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Abstract
Background  Oxidative stress and endothelial cell dysfunction induced by high-altitude hypoxia have important roles 
in the pathological process of high-altitude pulmonary hypertension (HAPH). Tannins present in Terminalia bellirica 
(Gaertn.) Roxb. (TTR) have pharmacological activities that produce oxidation resistance and exert anti-inflammatory 
effects. Whether TTR exerts a protective effect on HAPH remains unknown.

Methods  A rat model of HAPH was established. The mean pulmonary arterial pressure (mPAP) of the animals was 
measured, the serum levels of SOD, MDA, and GSH-Px were measured using ELISA, and the expression of Bax, Bcl-2, 
Nrf2, and HO-1 proteins in the lung tissue of each group of rats was measured using Western blotting. Pathological 
changes in the lung tissue were also observed. A model of damage to H2O2-induced pulmonary artery endothelial 
cells (PAECs) was generated, and cell proliferation was measured using CCK-8 assays. Flow cytometry was used 
to measure ROS levels in PAECs. Western blotting was used to detect the expression of Bax, Bcl-2, Nrf2, and HO-1 
proteins in PAECs.

Results  The hemodynamic and pathologic findings showed that the mPAP of HAPH rats increased markedly, and the 
vascular wall thickness increased (P < 0.05). TTR reduced mPAP, alleviated or slowed pulmonary arterial remodeling, 
increased GSH-Px and SOD activity, lowered the level of MDA (P < 0.05), and downregulated the expression of Bax 
in the lung tissues of HAPH rats, while the expression of Bcl-2, Nrf2, and HO-1 was upregulated (P < 0.05). The results 
of the cell experiments showed that TTR inhibited H2O2-induced PAEC apoptosis and ROS production (P < 0.05), 
downregulated the expression of Bax in PAECs, and upregulated the expression of Bcl-2, Nrf2, and HO-1 (P < 0.05).

Conclusion  The results suggest that TTR reduces pulmonary arterial pressure, decreases oxidative stress during 
HAPH, and exerts protective effects in rats with HAPH and that its mechanism of action is related to regulation of the 
Nrf2/HO-1 signaling pathway.
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Introduction
Mean pulmonary arterial pressure (mPAP) refers to arte-
rial pressure in the resting state. HAPH refers to a mPAP 
of ≥ 25 mmHg, increased by high-altitude hypoxia at ele-
vations over 2500 m above sea level; mPAP values in this 
range fall within the scope of type III pulmonary hyper-
tension [1, 2]. Long-term elevation of PAP can cause 
high-altitude pulmonary edema and heart disease and 
may even lead to death as the disease progresses.

The pathogenesis of HAPH has not been fully eluci-
dated. Oxidative stress and endothelial cell dysfunction, 
as well as proliferation of pulmonary artery smooth mus-
cle cells (PASMCs), are the main pathological changes 
that promote the progression of HAPH [3]. When expe-
riencing high-altitude hypoxia, the body responds to oxi-
dative stress; the concentrations of markers of oxidative 
damage, such as methionine sulfoxide, protein carboxyl 
groups, advanced oxidation protein products, and malo-
ndialdehyde [4, 5], increases, and the concentration of the 
endogenous antioxidants superoxide dismutase (SOD) 
and glutathione decreases. Oxidative stress is one of the 
main factors that produce endothelial injury and vascular 
wall remodeling [6, 7]. The oxidative stress response may 
damage blood vessels, undermine endovascular homeo-
stasis, increase cellular Ca2+ concentrations, and result 
in the degradation of proteins, lipids, and DNA [8, 9]. 
During hypoxia, superoxide anions formed in the body 
alleviate NO-mediated vasodilation by producing per-
oxynitrites [10, 11]. Thus, treatment of antioxidant stress 
has potential for the treatment of HAPH. Nuclear factor 
E2-related factor 2 (Nrf2) plays a crucial role in oxidation 
resistance. Active Nrf2 upregulates downstream targets, 
enhances resistance to oxidation, alleviates endothelial 
cell disorders, and contributes to vascular remodeling. 
The Nrf2/antioxidant response element (ARE) signal-
ing pathway has been shown to regulate the downstream 
target heme oxygenase 1 (HO-1) and thereby to induce 
antioxidant stress and protect cells [12]. Previous stud-
ies have shown that the expression of HO-1 in the lung 
tissues of individuals with severe HAPH is clearly down-
regulated compared with its expression in individu-
als without HAPH, and upregulation of HO-1 has been 
shown to inhibit the progression of pulmonary hyperten-
sion [13]. Therefore, the Nrf2/HO-1 signaling pathway is 
of great significance and is becoming a promising target 
in the treatment of HAPH.

