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Abstract. Hypoxia leads to hypoxic pulmonary hypertension (HPH), causing right ventricular hyper-
trophy (RVH). RVH becomes a significant and nonnegligible public health issue in the world. In our 
study, we successfully established the HPH rat model and found that RVH happened in HPH, and 
then we observed an increased inflammation response in the heart tissue of HPH-induced RVH rats. 
Moreover, increased N-deacetylase-N-sulfotransferase-1 (NDST1) and decreased nuclear localized 
protein 1 (NULP1) were found in the heart tissue of HPH-induced RVH rats. An in vitro cell experiment 
showed that inhibition of NDST1 expression enhanced cell viability, reduced cell apoptosis, alleviated 
cardiomyocyte hypertrophy, decreased inflammation and increased phosphorylated AKT level, how-
ever, over-expression of NDST1 had opposite effects on these aspects. NULP1 reversed the effects of 
NDST1 on these regulations. Finally, we found that up-regulated NDST1 reduced NULP1 expression 
and down-regulated NDST1 increased NULP1 expression. Our study confirmed that inhibition of the 
NDST1/NULP1 pathway might contribute to the attenuation of HPH-induced RVH, and the mechanism 
may be related to the reduction of inflammation, cardiomyocyte apoptosis, and AKT phosphorylation.
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Introduction

Hypoxic pulmonary hypertension (HPH) is a  common 
complication of chronic pulmonary diseases, such as chronic 
obstructive pulmonary disease, interstitial pulmonary 

disease, and chronic pulmonary heart disease (Zeng et al. 
2017). Remarkably HPH contributed to the progress of right 
ventricular hypertrophy (RVH) and increased mortality 
(Zangiabadi et al. 2014). Therefore, RVH led by HPH is 
a significant nonnegligible public health issue. 

NULP1 (nuclear localized protein 1) is a basic helix-loop-
helix transcription factor that plays an important role in 
embryonic development (Steen and Lindholm 2008). NULP1 
expression is highly enriched in a healthy adult heart but 
significantly reduced in heart failure after ischemia (Cai et 
al. 2006; Lachtermacher et al. 2010). The studies conducted 
up to date have demonstrated that NULP1 is a  negative 
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regulator of cardiac hypertrophy, and the mechanism un-
derlying this effect was related to NFAT3 (nuclear factor of 
activated T cells 4, NFATc4) signaling under hypertrophic 
stress (Zhang et al. 2020).

N-deacetylase-N-sulfotransferase-1 (NDST1), one of 
the heparan sulfate modifying enzymes, is abundantly and 
ubiquitously expressed in all embryonic and adult tissues 
in vertebrates. It has been shown that NDST1 deficiency 
contributes to decreasing the invasion of inflammatory cells 
(Wang et al. 2005) and improving acute antigen-induced 
nephritis and allergic airway disease (Rops et al. 2014). 
Moreover, another study showed that loss of NDST1 de-
creased the intima/media ratio in adult mice with femoral 
artery injury. However, the role of NULP1 and NDST1 in 
RVH induced by HPH is still unclear, and the underlying 
mechanism is also poorly understood. We speculated that 
NDST1/NULP1 may be involved in this process.

Therefore, in our study, a rat model of HPH was estab-
lished, and we aimed to explore the role of NULP1 and 
NDST1 in RVH induced by HPH, and documented evidence 
using in vitro experimental approaches.

Materials and Methods

Animals and establishment of HPH model

24 Sprague-Dawley male rats (SPF grade, 3 weeks) were 
purchased from Chengdu Dossy Experimental Animals Co., 
LTD. (Chengdu, Sichuan). Ethics approval was granted from 
the Medical Ethics Committee of Qinghai Provincial People’s 
Hospital. Rats were placed in an environment with freely 
available food and water, 25 ± 1°C, with relative humidity 
50–60%, and light/darkness for 12 h circulation. 24 rats were 
randomly and equally divided into four groups (n = 6 rats/
group): (1) NG-21d, normoxia group, rats were regularly fed 
for 21 days; (2) NG-28d, normoxia group, rats were regularly 
fed for 28 days; (3) HG-21d, hypoxia group, rats were exposed 
to a concentration of 10 ± 0.5% O2 for 8 h every day, 6 days 
a week with a  total periods 21 days; (4) HG-28d, hypoxia 
group, rats were exposed to a concentration of 10 ± 0.5% O2 
for 8 h every day, 6 days a week with a total periods 28 days. 

