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As present NO donor drugs cannot localize to release NO at the hypoxic site, along with the short half-life

and bidirectional regulation of NO, they are unable to overcome low bioavailability and side effects in the

treatment of myocardial hypoxia injury. In this study, we designed and prepared a novel hypoxia-activated

NO donor (Hano) by hybridization of a known NO donor compound (Nno) with a hypoxia-activated group.

Hano and isosorbide dinitrate were compared in terms of NO release and anti-myocardial hypoxia injury.

Furthermore, the effects of Hano and Nno on releasing NO, dilating blood vessels, and preventing

myocardial hypoxia injury were studied and compared in smooth muscle cells, cardiomyocytes and

mice. The results showed that the NO release by Hano increased either in smooth muscle cells or in

myocardial cells under hypoxia conditions. Significantly, Hano was found capable of dilating blood

vessels and attenuating hypoxia injury both in vitro and in vivo, and has great potential as a hypoxia-

activated NO donor drug to treat hypoxic heart diseases.
Introduction

Nitric oxide (NO) donors can release exogenous NO molecules
in the body, which are commonly used for the treatment of
coronary heart disease caused by ischemia and hypoxia.1–3

However, NO has a bidirectional regulatory effect in vivo. It can
dilate blood vessels and restore blood supply in hypoxia sites,
but also causes oxidative damage to normal tissues. Available
NO donor drugs cannot locally release NO at the hypoxic injury
site and increase side effects to normal tissues, while the short
half-life of NO itself reduces the bioavailability of NO donors.
Therefore, we designed a NO donor with moderate half-life and
local release of NO.4–6

In detail, myocardial hypoxia injury is closely related to NO
deciency.1,7 Clinical studies have found that coronary heart
disease patients have a low intra-coronary NO level.8,9 As NO is
a kind of endothelial relaxing factor, it can activate soluble
guanylate cyclase (sGC) and catalyze the conversion of guano-
sine triphosphate (GTP) to cyclic guanosine monophosphate
(cGMP) in smooth muscle cells. It is known that cGMP can
activate protein kinase G (PKG), a primary effector molecule of
NO, while PKG is involved in angiotensin converting enzyme
(ACE) related signaling pathways to regulate the contraction of
smooth muscles and cause smooth muscle vasodilatation to
y for Biomedical Research, Southeast

2219265800@qq.com

l of Chemistry and Chemical Engineering,

a

(ESI) available: Detailed experimental
10.1039/d2sc00048b

the Royal Society of Chemistry
restore blood ow.10–12 Therefore, the vasodilation effect of NO
donors could be studied via ACE and related pathways.

In myocardial cells, under the hypoxia conditions, the elec-
tron transport chain in the mitochondria is blocked due to
insufficient oxygen supply. Research indicates that some elec-
trons leak out of the respiratory chain and combine with oxygen
to produce a large number of ROS, causing oxidative injury and
resulting in cell apoptosis.13,14 However, it has been evidenced
that, by dilating blood vessels to restore oxygen supply, NO can
regulate excessive ROS. Moreover, mechanistic target of rapa-
mycin complex-1 (mTORC1) activation is closely related to
diseases in main organs including the heart. PKG down-
regulates the protein expression of mTORC1 and attenuates
myocardial hypoxia injury.15 In addition, tuberin (TSC2) is
a GTPase-activating protein and prominent intrinsic regulator
of mTORC1. And protein kinase G (PKG) phosphorylates these
TSC2 sites and constitutively inhibits mTORC1. Thus,
suppression of hypertrophy and stimulation of autophagy in
cardiomyocytes by PKG require TSC2 phosphorylation.16 In
short, TSC2 phosphorylation and mTORC1 expression varia-
tions and ROS detection can be used as reliable basis to analyze
the efficacy of NO donors.