A significant proportion of people in devel-
oped countries use Complementary and alternative 
medicines(CAM) medical services, as well as in devel-
oping countries.There is evidence that more and more 
people with chronic diseases are using CAM to manage 

their chronic diseases. [14–16].Chinese medicinal herbs 
have been widely studied because they are an abundant 
resource with a long history of use. Terminalia bellirica 
(Gaertn.) Roxb. (TTR) is used in Tibetan medicine [17]; 
its dried ripe fruit is rich in tannins, including ellagic 
acid, tannic acid, and corilagin, and it has pharmacologi-
cal activities such as anti-inflammatory effects and oxida-
tive stress resistance [18–20]. San-guo Tang, a Tibetan 
medicine consisting of TTR, Terminalia chebula Retz., 
and Phyllanthus emblica Linn., was shown to have defi-
nite therapeutic effects in individuals with high-altitude 
diseases [21]. Previous studies have shown that TTR 
extract exerts antioxidant activity by breaking free radical 
chain reactions, scavenging free radical initiators, reduc-
ing ROS concentrations and chelating transition metals 
that help catalyze free radical production in vivo and ex 
vivo [22–26]. However, whether TTR improves HAPH by 
regulating the Nrf2/HO-1 signaling axis needs to be fur-
ther studied.

In the present study, a rat model of HAPH and a cell 
model of H2O2-induced pulmonary artery endothelial 
cell (PAEC) injury were established and used to explore 
the protective effects of TTR against HAPH and its anti-
oxidant effects via the Nrf2/HO-1 signaling pathway.

Materials and methods
Target animals and cells
Sixty male specific-pathogen-free Sprague‒Dawley (SD) 
rats (mean body weight 200 ± 30 g) were provided by the 
Experimental Animal Center of Xinjiang Medical Uni-
versity (Experimental Animal Production Permit No.: 
SCXK(Xin)2018-0003. The PAEC rat strain was donated 
by the Collaborative Innovation Center Laboratory of 
Xinjiang Medical University.

Reagents
TTR extract (purity > 50%) was prepared by our labora-
tory. Sildenafil was purchased from Pfizer Pharmaceuti-
cals Limited. SOD, glutathione peroxidase (GSH-Px), and 
malondialdehyde (MDA) detection kits were obtained 
from Nanjing Jiancheng Bioengineering Institute. 
Enhanced RIPA lysate, broad-spectrum phosphatase 
inhibitor, and broad-spectrum protease inhibitor were 
obtained from Boster Bio Co., Ltd. BCA protein quan-
titation kits were purchased from Mei5 Biotech Co., 
Ltd. The following antibodies were used in the experi-
ments: anti-Nrf2 (Wanleibio), anti-HO-1, anti-Bax, and 
anti-Bcl-2 (Abcam, USA), anti-β-actin (Beijing Affinity 
Biosciences), and HRP-conjugated AffiniPure goat anti-
rabbit IgG (H + L) (Proteintech, Cat No. SA00001-2). 
Fetal calf serum was obtained from Gibco, USA. Primary 
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endothelial cell basal culture medium, cell growth fac-
tor, and penicillin‒streptomycin double antibiotic were 
obtained from iCell Bioscience Inc. Pancreatin (0.25%) 
was purchased from HyClone, USA. Dimethyl sulfoxide 
was purchased from BIOFROXX, USA. Cell proliferation 
and toxicity detection kits were obtained from Bioss Bio-
tech; apoptosis detection kits were obtained from USA 
BD, and reactive oxygen species (ROS) detection kits 
were obtained from Beijing Solarbio.

