibits mitochondrial complex I, reducing ROS generation dur-
ing reperfusion.[35] The presence of NO in ischemic precon-
ditioning (IPC) results in protein S-nitrosylation, which is in-
volved in the regulation of mitochondrial energetics and cal-
cium transport.[36] Lin et al. suggested that long-term estrogen
exposure protects hearts largely via the activation of ER-beta and
NO/SNO signaling.[37]

The Keap1-nuclear factor-erythroid 2-related factor 2 (Nrf2)
pathway is a redox-sensitive signaling pathway that facili-
tates transcriptional regulation of a family of modulatory and
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cytoprotective redox genes that facilitate the defense against ox-
idative stress.[38] However, a high ROS concentration causes mi-
tochondrial dysfunction, thus suppressing Nrf2-Keap1 pathway
activation, which in turn leads to cellular necrosis, apoptosis, and
further cardiac injury. Herein, we have shown that the CS-B-NO
hydrogel efficiently mediated Keap1 S-nitrosylation by regulating
local ROS/NO disequilibrium after I/R injury, which led to the
release of Nrf2 from a complex with Keap1. Upon release, Nrf2
was found to be phosphorylated and transported to the nucleus,
where it bound a promoter with the ARE sequence. Accordingly,
it activated target genes that encode proteins that scavenge ROS
and exerted antagonistic effects on the NF-𝜅B signaling pathway,
which plays a dominant role in protecting the heart against ox-
idative stress after I/R injury. However, the specific sites of Keap1
that are targeted for S-nitrosylation by NO remain to be further
identified.

Inflammation is an important factor involved in the patholog-
ical evolution of heart disease. NF-𝜅B, a key transcription factor,
is known to regulate the expression of many genes involved in
the immune response, inflammation, viral infection, and pro-
grammed cell death.[39] Phosphorylation by inhibitor of nuclear
factor NF-𝜅B (I𝜅B) kinase (IKK) promotes the ubiquitylation and
proteasomal targeting of I𝜅B, which allows NF-𝜅B to translo-
cate to the nucleus and initiate transcription. S-Nitrosylation of
a critical cysteine residue within IKK𝛽 inhibits I𝜅B phosphoryla-
tion; in addition, S-nitrosylation of NF-𝜅B with exogenous NO or
NO produced due to iNOS induction inhibits NF-𝜅B-dependent
DNA binding, promoter activity, and gene transcription.[40] Our
results demonstrated the inhibitory effects of the CS-B-NO hy-
drogel on the NF-𝜅B signaling pathway. The CS-B-NO hydro-
gel inhibited the activation of NF-𝜅B signaling and downstream
pro-inflammatory factors by downregulating the phosphoryla-
tion of IKK/I𝜅B𝛼, which further promoted the polarization of
macrophages into the M2 phenotype. NF-𝜅B also contributes to
the hypertrophic growth of cardiomyocytes and resultant heart
failure.[41] Our findings also suggest that CS-B-NO hydrogel treat-
ment efficiently limited the occurrence of cardiomyocyte hyper-
trophy and myocardial fibrosis after I/R injury, which could be
attributed to the inhibition of NF-𝜅B signaling.

In addition, Nrf2 and NF-𝜅B signaling regulate physiologi-
cal cellular redox homeostasis and the responses to stress and
inflammation. Growing evidence supports molecular cross-talk
between these two important pathways to maintain redox equi-
librium. As levels of the Nrf2 protein increase, the transcrip-
tion of Nrf2 limits NF-𝜅B activity in part by providing a reduc-
tive microenvironment.[42] Pharmacological and genetic stud-
ies have shown the presence of functional cross-talk between
these two important pathways. In a variety of experimental mod-
els, studies have shown that Nrf2 plays a key role in inhibit-
ing the NF-𝜅B-driven inflammatory response.[43] At the tran-
scriptional level, NF-𝜅B represses the expression of Nrf2 tar-
get genes through competition with Nrf2 for the transcriptional
co-activator CREB-binding protein (CBP). In addition, recruit-
ment of histone deacetylase 3 (HDAC3) by NF-𝜅B results in lo-
cal histone hypo-acetylation and consequent decreased Nrf2-ARE
binding.[43b] Our data indicated that the absence of Nrf2 both in
vivo and in vitro could exacerbate NF-𝜅B activity, leading to the
increased expression of pro-inflammatory biomarkers. Despite
convincing evidence of functional interactions between the Nrf2

and NF-𝜅B pathways, further investigations are needed to un-
ravel the conditional and dynamic nature of this cross-talk.