Mean pulmonary artery pressure (MPAP) test

Rats were intraperitoneally injected with 50 mg/kg pentobar-
bital sodium, and then endotracheal intubation connected 
with a ventilator was performed to assist respiration (0.018 
ml/g body wt (BW) and 130 cycles/min). A  micro-TIP 
pressure catheter (SP-1000; Millar Instruments, Houston, 
TX) was directly punctured into the main pulmonary artery 
through the right ventricle with a thoracotomy approach. 
MPAP data were recorded with a Powerlab system.

Right heart hypertrophy measurement

Before the MPAP test, BW was measured. After the MPAP 
test, heart tissues were harvested after exsanguination. Right 
ventricle (RV) and left ventricle and septum (LV+S) were 
separated and immediately weighed. The right heart index 
(RHW/BW) was determined by the mass ratio of the right 
heart/body, and RVH index (right ventricular hypertrophy 
index) was determined by the mass ratio of RV/(LV+S).

HE staining

The HE staining was performed following standard proce-
dures (Cardiff et al. 2014). In brief, RV tissue sections were 
dewaxed to water and stained with hematoxylin solution 
and eosin solution in turn. The sections were observed by 
routine optical microscopy.

Cell culture and treatment

H9c2 cardiomyoblast cell lines were obtained from the 
Shanghai Cell Bank (Shanghai, China). First, the H9c2 
cardiomyoblast cells were resuscitated by maintaining in 
a DMEM medium that contained 10% fetal bovine serum 
(FBS), 100 U/ml penicillin, and 100 g/ml streptomycin and 
culturing at 37°C with 5% CO2 in a humidified incubator. 
Hypoxia H9c2 cells were established in an incubator con-
taining 94% N2, 5% CO2, and 1% O2 for 24 h. Before the hy-
poxia cell model establish, Lipofectamine 3000 transfection 
reagent was used for the transient transfection in H9c2 cells 
(1.0×105 cells/well), including NDST1 siRNA (si-NDST1) 
or NDST1 overexpression vector (pcDNA-NDST1), the 
transient transfection of NULP1 siRNA (si-NULP1) or 
NULP1 overexpression vector (pcDNA-NULP1). In brief, 
for gene overexpression, pcDNA (2 μg/well) or pc-NC (2 
μg/well) and transfection reagent (12 μl/well) was diluted 
in 150 μl of serum-free Opti-MEM (Gibco, USA) for 5 
min, respectively. For gene silencing, siRNA (75 pmol/well) 
or si-NC (75 pmol/well) and transfection reagent (7.5 μl/
well) were diluted in 100 μl of serum-free Opti-MEM for 
5 min, respectively. Then, the diluted transfection reagent 
and plasmid/siRNA were mixed and incubated at 37°C 
for 30 min. The transfection mixture was added to the cell 
culture medium and mixed. The cell culture medium was 
replaced with fresh DMEM containing 10% FBS after 6 h of 
transfection, and the culture was continued for 24 h. The 
transfection efficiency was tested with Western blotting. 
The specific groupings were: (1) Normoxia group (NG), (2) 
Hypoxia group (HG), (3) HG+si-NDST1, (4) HG+pcDNA-
NDST1, (5) HG+si-NDST1+si-NULP1, (6) HG+pcDNA-
NDST1+pcDNA-NULP1. si-NDST1 (sc-270039) and 
si-NULP1 (sc-270039) were purchased from Santa Cruz 
Biotechnology (USA). PcDNA3.1 vector was purchased 
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from Invitrogen (USA) and the fragments were connected 
to the pcDNA3.1 vector to construct pcDNA3.1-NDST1 
(pcDNA-NDST1) and pcDNA3.1- NULP1 (pcDNA-
NULP1). The empty pcDNA-3.1 vector and si-NC served 
as the control.