Instruments
The following equipment was used in this study (manu-
facturers are listed in parentheses): ELISA reader (Model 
No. 352, Labsystems Multiskan MS, Finland); microplate 
washer (Model No. AC8, Thermo Lab-systems, Finland); 
water-jacketed thermostatic incubator (Model No. GNP-
9080, Shanghai Xiangfan Instruments Co., Ltd., China); 
small rodent ventilator (Model No. ks606731, Beijing 
Kesijia Technology Co., Ltd., China); electrophysiology 
recording system (Model BL-420  S, Chengdu Techman 
Electronics Co., Ltd., China); small vertical electrophore-
sis transfer system (Mini-PROTEAN Tetra Cell, Bio-Rad, 
USA); chemiluminescence gel imager (FluorChem E, Pro-
tein Simple, USA); Northwest Special Artificial Environ-
ment Laboratory (Model DY-2, Guizhou Fenglei Aviation 
Ordnance Co., Ltd., China); low-temperature high-speed 
centrifuge (Allegra-64R, Beckman Coulter, USA); MLS-
3020U autoclave (Model SX-500, Sanyo, Japan); inverted 
fluorescence microscope (Model No. DMi8 automated, 
Leica, Germany); full-wavelength microplate reader 
(Thermo Multiskan GO, Thermo, USA); and flow cytom-
eter (FACSCalibur, BD, USA).

Preparation of TTR
To two kilograms of Terminalia bellirica (Gaertn.) 
Roxb., a 20-fold excess of 70% ethanol was added; the 
mixture was refluxed and extracted twice, each time for 
2  h. The extracts were combined, concentrated under 
reduced pressure, and set aside. The residual material 
was extracted twice with 20 volumes of water for 2 h each 
time. The concentrated ethanol extract was combined 
with the water extraction solution, and the mixture was 
concentrated under reduced pressure and used as a resin 
purification sample solution for backup.

The concentration of the sample solution was 71.2 mg/
mL. The sample was passed over HPD600 resin (the vol-
ume of the sample was 3 bed volumes (BV)) at a flow rate 
of 1 BV·h− 1. The bound material was eluted with 3 BV of 
water; the resin was then eluted with 5 BV of 50% etha-
nol at a flow rate of 3 BV·h− 1. The eluents were combined, 
concentrated under reduced pressure, and freeze-dried 
to obtain TTR. The phosphomolybdate tungstic acid 
casein method was used to determine the total tannin 
content of the material.

HAPH modeling and intervention
We use methods that have been described in the litera-
ture to establish a HAPH rat model in a simulated pla-
teau environment [4].

Fifty HAPH rats were randomly divided into five 
groups: a model group (administered normal saline, 1 
mL/100 g/day), a sildenafil group (administered sildenafil 
tablets, 30 mg/kg/day), and TTR-H, TTR-M, and TTR-L 
groups (the animals in these groups were given TTR at 
400, 200, or 100  mg/kg/day, respectively). Treatment 
was administered for 15 consecutive days in the plateau 
environment. The 10 rats in the normal control group 
received normal saline (1 mL/100 g/day) for 15 consecu-
tive days in a plain environment.

All animal handling procedures used in this study were 
approved by the Institutional Animal Care and Use Com-
mittee of Xinjiang Medical University (approval number: 
IACUC-20210303-49).

Cell culture, modeling, and grouping
PAECs were cultured in a system containing 10% FBS, 
1% penicillin‒streptomycin, and 1% cell growth factor. 
The cells were subcultured when they reached 70–80% 
confluence. The cells were divided into five groups: a nor-
mal control group, a model group that was incubated for 
1 h with 800 µM H2O2, and three other groups that were 
incubated with TTR (20, 40, or 80  µg/mL, respectively) 
followed by incubation for 1  h with 800 µM H2O2 24  h 
after the intervention.

Determination of PAP
Twenty-four hours after drug administration, the rats 
in each group were anesthetized with 3% pentobarbi-
tal sodium by intraperitoneal injection and fixed on an 
operating table in a supine state. Pulmonary artery cath-
eterization was used to measure the PAP of the animals. 
The subcutaneous tissues were bluntly separated from 
the muscles by cutting the skin on the right side of the 
neck, and the carotid artery was dissociated and clearly 
exposed. A small slit was cut in the artery, and a polyeth-
ylene catheter containing a pressure sensor was slowly 
pushed into the carotid artery on the right side of the 
neck and then into the pulmonary artery via the ventric-
ulus dexter. Changes in the PAP waveform (mPAP) were 
recorded.