Hypoxia-activated prodrugs (HAPs) have been studied for
years to treat hypoxia related diseases. HAPs enhance the
release of active substances to hypoxic sites by increased
enzyme activity under the hypoxic conditions. Nitroarene is
widely used in the design of HAPs.17,18 It has been reported that
intracellular nitroreductase (NTR) selectively reduces nitro
groups and converts HAPs into bioactive molecules.19 And NTR,
highly expressed in hypoxic cells, promotes the efficient release
of active molecules in a hypoxic microenvironment, showing up
Chem. Sci., 2022, 13, 3549–3555 | 3549
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Fig. 1 H9c2 cell viabilities influenced by Hano or isosorbide dinitrate
(ISDN) (0.001–10 mM), respectively, under 21% (A) or 1% oxygen
conditions (B), and data were expressed as the mean � SD from three
independent experiments. *p <0.05, **<0.01; (C) NO releases and the
corresponding histograms in Hano or ISDN (1 mM) treated H9c2 cells
under normoxia or hypoxia conditions with Griess reagent; (D)
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hypoxia selectivity.20 Since hypoxia occurs in many human
diseases such as tumor and coronary heart diseases, promotion
of molecular hypoxic selectivity is an effective strategy to
improve drug efficacy, decrease drug dosage and reduce side
effects on normal tissues.21,22 Such a molecular design of related
drugs has been applied to anti-tumor drugs so far, which
releases active groups in the hypoxic microenvironment of
tumors. It is also used in uorescent probe design for diag-
nosing hypoxia, but hypoxia-activated drug design hasn't been
used to optimize anti-myocardial hypoxia injury drugs.

Hypoxia is not only the main phenotype of coronary heart
disease, myocardial infarction and other cardiovascular
diseases, but also an important cause of myocardial injury.23,24

Therefore, in this study, we attempted to introduce a hypoxia-
activated unit, nitroarene, into a NO donor moiety so as to
construct a novel compound (Hano), which is presumed to
release NO in a hypoxic microenvironment. To demonstrate the
efficacy of the resulting compound under hypoxic conditions,
NO release quantity and the activity of Hano at both cellular and
animal levels were detected and analyzed. Hypoxia activated
optimization for NO donors to treat coronary heart disease was
originally studied.
Hoechst 33258 and PI apoptosis detection of the blank group, model
group (1%O2) andmedicated groups (10 mmol L�1 Hano or ISDN under
1% O2, respectively) detected by confocal microscopy.
Results and discussion

Compound Hano was synthesized and characterized by 1H-
NMR, 13C-NMR and ESI/TOF MS. All results verify that the
structure of the compound coincides with what we designed
(Scheme 1, Fig. S1–S5, Table S1–S2†).

The efficacy of Hano to attenuate hypoxia injury was rst
compared with isosorbide dinitrate (ISDN), a common clinical
nitrate ester NO donor drug. The results of CCK8 assay showed
that under normoxia, both Hano and ISDN had no impact on
H9c2 cell viability (Fig. 1A). Under hypoxic conditions, as shown
in Fig. 1B, cell viability was reduced to 74% of that under nor-
moxia. Hano and ISDN recovered cell viabilities to different
degrees. Within the concentration range of 0.001–10 mM, ISDN
has the best drug effect at 0.1 mM, and the cell viability was
restored to 92% of normal cells. The effect of Hano was
concentration-dependent obviously. Cell viability could be
recovered to 99% of normal cells when the concentration was 10
mM, which was signicantly better compared with ISDN. In
Fig. 1C, the Griess method was used to compare the NO release
rates of two compounds. The results showed that ISDN had
higher release rates under normoxia and hypoxia, 36% and
20%, respectively. The release rate of Hano under normoxia and
Scheme 1 Preparation of compound Hano.

3550 | Chem. Sci., 2022, 13, 3549–3555
hypoxia was 1% and 25%, respectively, which indicated that the
NO release of Hano had obvious hypoxia selectivity. We further
compared the effects of two compounds against myocardial
hypoxia injury by confocal microscopy. As shown in Fig. 1D, in
the double staining experiment of Hoechst 33258 and propi-
dium iodide (PI), the intensity of blue uorescence was
proportional to the degree of early apoptosis, and that of red
uorescence was proportional to the degree of late apoptosis
and necrosis. The uorescence intensity was very weak in
normal cells. Both the blue and red uorescence intensities of
the hypoxic modeling cells were signicantly increased. The
uorescence intensities of cells cultured with 1 mM Hano or
ISDN administration were weaker than that of the modeling
group. The red uorescence intensity of the Hano group almost
disappeared. At the cellular level, it showed that Hano was
better than ISDN in inhibiting apoptosis and necrosis of
myocardial cells.