Although 30 min of ischemia has been widely utilized to cre-
ate ischemia/reperfusion model in rodents,[1b] the time period
of ischemia is relatively short with less clinical significance. In
addition, the time of hydrogel administration should be opti-
mized in order to further enhance therapeutic efficacy. More im-
portantly, pre-clinical evaluations in large animal models are ur-
gently needed to fully assess the translational potential of a dual-
function hydrogel developed in this study.

4. Conclusion

In summary, we designed a novel, injectable hydrogel with
shear-thinning properties for the treatment of MI. The hydrogel
demonstrates a ROS-responsive NO-releasing function; there-
fore, it could effectively regulate local ROS/NO disequilibrium
after I/R injury. In a mouse model, the CS-B-NO hydrogel was
injected in situ into the ischemic myocardium and demonstrated
the desired therapeutic efficacy, unlike hydrogels with only NO-
release or ROS-scavenging properties. At the early stage of I/R
injury, administration of the CS-B-NO hydrogel reduced my-
ocyte apoptosis and alleviated the inflammatory response. Long-
term treatment with the CS-B-NO hydrogel promoted heart re-
pair and improved cardiac function. Furthermore, we have pro-
vided mechanistic insight into the cardioprotective effect of the
CS-B-NO hydrogel against I/R injury. On the one hand, the CS-
B-NO hydrogel protected the heart against oxidative stress by
enhancing Keap1 S-nitrosylation to activate the Nrf2 signaling
pathway. On the other hand, it reduced the upstream IKK/I𝜅B𝛼-
mediated phosphorylation of NF-𝜅B signaling, therefore inhibit-
ing activation of the NF-𝜅B signaling pathway and downstream
pro-inflammatory factor expression. The absence of Nrf2 attenu-
ated the antioxidant capacities of the CS-B-NO hydrogel both in
vitro and in vivo, suggesting that the cardioprotective effects of
the CS-B-NO hydrogel were mediated by adaptive regulation of
the Nrf2-Keap1 defense system.

5. Experimental Section
Detailed methods are provided in the Supporting Information.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements
H.T. and Q.M. contributed equally to this work. Funding: This study
was supported by National Natural Science Foundation of China (Nos.
81921004, 81925021, and 81871500), National Key R&D Program of China
(2018YFE0200503), and Science & Technology Project of Tianjin of China
(No. 18JCJQJC46900).

Conflict of Interest
The authors declare no conflict of interest.

Adv. Sci. 2022, 9, 2105408 © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH2105408 (14 of 15)



www.advancedsciencenews.com www.advancedscience.com

Data Availability Statement
The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

Keywords
inflammation, ischemia/reperfusion injury, nitric oxide, oxidative stress,
reactive oxygen species/nitric oxide equilibrium

Received: November 24, 2021
Revised: January 25, 2022

Published online: March 23, 2022

[1] a) J. D. Schwalm, M. McKee, M. D. Huffman, S. Yusuf, Circulation
2016, 133, 742; b) Y. Li, B. Chen, X. Yang, C. Zhang, Y. Jiao, P. Li, Y.
Liu, Z. Li, B. Qiao, W. Bond Lau, X. L. Ma, J. Du, Circulation 2019, 140,
751.

[2] a) A. V. Finn, M. Nakano, J. Narula, F. D. Kolodgie, R. Virmani, Arte-
rioscler., Thromb., Vasc. Biol. 2010, 30, 1282; b) K. P. Rentrop, F. Feit,
Am. Heart J. 2015, 170, 971.

[3] C. Farah, L. Y. M. Michel, J. L. Balligand, Nat. Rev. Cardiol. 2018, 15,
292.

[4] X. Liu, Y. Huang, P. Pokreisz, P. Vermeersch, G. Marsboom, M. Swin-
nen, E. Verbeken, J. Santos, M. Pellens, H. Gillijns, F. Van de Werf, K.
D. Bloch, S. Janssens, J. Am. Coll. Cardiol. 2007, 50, 808.

[5] a) M. V. Cohen, X. M. Yang, J. M. Downey, Cardiovasc. Res. 2006, 70,
231; b) P. Weerateerangkul, S. Chattipakorn, N. Chattipakorn, Med.
Sci. Monit. 2011, 17, RA44.

[6] Q. Zhao, J. Zhang, L. Song, Q. Ji, Y. Yao, Y. Cui, J. Shen, P. G. Wang,
D. Kong, Biomaterials 2013, 34, 8450.

[7] a) J. Hou, Y. Pan, D. Zhu, Y. Fan, G. Feng, Y. Wei, H. Wang, K. Qin,
T. Zhao, Q. Yang, Nat. Chem. Biol. 2019, 15, 151; b) X. Yao, Y. Liu, J.
Gao, L. Yang, D. Mao, C. Stefanitsch, Y. Li, J. Zhang, L. Ou, D. Kong,
Q. Zhao, Z. Li, Biomaterials 2015, 60, 130.