Histopathology of pulmonary vessel structure and 
morphology
Lung tissues were collected from each group of rats and 
fixed in 10% formaldehyde solution. The specimens were 
placed in 80% ethanol and then in 95% ethanol, dehy-
drated in absolute ethyl alcohol, and placed in xylene 
until they became transparent. The specimens were 
embedded in paraffin after becoming transparent. The 
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tissues were cut into 5-µm slices, dewaxed with xylene, 
and dehydrated in an ethanol gradient series. The slices 
were stained with hematoxylin, differentiated with 1% 
HCl-ethanol, stained with 1% weak aqua-ammonia and 
eosin, dehydrated in a graded ethanol series, and sealed 
with neutral balsam mounting medium. Each stained 
slice was observed under a light microscope, and 25–30 
pulmonary arterioles (diameter: 300–500 μm) were ran-
domly selected for evaluation. Remodeling and prolif-
eration of the pulmonary arterioles in the lungs were 
determined based on vessel wall thickness (WT%), which 
was calculated using the following formula:

 
WT% = (outer diameter of pulmonary arteriole - inner 
diameter of pulmonary arteriole)/(outer diameter of 
pulmonary arteriole) × 100%.

Determination of SOD, GSH-Px, and MDA levels in each 
group of rats with HAPH
Blood samples were collected from the pulmonary artery 
of each animal and centrifuged for 20  min at 4  °C and 
3000 r/min. The precipitate was removed, the serum was 
isolated, and the activities of SOD and GSH-Px and the 
concentration of MDA were determined by ELISA. The 
assays were performed in strict compliance with the 
instructions provided in the kits.

Determination of cell viability using CCK-8 assays
Cells in logarithmic growth were inoculated into 96-well 
culture plates and allowed to adhere by incubating them 
overnight in culture medium. The cells were subjected 
to drug treatment for 24  h followed by treatment with 
H2O2 for 1 h, and the primary culture medium was then 
discarded. Approximately 100 µL of culture medium 
containing CCK-8 was then added to each well, and the 
plates were incubated for 2  h. The optical density (OD) 
of each well at a wavelength of 450 nm was determined 
by ELISA, and the cell viability was calculated (cell viabil-
ity = [(ODexperimental well-ODblank well)/(ODcontrol well-ODblank 

well)] × 100%).

Determination of apoptosis by flow cytometry
Cells in logarithmic growth were inoculated into six-well 
culture plates and cultured overnight. After treatment 
of the cells with drugs for 24  h followed by treatment 
with H2O2, for 2 h, the primary culture medium was dis-
carded. An annexin V-FITC/PI apoptosis assay kit was 
used for staining, and the rate of apoptosis of the cells in 
each group was determined by flow cytometry (FCM).

Determination of ROS levels in cells by FCM
Cells in logarithmic growth were inoculated into six-well 
culture plates and cultured overnight. After treatment of 
the cells with drugs for 24 h and with H2O2 for 2 h, the 

primary culture medium was discarded. A DCFH-DA 
fluorescent probe was then used to stain the cells, and 
ROS levels in the cells were measured using FCM.

Western blotting
Tissues and cells were ground or lysed, respectively, with 
RIPA lysis buffer and centrifuged, and the supernatants 
were collected. The proteins were quantified by the BCA 
method, mixed with loading buffer, denatured for 10 min 
in a water bath at 100 °C and stored at − 20 °C. The dena-
tured proteins were separated using sodium dodecyl sul-
fate‒polyacrylamide gel electrophoresis and transferred 
to polyvinylidene fluoride membranes, which were then 
incubated in 5% skim milk and sealed for two hours at 
room temperature. After sealing, the membranes were 
incubated at 4 °C overnight with antibodies against Nrf2 
(1:500), HO-1 (1:1000), Bax (1:2000), Bcl-2 (1:2000), or 
β-actin (1:20,000); the corresponding secondary anti-
bodies were then added, and the membranes were incu-
bated for an additional hour at room temperature. After 
enhanced chemiluminescence development, the levels 
of expression of individual proteins were analyzed using 
ImageJ software and expressed in relative terms.

Statistical analysis
SPSS22.0 was used for data analysis, and GraphPad Prism 
8.2 was used to prepare graphs. All experimental data 
are expressed as mean and standard deviation. One-way 
ANOVA was employed for between-group comparisons, 
and an α of 0.05 indicated a significant difference.

Results
Effects of TTR on mPAP in rats
The mPAP of the HAPH model group increased mark-
edly compared with that of the plain model group. The 
mPAP of HAPH rats to which sildenafil was administered 
clearly decreased, suggesting that the method adopted 
in the present study can be used to establish a stable rat 
model of HAPH. In the groups that received TTR, mPAP 
was reduced to varying degrees; the reduction was the 
greatest in the TTR-H group, indicating that administra-
tion of TTR can alleviate HAPH (Fig. 1).