In view of Hano's superior anti-myocardial hypoxia injury
effect to the marketed drugs under hypoxia, and the preliminary
discovery that Hano achieved hypoxia-induced release of NO,
the efficacy and mechanism of its hypoxia-induced release of
NO were further studied.

Aer normoxic or hypoxic treatment, CCK8 detection
showed that cell viabilities changed under different circum-
stances. Under normoxia conditions (21% O2), H9c2 cells dosed
with Hano or Nno (0.001–10 mM) had almost the same cell
viability as that of the blank group, suggesting that the two
compounds have no toxic effects on cardiomyocytes. However
under hypoxia conditions (1%O2), cell viability of themodelling
group decreased to 70% compared with that of the blank group.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Intriguingly, cell viability of the Hano group gradually increased
depending on the concentration increase of Hano from 0.001 to
10 mM. In contrast, cell viability of the Nno group remained
almost the same as that of the modeling group. Different from
Nno, Hano has an obvious advantage to promote cell viability in
a hypoxic microenvironment in comparison with Nno (Fig. 2A).

Under normoxic conditions, the ATP value in the blank
group was 41.6 nmol mgprot�1, while its value decreased to 19.9
nmol mgprot�1 under hypoxic conditions. As observed in Hano
and Nno treated groups, the ATP levels were restored at 34.5 and
27.7 nmol mgprot�1, respectively. The ATP levels in different
groups indicate that hypoxia treatment in a tri-gas incubator
can reduce the ATP level, while Hano is capable of restoring the
ATP level greater than Nno (Fig. 2B).

Cell membrane integrities of different groups were examined
by ow cytometry using Annexin V-FITC and propidium iodide
(PI) double staining. Cells were distinguished as normal cells
Fig. 2 (A) Cell viabilities influenced by Hano or Nno (0.001–10 mM),
respectively, under 21% or 1% oxygen conditions. Data were expressed
as the mean � SD from three independent experiments. *p <0.05, **p
<0.01 versus the model group; (B) ATP regulation effect of Hano or
Nno under hypoxia treated with H9c2 cells. Data were expressed as
the mean � SD from three independent experiments. *p <0.05; (C)
H9c2 cell membrane integrities of blank, model (1%O2) andmedicated
groups (10 mmol L�1 Hano or Nno under 1% O2, respectively) detected
with FITC and PI staining by flow cytometry; (D) Annexin V-FITC
apoptosis detection of blank, model (1% O2) andmedicated groups (10
mmol L�1 Hano or Nno under 1%O2, respectively) detected by confocal
microscopy; (E) cell distribution of H9c2 cells under different fluo-
rescence intensities of DCF to detect ROS levels in blank, model (1%
O2) and medicated groups (1% O2 and 10 mM Hano or Nno,
respectively).

© 2022 The Author(s). Published by the Royal Society of Chemistry
(FITC–, PI–), early apoptotic cells (FITC+, PI–), and late
apoptotic and necrotic cells (FITC+, PI+).25 As shown in Fig. 2C,
the proportion of normal cells in the blank group was as high as
94.35%. In the hypoxia model group, normal cells reduced to
49.83% while the sum of apoptotic and necrotic cells increased
to 49.86%. Signicantly, in the medicated group, apoptotic and
necrotic cells reduced to 18.37% and 35.55% in Hano and Nno
treated groups, respectively.

Cell apoptosis and necrosis were also detected by confocal
microscopy with Annexin V-FITC and propidium iodide (PI)
double-staining. In Fig. 2D, the intensity of green uorescence
is proportional to the degree of early apoptosis, and that of red
uorescence is proportional to the degree of late apoptosis and
necrosis. As observed, the green and red uorescence in the
blank group was weak. In the model group, two uorescence
intensities were signicantly enhanced, and a large number of
apoptotic and necrotic cells were stained with either red or
green uorescence. In the Hano group, the intensity of red
uorescence signicantly diminished or even disappeared, and
the green uorescence was rather weakened compared with that
in the model group. Notably, the cell morphology was signi-
cantly improved, indicating that Hano had a strong effect on
anti-apoptosis and necrosis. Different from that in the Hano
group, both the green and red uorescence intensities in the
Nno group were similar to that in the model group, demon-
strating that Nno had a weaker effect on anti-apoptosis and
necrosis. The above experimental results indicate that hypoxia
stimulation can lead to cell apoptosis and necrosis. Among the
test groups, Hano can most effectively resist cell apoptosis and
necrosis caused by hypoxia.