[8] D. Zhu, J. Hou, M. Qian, D. Jin, T. Hao, Y. Pan, H. Wang, S. Wu, S.
Liu, F. Wang, L. Wu, Y. Zhong, Z. Yang, Y. Che, J. Shen, D. Kong, M.
Yin, Q. Zhao, Nat. Commun. 2021, 12, 4501.

[9] R. D. Lasley, S. W. Ely, R. M. Berne, R. M. Mentzer Jr., J. Clin. Invest.
1988, 81, 16.

[10] a) Y. R. Chen, J. L. Zweier, Circ. Res. 2014, 114, 524; b) J. Shi, W. Yu, L.
Xu, N. Yin, Z. Zhang, Nano Lett. 2019, 20, 780; c) J. R. Burgoyne, S.
Oka, N. Ale-Agha, P. Eaton, Antioxid. Redox Signaling 2013, 18, 1042.

[11] a) X. Zhao, G. He, Y. R. Chen, R. P. Pandian, P. Kuppusamy, J. L.
Zweier, Circulation 2005, 111, 2966; b) X. Zhao, Y. R. Chen, G. He, A.
Zhang, L. J. Druhan, A. R. Strauch, J. L. Zweier, Am. J. Physiol.: Heart
Circ. Physiol. 2007, 292, H1541; c) J. L. Zweier, P. Wang, A. Samouilov,
P. Kuppusamy, Nat. Med. 1995, 1, 804; d) C. L. Chen, J. Chen, S.
Rawale, S. Varadharaj, P. P. T. Kaumaya, J. L. Zweier, Y. R. Chen, J.
Biol. Chem. 2008, 283, 27991; e) J. M. Hare, J. S. Stamler, J. Clin. In-
vest. 2005, 115, 509; f) R. H. Ritchie, G. R. Drummond, C. G. Sobey,
T. M. De Silva, B. K. Kemp-Harper, Pharmacol. Res. 2017, 116, 57.

[12] R. Radi, J. S. Beckman, K. M. Bush, B. A. Freeman, J. Biol. Chem. 1991,
266, 4244.

[13] V. A. Yakovlev, R. B. Mikkelsen, J. Recept. Signal Transduction 2010, 30,
420.

[14] J. P. Eiserich, M. Hristova, C. E. Cross, A. D. Jones, B. A. Freeman, B.
Halliwell, A. van der Vliet, Nature 1998, 391, 393.

[15] J. O. Lundberg, M. T. Gladwin, E. Weitzberg, Nat. Rev. Drug Discovery
2015, 14, 623.

[16] D. M. Nelson, Z. Ma, K. L. Fujimoto, R. Hashizume, W. R. Wagner,
Acta Biomater. 2011, 7, 1.

[17] A. T. Dharmaraja, G. Ravikumar, H. Chakrapani, Org. Lett. 2014, 16,
2610.

[18] Y. Chen, D. D. Diana, D. Wu, W. Wang, Y. Y. Peng, A. A. Benozir, D. G.
Hall, I. Kazuhiko, N. Ravin, ACS Macro Lett. 2018, 7, 904.

[19] S. A. Khan, K. Lee, K. M. Minhas, D. R. Gonzalez, S. V. Raju, A. D.
Tejani, D. Li, D. E. Berkowitz, J. M. Hare, Proc. Natl. Acad. Sci. U. S.
A. 2004, 101, 15944.

[20] Z. Abedin, W. Daniel, D. K. Bloomfield, Jpn. Heart J. 1982, 23, 897.
[21] J. C. Toledo Jr., O. Augusto, Chem. Res. Toxicol. 2012, 25, 975.
[22] K. M. ver Elst, H. D. Spapen, D. N. Nguyen, C. Garbar, L. P. Huyghens,

F. K. Gorus, Clin. Chem. 2000, 46, 650.
[23] C. Bianchi, H. Wakiyama, R. Faro, T. Khan, J. D. McCully, S. Levitsky,

C. Szabó, F. W. Sellke, Ann. Thorac. Surg. 2002, 74, 1201.
[24] N. T. Moldogazieva, I. M. Mokhosoev, N. B. Feldman, S. V. Lutsenko,

Free Radical Res. 2018, 52, 507.
[25] H. C. Um, J. H. Jang, D. H. Kim, C. Lee, Y. J. Surh, Nitric Oxide 2011,

25, 161.
[26] L. Xu, J. P. Eu, G. Meissner, J. S. Stamler, Science 1998, 279, 234.
[27] J. S. Stamler, A. Hausladen, Nat. Struct. Biol. 1998, 5, 247.
[28] M. Zhang, A. M. Shah, Cardiovasc. Res. 2014, 102, 249.
[29] S. P. Jones, R. Bolli, J. Mol. Cell. Cardiol. 2006, 40, 16.
[30] a) A. Daiber, D. Frein, D. Namgaladze, V. Ullrich, J. Biol. Chem. 2002,

277, 11882; b) H. Rubbo, R. Radi, M. Trujillo, R. Telleri, B. Kalyanara-
man, S. Barnes, M. Kirk, B. A. Freeman, J. Biol. Chem. 1994, 269,
26066.