Pathological changes in the lung tissues of rats in each 
group
Compared with the plain model group, the WT% of the 
lung tissues of rats in the HAPH model group increased 
markedly, indicating that high-altitude hypoxia caused 
pulmonary vascular remodeling in animals with HAPH. 
After administration of TTR at any of the doses tested, 
the WT% of the pulmonary vessels of the rats decreased, 
indicating that TTR can alleviate or slow pulmonary 
vascular remodeling induced by high-altitude hypoxia 
(Figs. 2 and 3).
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Changes in the concentrations of MDA, SOD, and GSH-Px in 
the sera of animals
Compared with the plain model group, SOD and GSH-Px 
activity in the sera of the rats in the HAPH model group 
decreased to varying degrees, and MDA levels increased 
to varying degrees (P < 0.05), indicating that high-alti-
tude hypoxia subjected HAPH rats to oxidative stress. 
SOD and GSH-Px activity in the sera of each group that 
received TTR increased to varying degrees, and MDA 
levels decreased to varying degrees (P < 0.05), indicating 
that TTR can increase the oxidative stress level in the rats 
(Table 1).

Changes in the expression of Nrf2, HO-1, bax, and Bcl-2 in 
rat lung tissues
The expression of Bax in the lung tissues of the HAPH 
model group was unchanged compared with that of the 
plain model group, whereas the expression of Bcl-2, 

Fig. 2  Hematoxylin and eosin staining of small pulmonary arteries in each group of rats

 

Fig. 1  Effects of TTR on mPAP in rats
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Nrf2, and HO-1 was downregulated in the model group 
(P < 0.05). The expression of Bax in the groups treated 
with TTR at low, medium, and high doses was downreg-
ulated compared with that of the model group, whereas 
the expression of Bcl-2, Nrf2, and HO-1 was upregulated 
in the TTR-treated groups (P < 0.05). This result sug-
gested that TTR has strong antagonistic actions against 
apoptosis-induced thoracic injury and that it exerts a reg-
ulatory effect on oxidative stress (Fig. 4).

Changes in the viability of PAECs in rats
Compared with the normal control group, PAEC viabil-
ity after H2O2 treatment clearly decreased (P < 0.05). 
Cell viability after drug intervention increased in a dose-
dependent manner compared with the viability of the 
model group (P < 0.05). This result suggests that TTR 
exerts protective effects against H2O2-induced damage in 
PAECs (Fig. 5).

Effects on apoptosis
The apoptosis rate of the model group was markedly 
increased compared with that of the normal control 
group. The apoptosis rate of the TTR-treated group 
clearly decreased compared with that of the model group, 
and the difference was statistically significant (P < 0.05). 
This result suggests that TTR has strong antagonistic 
action against H2O2 damage to PAECs (Fig. 6 ).

Effects on ROS levels in cells
The level of ROS in the H2O2 model group was elevated 
compared with that in the normal control group. After 
drug intervention, the ROS levels in the cells gradually 
declined with increasing drug dose and concentration. 
This result suggests that TTR decreases the level of ROS 
in PAECs that have been exposed to H2O2 (Fig. 7).

Effects on the expression of Nrf2, HO-1, bax, and Bcl-2 in 
PAECs
The expression of Bax in the model group was upregu-
lated compared with that in the normal control group, 
whereas the expression of Bcl-2, Nrf2, and HO-1 was 
downregulated in the model group. The expression of 
Bax in the treated group was downregulated compared 
with that in the model group, and the expression of Bcl-
2, Nrf2, and HO-1 was upregulated in the treated group. 
This result suggests that TTR has strong antagonistic 
actions against H2O2-induced apoptosis in PAECs and 
that it regulates oxidative stress via the Nrf2/HO-1 path-
way (Fig. 8).