CCK-8 assay

Cardiomyocyte viability was indirectly observed by the 
CCK-8 assay. The cells were plated in 96-well plates at 
a density of 3×103 cells per well. 24 h later, the cells were 
transfected with the indicated pcDNAs or siRNAs under 
normal or hypoxia conditions. After 48 h, the cells were 
incubated at 37°C for 1 h in the 100 µl fresh culture medium 
containing 10% CCK-8 reagent (DoJinDo Laboratory, Ja-
pan). Then, an automatic spectrometer (Multimode Reader, 
PerkinElmer, USA) was used to measure the absorbance 
in the well at 450 nm.

Rhodamine-phalloidin and DAPI staining

The rhodamine-phalloidin and DAPI staining were per-
formed as previously described (Gourlay et al. 2004). In 
brief, after treatment, cells were washed. Then cells were 
fixed with 3.7% formaldehyde and stained with phalloidin-
rhodamine. DAPI nuclei staining was performed after 
phalloidin-rhodamine staining. A Zeiss Observer Z1 mi-
croscope (Carl Zeiss, Germany) was used to observe the 
staining results.

Flow cytometric analysis of apoptosis

An apoptosis detection kit (Nanjing KeyGen Biotech Co., 
Ltd.) was used to detect cell apoptosis. After that, Annexin 
V-fluorescein isothiocyanate and propidium iodide were 
added and cultured for 15 min at room temperature and 
darkness. Apoptosis results were observed by a BD flow 
cytometer and analyzed by a FlowJo software version 7.6.5.

Western blot

The total proteins of RV tissue and cells were extracted with 
the frozen RIPA lysis buffer and quantified by the bicin-
choninic acid (BCA) method. The protein samples were 
separated by 10% PAGE electrophoresis and transferred to 
PVDF membrane. Then 5% skim milk powder was cultured 
with samples for 2 h at room temperature. After that, the 
primary antibodies (ANP, BNP, Myh7, AKT and P-Akt 
antibodies were purchased from Abcam in the UK) were 
added and incubated overnight at 4°C. Then the secondary 
antibodies were added and cultured at room temperature 
for 2 h. After development with ECL solution, ImageJ soft-

ware was used to analyze the result. Beta-actin was used to 
normalize protein levels in this experiment.

ELISA

Heart tissue and H9c2 cells were collected. The IL-6 and 
TNF-α levels were assayed by ELISA kits according to the 
manufacturer’s protocols. The IL-6 and TNF-α ELISA kits 
both were purchased from shanghai Enzyme-linked Bio-
technology (Shanghai, China).

Statistical analysis

SPSS 18.0 software was used to analyze the results. Data were 
expressed as mean ± SD. Statistical analysis was performed 
by one-way ANOVA with Tukey’s test for multiple com-
parisons. Differences were considered statistically significant 
when p < 0.05.

Result 

Construction of the HPH-induced RVH rat model

First, we aimed to verify the successful establishment of 
the HPH-induced RVH rat model. As shown in Figure 
1A, compared to the NG group, the MPAP levels were 
significantly augmented in the HG group at 21 days and 
28 days. Significant elevation in RHW/BW and RVH index 
was observed in HG-21d and HG-28d. Furthermore, as 
shown in Figure 1B, HE staining showed that the heart 
structure of the NG group was normal at 21 days and 28 
days, with clear and complete structures and no evident 
lesions. The HG group showed a small amount of myo-
cardial fiber necrosis at 21 days, and the severity of the 
heart lesions was aggravated at 28 days. ANP, BNP and 
Myh7 genes have been reported to serve as hallmarks 
in the development of cardiac hypertrophy (Tyser et al. 
2016; Li et al. 2017; Fang et al. 2018). Hypoxic treatment 
with 21 days and 28 days both caused an increase in ANP, 
BNP, and Myh7 mRNAs levels and proteins levels in HG, 
indicating hypoxic-treatment induced right ventricular 
hypertrophy (Fig. 1C). Moreover, the Myh7 mRNA level 
in HG-28d was higher than HG-21d. Our results revealed 
that the HPH-induced RVH rat was successfully modeled, 
and the severity of RVH became worse with time hypoxic 
treatment induced. 