Under hypoxic conditions, perturbation in electron transport
is associated with leakage of electrons from the respiratory
chain, resulting in increased ROS that could lead to myocardial
hypoxia oxidative injury.26 From the ow cytometry experi-
ments, it was observed that the specic abscissa value related to
the DCF peak values increased from 12.23 to 68.18 under
hypoxia treatment. Hano reduced the ROS level to 21.47 while
Nno to 55.60 (Fig. 2E). The results indicate that Hano can much
more effectively reduce the production of ROS than Nno.

Since Hano exhibited much potent anti-apoptotic and
necrosis activity when compared with a normal NO donor
compound (Nno), we further studied the mechanism of Hano to
attenuate hypoxia injury. In smoothmuscle cells HCASMC, NTR
activity increased under hypoxia (Fig. 3A), which facilitated the
reduction of the nitro group in Hano to release NO a little more
easily than that in the Nno group.

In HCASMC cells, detected with the Griess method, NO levels
of cells cultured with Hano under hypoxic or normoxic condi-
tions showed signicant differences. As shown in Fig. 3B, under
normoxic conditions, the NO concentration in the Hano group
(0–10 mM) was low, while under hypoxic conditions, with the
increase of the Hano concentration, the release of NO increased
signicantly. The NO amount in Nno cultured cells under nor-
moxia or hypoxia was similar, and the NO level was higher than
that of Hano under normoxic conditions but lower than that of
Hano under hypoxic conditions. The results indicated that
Hano had obvious hypoxia selectivity. UV spectral comparison
Chem. Sci., 2022, 13, 3549–3555 | 3551
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Fig. 3 (A) Nitroreductase (NTR) standard curve and NTR activities of blank, model and drug (Hano or Nno) treated groups under hypoxia; (B) NO
releases and the corresponding histograms in Hano or Nno (0–10 mM) treated HCASMC cells under normoxia or hypoxia conditions with Griess
reagent; (C) UV spectra of blank, model and drug (Hano or Nno) treated groups with Griess reagent, and the amplified absorption peaks at about
560 nm; (D) protein–protein interactions among ACE, VEGF and THBS1 (TSP1) from the STRING database; (E) ACE, VEGF and TSP1 protein
expressions in HCASMC cells treated with or without 10 mM Hano or Nno.
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in Fig. 3C further showed that under hypoxic conditions, with
the increase of the Hano concentration, the characteristic
absorption peak of Griess reagent at 560 nm increased more
signicantly than that of the Nno group, which also indicates
that the NO level of the Hano group was higher than that of Nno
under hypoxia.

In the analysis of STRING protein interaction, ACE interacts
with VEGF and THBS1 (TSP1) (Fig. 3D). As an upstream gene,
angiotensin converting enzyme (ACE) overexpression is an
important factor leading to vasoconstriction and myocardial
hypoxia. Therefore, ACE inhibitors were used to treat heart
failure and other cardiovascular diseases.27 The vascular endo-
thelial growth factor (VEGF) is involved in angiogenic cell
differentiation, which is closely related to the regulation of
angiogenesis and vascular permeability.28 As thrombospondin1
(TSP1) inhibits angiogenesis, the elevated expression of TSP1
increases vascular endothelial adhesion and platelet aggrega-
tion, causing myocardial ischemia and hypoxia.29

In the western blot assay under hypoxia conditions (1% O2),
protein expressions of ACE and TSP1 were obviously upregu-
lated. It was found that Hano downregulated ACE and TSP1
overexpression more signicantly than Nno (Fig. 3E). As VEGF
expression was upregulated under hypoxia, it was thought to be
3552 | Chem. Sci., 2022, 13, 3549–3555
an adaptive response of cells to hypoxia. Notably, Hano and Nno
could upregulate VEGF expression at different levels. These
results hinted that the improved NO releasing level by Hano
under hypoxic conditions could relax smooth muscles more
effectively to expand blood vessels than that by Nno.