Discussion
HAPH is chronic and persistent and has a slow onset. 
Its early clinical symptoms are atypical and nonspecific. 
Missed and delayed diagnoses often occur due to a lack 
of clinical diagnostic awareness. Morbidity and mortal-
ity due to the condition increase with altitude. HAPH 
seriously affects the quality of life of patients and threat-
ens their lives [2]. The drugs that have been clinically 
approved for the treatment of pulmonary hyperten-
sion mainly target three key pathways: the endothelin 
pathway, the prostacyclin pathway, and the nitric oxide/
soluble guanylate cyclase pathway [27]. Administration 
of these drugs can reduce the tension within the pulmo-
nary artery, thereby improving symptoms to some extent, 
but they cannot prevent or reverse the progression of 

Table 1  Changes in the concentrations of MDA, SOD, and 
GSH-Px in the sera of animals
Group GSH-Px (U) SOD(U/mL) MDA(µmol/L)
Control 7415.38 ± 132.97 290.23 ± 26.75 7.51 ± 1.43

HAPH 4411.72 ± 138.29* 336.42 ± 23.87* 11.32 ± 2.05*

TTR 100 mg/kg 6741.39 ± 184.58*# 311.85 ± 24.69* 10.80 ± 1.74*#

TTR 200 mg/kg 7124.91 ± 198.30*# 302.87 ± 19.95*# 9.30 ± 2.08*#

TTR 400 mg/kg 7205.09 ± 180.15*# 299.09 ± 27.85*# 8.87 ± 1.88#
Note: Compared with Control, *P<0.05; compared with HAPH, #P<0.05

Fig. 3  TTR effectively alleviates pulmonary vascular remodeling in HAPH rats. (A) graph showing pulmonary vascular wall thickness; (B) graph showing 
pulmonary vascular wall thickness percentage;

 



Page 7 of 11Aimaier et al. BMC Complementary Medicine and Therapies          (2023) 23:150 

the disease [28]. Through the establishment and use of 
rat models of HAPH and H2O2-induced PAEC damage, 
the present study found that TTR exerts a protective 
effect in HAPH rats by regulating the Nrf2/HO-1 sig-
naling pathway. The results of our experiments showed 
that the PAP of the animals in the plateau model group 
was elevated, whereas the PAP of the animals in the pla-
teau model group to which sildenafil was administered 
decreased markedly, indicating that a rat model of HAPH 
had been successfully generated. After administration of 
various doses of TTR, the mean PAP of the animals in 
the model group decreased markedly, and the WT% and 
WA% declined dramatically, indicating that TTR lowered 
PAP in rats. The in vitro experimental results showed 
that the activities of PAECs were clearly inhibited after 
H2O2 treatment. The PAECs that were treated with TTR 
showed marked alleviation of H2O2-induced oxidative 

damage, indicating that TTR has certain protective 
effects on H2O2-induced damage to PAECs.

Oxidative stress is a key factor in the occurrence and 
development of pulmonary hypertension [29, 30]. Oxida-
tive stress can occur due to an increase in the production 
of ROS or to exhaustion of the antioxidant system [31–
33]; either of these conditions can lead to an imbalance 
between antioxidants and pro-oxidants. When exposed 
to a high-altitude hypoxic environment, the body devel-
ops an oxidative stress reaction that induces ROS over-
load [34–36]. ROS attack polyunsaturated fatty acids in 
biofilms and trigger a lipid peroxidation chain reaction, 
resulting in biofilm dysfunction and damage to enzymes 
that are located within membranes [37]. High levels of 
ROS can also lead to mitochondrial damage, DNA modi-
fication, increased production of cytokines, and even cell 
death [38–40]. ROS can also induce redox signaling path-
ways that promote pulmonary vascular smooth muscle 

Fig. 4  Effect of TTR on the protein expression of Nrf-2, HO-1, Bax, and Bcl-2 in the lung tissue of HAPH rats
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proliferation and lead to vascular remodeling [41–43]. 
Blocked synthesis and decreased activity of NO derived 
from endothelial nitric oxide synthase (eNOS) are impor-
tant factors in the occurrence of vascular endothelial 
function damage [44]. Oxidative stress can inhibit the 
activity of eNOS, reduce the level of NO in blood ves-
sels, and affect pulmonary vascular endothelial function. 

GSH-Px and SOD are the key enzymes that scavenge 
ROS in vivo. If the activity of ROS scavengers decreases, 
the number of oxygen free radicals will increase exces-
sively, resulting in damage to the lipids within cell mem-
branes and catalysis of arachidonic acid to MDA, an 
indicator of lipid peroxidation [38, 45]. The in vivo and in 
vitro experimental results obtained in this study showed 
that the MDA level in the model group was significantly 
increased and that the activities of SOD and GSH-Px 
were significantly decreased. The TTR-treated groups 

Fig. 7  Results of the ROS assay

 

Fig. 6  TTR inhibits H2O2-induced endothelial cell injury in rat pulmonary arteries. (A) control group; (B) H2O2 group; (C) TTR 20 µg; (D) TTR 40 µg; (E) TTR 
80 µg; (F) results of the apoptosis analysis of PAECs

 

Fig. 5  Results of the CCK-8 cell viability assay
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had MDA levels that were decreased to varying degrees 
and SOD and GSH-Px activities that were increased to 
varying degrees, indicating that TTR treatment allevi-
ated the oxidative stress injury that otherwise occurs in 
HAPH.