Effect of HPH-induced RVH on the inflammation of heart 
tissue

To further explore the effects HPH-induced RVH caused, the 
inflammatory factors in the heart tissue were carried out. 21- 
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Figure 1. Hypoxic pulmonary hypertension-induced right ventricular hypertrophy rat model. A. Heart function indexes: MPAP (mean 
pulmonary artery pressure), RHW/BW (right heart weight/body weight) index and RVH (right ventricular hypertrophy) index. B. HE 
staining. White arrows: myocardial fiber necrosis. C. Q-PCR and Western blot detected for cardiac hypertrophy markers, including ANP, 
BNP, and Myh7. * p < 0.05, ** p < 0.01, *** p < 0.001. NG-21d, normoxia group, rats were regularly fed for 21 days; NG-28d, normoxia 
group, rats were regularly fed for 28 days; HG-21d, hypoxia group, rats were exposed to a concentration of 10 ± 0.5% O2 for 8 h every day, 
6 days a week with a total periods 21 days; HG-28d, hypoxia group, rats were exposed to a concentration of 10 ± 0.5% O2 for 8 h every 
day, 6 days a week with a total periods 28 days. 

A

B
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and 28-day hypoxic treatment both resulted in the increased 
IL-6 and TNF-α levels in the heart tissue comparing to NG 
groups (Fig. 2). Further, IL-6 and TNF-α levels in the heart 
tissue showed increasing trends as the hypoxic-treated days 
increased. Those data suggested that HPH-induced RVH 
caused inflammation in heart tissue.

RVH induced by HPH changed the expression of NDST1/
NULP1 in the right ventricle

To elucidate the possible mechanism of NDST1/NULP1 
in RVH induced by HPH, we investigated the mRNAs and 
protein expressions of NDST1 and NULP1 in RV. There 
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was an increase in the NDST1 expression and a decrease 
in the NULP1 expression in HG compared to NG, which 
suggested that NDST1 activation and NULP1 inhibition 
were involved in the development of HPH-induced RVH 
(Fig. 3). Moreover, compared to HG-21d, the change 
of NDST1 and NULP1 in HG-28d had an aggravated 
tendency with time. These data prompted us to ask one 
question: whether cardiac hypertrophy led by hypoxia can 
be modified after suppressing the alterations of NDST1 or 
NULP1 expression.

NDST1/NULP1 could regulate hypertrophy in hypoxia-
induced H9C2 cells

To validate our hypothesis, we designed an in vitro cell 
experiment. First, we verified that H9C2 cells were success-
fully transfected with si-NDST1, pcDNA-NDST1, si-NULP1 
and pcDNA-NULP1 (Supplementary Materials, Fig. S1). As 
shown in Figure 4A, the decreased NULP1 level was found 
in the hypoxia-induced H9C2 cells and NDST1 modulated 
NULP1 protein expression negatively. Muscle actin has been 
demonstrated to be a molecular marker for pressure-over-

load hypertrophy, so we examined the expression of muscle 
actin in the right ventricle. Under hypoxic stress, muscle 
actin expression was significantly increased relative to those 
in normoxia treatment (Fig. 4B). With si-NDST1 treatment, 
increased muscle actin expression was inhibited in hypoxia-
induced H9C2 cells, and adding si-NULP1 prevented that 
improvement of si-NDST1 in muscle actin expression. In ad-
dition, pcDNA-NDST1 promoted an increase in muscle actin 
expression in hypoxia-induced H9C2 cells, and we observed 
there was again a trend towards improved performance of 
increased muscle actin expression with pcDNA-NULP1 
treatment in H9C2 cells treated with pcDNA-NDST1 and 
hypoxia. Those results showed that NDST1/NULP1 partici-
pated in the regulation of hypertrophy in hypoxia-induced 
H9C2 cells. To further investigate the effect and mechanism 
of NDST1/NULP1 on hypertrophy, other hypertrophic 
markers were detected by Western Blot in H9C2 cells. As 
shown in Figure 4C, compared to normoxia treatment, there 
were significant increases in ANP, BNP, and Myh7 protein ex-
pressions with hypoxia treatment. With si-NDST1 treatment, 
ANP, BNP, and Myh7 protein expressions were inhibited in 
hypoxia-induced H9C2 cells and the decreased Myh7 expres-

Figure 2. The inflammatory factors IL-6 (A) and TNF-α 
(B) were detected by ELISA in the heart tissue. ** p < 0.01, 
*** p < 0.001. For abbreviations, see Figure 1.