NO levels in H9c2 cells were examined through the uores-
cence intensity of NO probe DAF-FM DA. As shown in Fig. 4A,
the NO level in the Hano group increased more visibly under
hypoxic conditions than that in the Nno group. Besides, the
uorescence emission spectrum of DAF-FM was also detected
by using a uorescence spectrophotometer (Fig. 4B), in which
the peak intensity variation trends were consistent with the
uorograph.

In the analysis of STRING protein interactions, the protein–
protein interaction between TSC2 and mTORC1 could be
searched (Fig. 4C). It has been proved that turberin (TSC2)
negatively regulates mTORC1 signaling in the pathway associ-
ated with myocardial injury. Under hypoxic conditions, TSC2
could be activated to inhibit the target of rapamycin complex-1
(mTORC1) signaling. As an important regulatory factor of cell
proliferation, TSC2 can inhibit the expression of mTORC1 when
it is phosphorylated.16 In our western blot assay (Fig. 4D), the
TSC2-P expression was upregulated in the Hano treated group,
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) NO levels of blank, model and 10 mM Hano/Nno treated
groups in situ detected with NO fluorescent probe DAF-FM DA (Ex:
495 nm, Em, 515 nm); (B) NO levels of Hano or Nno (10 mM) treated
H9c2 cells under hypoxia (DAF-FM, Ex: 495 nm, Em, 515 nm); (C)
protein–protein interactions between TSC2 and MTOR (mTORC1)
from the STRING database; (D) TSC2-P and mTORC1 protein
expressions in H9c2 cells treated with or without 10 mM Hano or Nno;
(E) TSC2-P andmTORC1 protein expressions in H9c2 cells treatedwith
Hano (0–10 mM).

Fig. 5 (A) Proposed NO release mechanism of Hano illustrated by the
relevant electron cloud distribution simulation of Nno and Hano; (B)
HPLC diagrams and the corresponding curve graph of Hano and
Hano-NH2 variations after standing at r.t. for 6 h (1) and during the NTR
catalyzed reaction (2–4).

Table 1 The electric charges at the N terminal and O terminal of the
NO group in Nno, Hano and Hano-NH2

Hano Hano-NH2 Nno

Electric charge (NNO) 1.03 0.11 0.13
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and the expression of mTORC1 was inhibited as expected to
achieve anti-hypoxia injury. Subsequent concentration gradient
western blot assay showed that the protein expression regulated
by Hano was concentration-dependent (Fig. 4E).

It could be proved, upon the above studies on two types of
NO donors, that Hano released NO with signicant hypoxia
selectivity, so we also explored this feature from the perspective
of the structure–activity relationship. The electron cloud
distribution of Hano and Nno was simulated, and it could be
seen that aer Hano was reduced to Hano–NH2 by nitro-
reductase (NTR), the electron cloud of Hano was shied from
the –NO2 end to the –NO end. The increased electronegativity of
the NO site is conducive to the combination with the heme iron
ion in the active center of Cyt-P450 and the release of NO, thus
illustrating hypoxia selectivity. However, Nno did not undergo
such a structural variation and electron cloud migration that it
didn't have hypoxia selectivity (Fig. 5A, Table 1). Aer being kept
at r.t. for 6 h, the aqueous solution of Hano was found stable
with a purity of 97.82%, which was comparable to the purity
before the placement (98.21%, Fig. S5†). The in vitro NTR
enzymatic reaction was tracked by HPLC, in which Hano (18.0
min) was completely transformed into Hano-NH2 (10.4 min)
within 1 h (Fig. 5B). LC-MS detection veried the molecular
weights of two compounds (Fig. S6 and S7†).