[31] D. J. Marchant, J. H. Boyd, D. C. Lin, D. J. Granville, F. S. Garmaroudi,
B. M. McManus, Circ. Res. 2012, 110, 126.

[32] a) D. A. Wink, J. A. Cook, S. Y. Kim, Y. Vodovotz, R. Pacelli, M. C.
Krishna, A. Russo, J. B. Mitchell, D. Jourd’heuil, A. M. Miles, M. B.
Grisham, J. Biol. Chem. 1997, 272, 11147; b) J. Meng, Z. Lv, Y. Zhang,
Y. Wang, X. Qiao, C. Sun, Y. Chen, M. Guo, W. Han, A. Ye, T. Xie, B.
Chu, C. Shi, S. Yang, C. Chen, Antioxid. Redox Signaling 2021, 34, 1069.

[33] a) B. Lima, M. T. Forrester, D. T. Hess, J. S. Stamler, Circ. Res. 2010,
106, 633; b) E. T. Chouchani, C. Methner, S. M. Nadtochiy, A. Logan,
V. R. Pell, S. Ding, A. M. James, H. M. Cochemé, J. Reinhold, K. S.
Lilley, L. Partridge, I. M. Fearnley, A. J. Robinson, R. C. Hartley, R. A.
Smith, T. Krieg, P. S. Brookes, M. P. Murphy, Nat. Med. 2013, 19, 753;
c) R. Zhang, D. T. Hess, J. D. Reynolds, J. S. Stamler, J. Clin. Invest.
2016, 126, 4654.

[34] J. B. Mannick, C. Schonhoff, N. Papeta, P. Ghafourifar, M. Szibor, K.
Fang, B. Gaston, J. Cell Biol. 2001, 154, 1111.

[35] S. Shiva, M. N. Sack, J. J. Greer, M. Duranski, L. A. Ringwood, L.
Burwell, X. Wang, P. H. MacArthur, A. Shoja, N. Raghavachari, J. W.
Calvert, P. S. Brookes, D. J. Lefer, M. T. Gladwin, J. Exp. Med. 2007,
204, 2089.

[36] J. Sun, M. Morgan, R. F. Shen, C. Steenbergen, E. Murphy, Circ. Res.
2007, 101, 1155.

[37] J. Lin, C. Steenbergen, E. Murphy, J. Sun, Circulation 2009, 120, 245.
[38] a) V. R. Muthusamy, S. Kannan, K. Sadhaasivam, S. S. Gounder, C.

J. Davidson, C. Boeheme, J. R. Hoidal, L. Wang, N. S. Rajasekaran,
Free Radical Biol. Med. 2012, 52, 366; b) D. L. Palliyaguru, D. V. Char-
toumpekis, N. Wakabayashi, J. J. Skoko, Y. Yagishita, S. V. Singh, T. W.
Kensler, Free Radical Biol. Med. 2016, 101, 116.

[39] a) A. S. Baldwin Jr., Annu. Rev. Immunol. 1996, 14, 649; b) P. A.
Baeuerle, D. Baltimore, Cell 1996, 87, 13.

[40] a) D. T. Hess, A. Matsumoto, S. O. Kim, H. E. Marshall, J. S. Stamler,
Nat. Rev. Mol. Cell Biol. 2005, 6, 150; b) Z. T. Kelleher, A. Matsumoto,
J. S. Stamler, H. E. Marshall, J. Biol. Chem. 2007, 282, 30667.

[41] N. H. Purcell, G. Tang, C. Yu, F. Mercurio, J. A. DiDonato, A. Lin, Proc.
Natl. Acad. Sci. U. S. A. 2001, 98, 6668.

[42] A. Banning, R. Brigelius-Flohé, Antioxid. Redox Signaling 2005, 7,
889.

[43] a) R. Brigelius-Flohé, L. Flohé, Antioxid. Redox Signaling 2011, 15,
2335; b) I. Bellezza, A. L. Mierla, A. Minelli, Cancers 2010, 2, 483.

Adv. Sci. 2022, 9, 2105408 © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH2105408 (15 of 15)