Figure 3. Hypoxic pulmonary hypertension-induced right ventricular hypertrophy changed the expression of NDST1 (A) and NULP1 
(B) in the right ventricle. * p < 0.05, ** p < 0.01, *** p < 0.001. For abbreviations, see Figure 1.
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B
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Figure 4. NDST1/NULP1 could regulate hypertrophy in hypoxia-induced H9C2 cells. A. Western blot detected for NULP1 expression. 
B. Rhodamine-phalloidin and DAPI staining. Red denotes muscle actin and blue denotes cell nuclei. C. Western blot detected for cardiac 
hypertrophy markers, including ANP, BNP, and Myh7. * p < 0.05, ** p < 0.01, *** p < 0.001. For abbreviations, see Figure 1.

sions led by si-NDST1 were prevented by si-NULP1. With 
pcDNA-NDST1 treatment, increased proteins expressions 
of ANP and BNP were up-related in hypoxia-induced H9C2 

cells, and those changes were inhibited by pcDNA-NULP1. 
Those results showed that NDST1/NULP1 could regulate 
hypertrophy in cardiomyocytes.

A

B

C
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NDST1/NULP1 regulated the cell apoptosis and cell viabil-
ity in hypoxia-induced H9C2 cells

Hypoxia treatment led to increased cell apoptosis and 
decreased cell viability (Fig. 5). si-NDST1 reduced cell 
apoptosis and enhanced cell viability in hypoxia-induced 
H9C2 cells and pcDNA-NDST1 caused opposite results. 
Similarly, regulation of NULP1 expression inhibited the 
effect of pcDNA-NDST1 on cell apoptosis and cell viability 
in hypoxia-induced H9C2 cells. 

NDST1/NULP1 regulated the phosphorylation of AKT 
and the secretion of inflammatory factors in hypoxia-in-
duced H9C2 cells. To explore the regulatory effect of NDST1/
NULP1 on the AKT pathway in hypoxia-induced H9C2 cells, 
we performed a Western Blot assay to detect phosphorylated 
AKT. As shown in Figure 6A, hypoxia treatment activated 
phosphorylated AKT. Si-NDST1 caused the decreased level 
of phosphorylated AKT in hypoxia-induced H9C2 cells. 
Moreover, pcDNA-NDST1 increased the level of phospho-
rylated AKT in hypoxia-induced H9C2 cells, and pcDNA-
NULP1 inhibited the decrease of phosphorylated AKT level 
induced by pcDNA-NDST1. Hypoxia treatment increased 
IL-6 and TNF-α levels in the hypoxia-induced H9C2 cells 
(Fig. 6B). The increased NDST1 promoted the expressions 

of IL-6 and TNF-α and the increased NULP1 inhibited the 
change of IL-6 and TNF-α induced by the increased NDST1 
in the hypoxia-induced H9C2 cells. Those results showed 
that NDST1/NULP1 might regulate the phosphorylation of 
AKT and the secretion of inflammatory factors in hypoxia-
induced H9C2 cells.

Discussion

The present study reported that increased NDST1 and 
decreased NULP1 were found in the heart tissue of HPH-
induced RVH rats. In vitro tests showed that inhibiting 
NDST1 expression enhanced cell viability, reduced cell 
apoptosis, alleviated cardiomyocyte hypertrophy, decreased 
inflammation, and increased phosphorylated AKT level and 
over-expression of NDST1 had opposing effects on those 
aspects; NULP1 reversed the effects of NDST1 on those 
regulations. Our study confirmed that inhibition of the 
NDST1/NULP1 pathway might contribute to attenuating 
RVH induced by HPH.

At present, there are many studies on the pathogenesis 
of myocardial hypertrophy, mainly focusing on myocardial 
pressure overload, myocardial apoptosis, vascular remod-

Figure 5. NDST1/NULP1 regulated the cell apoptosis and cell viability in hypoxia-induced H9C2 cells. A. CCK-8 detected for cell 
viability. B,C. Apoptosis results of flow cytometry. * p < 0.05, ** p < 0.01, *** p < 0.001. For abbreviations, see Figure 1.
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eling, oxidative stress, inflammatory response, and so on 
(Gong et al. 2013; Lyon et al. 2015; García-Redondo et al. 
2016; Shimizu and Minamino 2016; Facundo et al. 2017; 
Chen et al. 2019). In our study, we found that RVH induced 
by HPH increased IL-6 and TNF-α levels in the heart tis-
sue. Those indicated that RVH induced by HPH could 
induce heart inflammation and increased the damage with 
prolonged hypoxia. 