In animal experiments, macroscopic enzyme mapping assay
(triphenyltetrazolium chloride, TTC test) was applied to detect
the myocardial ischemia degrees in the animal heart of
different groups. Since isoproterenol (ISO) could induce coro-
nary microvasospasm and vasoconstriction, which in turn
© 2022 The Author(s). Published by the Royal Society of Chemistry
causes myocardial hypoxia, it was used as a modeling agent to
construct a myocardial ischemia model in mice. An increased
percentage of ischemia infarct size was observed in isoproter-
enol (ISO) administered mice (the white area, note the differ-
ence between the reective area and the white area). The mouse
pretreated with Hano (20 mg kg�1) showed a moderately low
infarct size in contrast to the mouse model, whereas the mouse
pretreated with Nno (20 mg kg�1) had no conspicuous effect
(Fig. 6A). Fig. 6B shows the hematoxylin–eosin (HE) staining
images of cardiac tissue slices from each group. The
morphology of cardiomyocytes in the blank group was normal
spindle shape, and the cells were arranged in an orderly
manner. The myocardial tissue of the ISO modeling mouse in
the model group showed obvious edema with disordered cell
arrangements and blurred boundaries. The myocardial patho-
logical injuries in Hano and Nno groups were alleviated at
certain degrees. The Hano group had clear cell boundaries, and
the disorder of cell arrangements was signicantly improved. In
contrast, the severity of edema in the Nno group was attenuated
compared to that in the model group, but the disorder of cell
arrangements was not improved.
Electric charge (ONO) 0.17 �0.65 �0.63

Chem. Sci., 2022, 13, 3549–3555 | 3553
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Fig. 6 (A) TTC test of mouse heart tissues in blank, model (85 mg kg�1

ISO) and medicated groups (20 mg kg�1 Hano or Nno+85 mg kg�1

ISO); (B) effect of pretreatment with Hano or Nno on pathological
changes in the ISO induced myocardial ischemia injury mouse model
by HE staining; (C) NO release of 10 mM Hano or Nno in heart tissues
compared with blank and model groups, and the corresponding
histograms, *p <0.05, **p <0.01; (D) NO level at 0–12 h in mouse
serum treated with compound Nno or Hano (10 mg kg�1); (E) immu-
nohistochemistry examinations of mTORC1 accumulation in mouse
heart; (F) TSC2-P and mTORC1 protein expressions in myocardial
tissue in response to ISO treatment with or without Hano/Nno,
respectively, *p <0.05, **p <0.01 compared with the model group.
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Griess experimental results showed different NO levels in the
heart tissue homogenate, in which the NO level in the Hano
group was the highest among the tested groups (Fig. 6C, each
group has 3 parallel samples). Fig. 6D shows the difference in
Table 2 Effects of Hano and Nno on CK-MB activity and the cTNI level
in ISO-treated myocardial ischemia injury mice

CK-MB (U L�1) cTNI (pg mL�1)

Blank 54.7 � 21.1 20.2 � 3.5
Model 251.5 � 49.3 797.0 � 102.6
Hano 118.2 � 35.4 264.1 � 41.5
Nno 203.3 � 56.9 583.3 � 77.3

3554 | Chem. Sci., 2022, 13, 3549–3555
the variation trend of NO levels in the mouse serum treated with
Hano or Nno at 10 mg kg�1. The NO level in the Nno-treated
serum reached a peak at about 15 min and quickly decreased
within 1 h, while that in the Hano-treated serum delayed its
peak at about 30 min, with the half-life from about 1 h in the
former group to about 2 h in the latter one. Signicantly, the
peak value in the Hano group was much lower than that in the
Nno group, indicating that Hano released NO smoothly under
normoxic conditions.

The mTORC1 protein expression in myocardial tissues of
different groups was measured using immunohistochemistry
assay (IHC). Compared with the blank group, the mTORC1 level
in the ISO induced model group was enhanced obviously. The
overexpression of mTORC1 was suppressed more substantially
in the Hano group when compared with the Nno group (Fig. 6E).
In the western blot assay (Fig. 6F), TSC2-P was activated by Hano
while mTORC1 expression was inhibited, which was consistent
with the results of IHC assay. Creatine kinase MB isoenzyme
(CK-MB) and cardiac troponin I (cTNI) are two important indi-
cators to diagnose myocardial injury through detecting enzyme
levels in serum. The effect of Hano on reducing CK-MB activity
and downregulating the cTNI level was greater than that of Nno
(Table 2).

Conclusions

Conclusively, in order to enhance the bioavailability of NO
donor drugs in a hypoxic microenvironment, a compound Hano
was designed and prepared by conjugating a hypoxia activated
group with a NO donor molecule. By releasing NO intensively
under hypoxic conditions, Hano could effectively overcome the
shortcomings of NO caused by its short half-life and bidirec-
tional regulation. Besides, it could greatly improve the NO
activity of expanding blood vessels and anti-hypoxia injury. Our
results reveal that construction of hypoxia activated NO donors
is feasible for myocardial injury protection.
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