Apoptosis is also known as programmed cell death 
[46]. Studies have confirmed that HAPH is related to an 
imbalance between apoptosis and cell proliferation and 
that apoptosis of pulmonary vessel endothelial cells plays 
a crucial role in the onset of HAPH. Apoptosis of endo-
thelial cells may cause endothelial dysfunction, endocrine 
dysfunction, and an imbalance between vasorelaxation 
and vasoconstriction factors, thereby elevating pulmo-
nary arterial systolic pressure [47]. Moreover, apoptosis 
may impair endothelial barrier function, cause morpho-
logical and structural changes in blood vessels, dilate 
intercellular spaces, and facilitate interaction between 
growth factors and PASMCs via the intercellular space, 
thereby promoting the proliferation and migration of 

PASMCs and increasing intima media thickness and 
pulmonary vascular remodeling [9]. The BCL2 and BAX 
genes, which belong to the Bcl-2 family, are the most 
important known regulatory genes in apoptosis. Bax pro-
motes apoptosis, whereas Bcl-2 inhibits it. An imbalance 
between the two may induce apoptosis [46]. The in vitro 
and in vivo experimental results obtained in the pres-
ent study showed that Bax expression was elevated in 
the model group, whereas Bcl-2 expression decreased; 
as a result, the Bax/Bcl-2 ratio increased. In the treated 
group, in contrast, Bax expression was downregulated 
and Bcl-2 expression was upregulated, indicating that 
TTR had inhibitory effects on apoptosis in PAECs.

To ensure oxygen saturation of the blood at the high 
elevation of the plateau, the amount of hemoglobin in the 
blood increases [48]. Hemoglobin is a scavenger of NO, 
and it can reduce the bioavailability of NO [49] and react 
with hyperoxide and hydrogen peroxide to produce ROS-
damaged cells. Endothelial and smooth muscle cells are 

Fig. 8  Effect of TTR on the levels of Nrf-2, HO-1, Bax, and Bcl-2 proteins in rat PAECs.
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vulnerable to hyperoxide-induced damage; cells that are 
damaged in this way exhibit cellular dysregulation that 
induces vasoconstriction and elevates blood pressure 
through smooth muscle contractions. Heme oxygen-
ase (HO) is a rate-limiting enzyme in heme metabolism, 
and HO-1, also known as inducible HO, can be induced 
as a protective mechanism when animals are exposed to 
oxidative stress, heme, endotoxins, cytokines, or other 
exogenous factors. Studies have confirmed that HO-1 
protects cells from oxidative stress and that it acts as a 
catalyst in the oxidation of heme to biliverdin, carbon 
monoxide, and ferrum (Fe2+); in this way, it alleviates the 
cytotoxicity of heme, decomposes its product biliverdin, 
and exerts a strong antioxidant function [50]. The find-
ings of the present study showed that TTR treatment 
reduced ROS levels in PAECs that had been damaged 
by H2O2. The western blotting results obtained in the in 
vitro and in vivo experiments showed that the expression 
of Nrf2 and HO-1 was downregulated in the model group 
but that it was upregulated after treatment with TTR. 
This result suggests that TTR can play a role in antioxida-
tive stress by regulating the expression of Nrf2 and HO-1.

Our study explores the effects and molecular mech-
anisms through which TTR alleviates pulmonary 
hypertension from both the in vivo and the in vitro per-
spectives. However, due to various factors, our research 
also has certain limitations. We did not employ Nrf2/
HO-1 pathway-related agonists, inhibitors, siRNA inter-
ference, or certain other methods in our study.

Conclusions
TTR reduced mPAP in rats with HAPH, alleviated or 
slowed pulmonary vascular remodeling, inhibited ROS 
production, and alleviated oxidative stress. It produces 
these effects through regulation of the Nrf2/HO-1 signal-
ing pathway. TTR shows great potential for use in HAPH 
treatment.
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