A study shows that NDST1 is one of the differentially 
up-regulated genes in cells after hypoxia (Saygin et al. 
2020). In the present study, we observed a high expression 
of NDST1 in RVH rats. And in vitro assays showed that the 
less expression of NDST1 inhibited hypertrophy and the 
high expression of NDST1 had the opposite effect on these 
cell properties. Thus, our study suggested that suppression 
of NDST1 expression could mitigate cardiomyocyte hyper-
trophy in hypoxia-induced H9C2 cells. 

NULP1 is a  negative regulator of cardiac hypertrophy, 
which is inactivated by the direct interaction with NFAT3 
(Zhang et al. 2020). In our study, we found a low expression 
of NULP1 in RVH rats. Our in vitro assays provided evidence 
that the functional effects of NDST1 alteration on cardiomy-
ocyte hypertrophy could be reversed by NULP1 modulation 
in hypoxia-induced H9C2 cells, NDST1 and NULP1 were 
negatively associated. Interestingly, up-regulated NDST1 
reduced NULP1 expression and down-regulated NDST1 
increased NULP1 expression, further indicating that NDST1 
might be an upstream regulatory factor of NULP1. However, 

there was a lack of correlation reported, and more in-depth 
studies are needed in the future.

During the development of myocardial hypertrophy, 
cardiomyocyte apoptosis plays an important role (Wu et al. 
2021), and cardiomyocyte apoptosis is a crucial factor lead-
ing to myocardial dysfunction (Liu et al. 2021). Studies have 
shown that a large number of inflammatory factors, such as 
TNF-α, IL-6, and so on, participate in ventricular apoptosis 
in myocardial hypertrophy (Haudek et al. 2007; Gullestad 
et al. 2012). Activating the AKT pathway, such as PI3K/Akt 
signaling pathway, could induce cardiomyocyte hypertrophy 
(Xie et al. 2015; Zhong et al. 2020). It has been proved that 
the activated AKT pathway exerted anti-apoptotic effects to 
play a cardioprotective effect in myocardial injury induced 
by myocardial ischemia or sepsis (Matsui et al. 2001, 2002; 
DeBosch et al. 2006; Roberts et al. 2013; Yu et al. 2019). In-
terestingly, in our study, it was observed the increased AKT 
phosphorylation and cardiomyocyte apoptosis in hypoxia-
induced H9C2 cells. Through searching, we found that AKT 
pathway was activated in myocardial hypertrophy (Guan et 
al. 2019), agreeing with our findings. Therefore, the AKT 
pathway might have different modulatory effects on cardio-
myocyte apoptosis in different types of myocardial injury or 
not be involved in the regulation of cardiomyocyte apoptosis 
in hypoxia-induced cardiac hypertrophy. Moreover, AKT 
phosphorylation also had positive correlations with NDST1 
level, when increased NDST1 level, AKT phosphorylation 
level was increased; and when decreased NDST1 level, AKT 

Figure 6. NDST1/NULP1 regulated the phos-
phorylation of AKT and the secretion of inflam-
matory factors in hypoxia-induced H9C2 cells. 
A. Western blot detected for phosphorylated 
AKT. B. The inflammatory factors were de-
tected by ELISA. * p < 0.05, ** p < 0.01, *** p < 
0.001. For abbreviations, see Figure 1.

B
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phosphorylation level was decreased. Similarly, NULP1 
regulation reversed the change in AKT phosphorylation 
levels induced by NDST1. Therefore, those data further-
more demonstrated that the regulation of NDST1/NULP1 
in cardiac hypertrophy induced by hypoxia was related to 
AKT phosphorylation. 

In conclusion, our study confirmed that inhibition of the 
NDST1/NULP1 pathway contributed to attenuating RVH 
induced by HPH, and the mechanism may be reducing 
inflammation, cardiomyocyte apoptosis, and AKT phospho-
rylation. However, there are fewer studies related to NDST1/
NULP1 pathway in RVH, so a  larger study is required to 
further address this issue to verify the efficacy and safety, 
including in vitro and in vivo assays. 
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