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The inflammatory response of lung tissue and abnormal proliferation of pulmonary artery 
smooth muscle cells are involved in the pathogenesis of high-altitude pulmonary hypertension 
(HAPH). Halofuginone (HF), an active ingredient derivative of Chang Shan (Dichroa febrifuga Lour. 
[Hydrangeaceae]), has antiproliferative, antihypertrophic, antifibrotic, and other effects, but its 
protective effects on HAPH remains unclear. In the present study, we evaluated the efficacy of HF 
on HAPH by establishing a 6000 m HAPH rat model. Male Sprague–Dawley rats were divided into 
normoxia, normoxia + halofuginone (1 mg/kg), hypoxia, and hypoxia + halofuginone (1 mg/kg) groups. 
The results showed that HF (1 mg/kg) could prevent hypoxia-induced hemodynamic abnormalities, 
right ventricular hypertrophy, and pulmonary vascular remodeling in rats. We further detected the 
expression levels of inflammatory factors interleukin (IL)-1β, IL-6, tumor necrosis factor-α (TNF-α) and 
proliferative/antiproliferative indicators proliferating cell nuclear antigen (PCNA), cyclin-dependent 
kinase 6 (CDK6), Cyclin D1, p21 in lung tissue, and found that HF could attenuate the lung tissue 
inflammatory response and proliferative response in HAPH rats. In addition, we also examined the 
expression levels of transforming growth factor-β1 (TGF-β1), Smad2/3 and p-Smad2/3 in lung tissue, 
and found that HF exerted therapeutic effects by inhibiting the TGF-β1/Smad signaling pathway.
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According to statistics, more than 140 million people worldwide live at high altitude above 2500 m for a long 
time, and up to 10% of them suffer from chronic mountain sickness, among which high-altitude pulmonary 
hypertension (HAPH) is a malignant pulmonary vascular disease. HAPH is mainly characterized by hypoxic 
pulmonary vasoconstriction and hypoxic pulmonary vascular remodeling, which causes persistent increase of 
pulmonary circulatory resistance and eventually leads to right heart failure or even death. HAPH belongs to the 
third category in the classification of pulmonary arterial hypertension (PAH)1–3. Despite years of research into 
the pathogenesis and drugs of HAPH, the prognosis of patients remains poor4. At present, the most effective 
way for HAPH remains removal from the hypoxic environment, but this is clearly unrealistic for generations 
of residents2. Pharmacological treatment for HAPH includes: calcium receptor antagonists, sGC stimulators, 
prostacyclin and its analogues, PDE5 inhibitors, endothelin-1 receptor antagonists, etc. Although these drugs 
can improve hemodynamics and quality of life for patients, most of them have a single target and are expensive, 
limiting the treatment of HAPH patients to a certain extent4. Therefore, searching for safe, effective, inexpensive 
and multi-target therapeutic drugs is the direction of our future research.
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Halofuginone (HF) is a synthetic halogenated derivative of febrifugine, a natural quinazolinone alkaloid 
which can be found in the Chinese herb Chang Shan (Dichroa febrifuga Lour. [Hydrangeaceae]), which exhibits 
pharmacological effects such as antiproliferative, antihypertrophic, and antifibrotic; its earliest application was in 
the treatment of chicken coccidiosis5. In recent years, studies have found that HF has shown therapeutic effects 
in lung cancer6, melanoma bone metastases7, fibrotic diseases8, osteoarthritis9, leukemia10, and other diseases. 
Notably, the efficacy by HF is associated with the modulation of the transforming growth factor-β (TGF-β)/
Smad signaling pathway. In addition, Jain et al. found through in vivo and in vitro studies that HF activated 
potassium channels and inhibited different types of calcium channels in pulmonary artery smooth muscle cells 
(PASMCs) to mediate pulmonary vasodilation, and that HF also mediated antiproliferative effect via inhibiting 
the PI3K/Akt/mTOR signaling pathway11.

Abnormal proliferation and apoptotic resistance of PASMCs are the main mechanisms responsible for 
pulmonary vascular remodeling, which play an important role in the progression of HAPH12. The TGF-β1/Smad 
signaling pathway is involved in the proliferation and differentiation of PASMCs, and hypoxia up-regulates 
TGF-β1 expression in lung tissue, which in turn activates the phosphorylation of downstream Smad2/3 protein, 
leading to abnormal proliferation of PASMCs and accelerating the pathological process13,14. In addition, the 
TGF-β1/Smad signaling pathway can also participate in the progression of PAH by regulating other signaling 
pathways15.

The role and mechanism of HF in HAPH have not been reported yet. We attempted to investigate the 
protective effects and potential mechanisms of HF by establishing a rat model of HAPH, in order to provide a 
reference basis for the clinical treatment of patients with HAPH.

Results
Effects of HF on hemodynamics in HAPH rats
The success of rat modeling was assessed by measuring RVSP and mPAP in each group of rats after 4 weeks. 
The results showed that exposure to hypoxic environment at high altitude for 4 weeks caused an increase in 
RVSP compared with the Nor group (54.56 ± 1.95 mmHg vs. 28.95 ± 1.53 mmHg; P < 0.001), and a concomitant 
increase in mPAP (35.28 ± 1.18 mmHg vs. 19.66 ± 0.94 mmHg; P < 0.001), suggesting that the HAPH rat model 
was successfully established. The RVSP and mPAP of HAPH rats were lower than those of the Hyp group when 
HF was gavaged once a day during 4 weeks (35.24 ± 0.80 mmHg vs. 54.56 ± 1.95 mmHg, 23.49 ± 0.49 mmHg vs. 
35.28 ± 1.18 mmHg; P < 0.001). The treatment showed a hemodynamic effect, reducing the RVSP and mPAP 
(Fig.  1A–C, Tab S1). In addition, to evaluate the effects of HF on hemodynamics in rats under normoxic 
environment, we set up the Nor + HF group. The results showed that the RVSP and mPAP of rats in the 
Nor + HF group were not different from those in the Nor group (26.86 ± 1.95 mmHg vs. 28.95 ± 1.53 mmHg, 
18.39 ± 1.19  mmHg vs. 19.66 ± 0.94  mmHg; P > 0.05), which suggested that HF had no significant effects on 
hemodynamics of rats in the normoxic condition (Fig. 1A–C, Tab S1).

Effects of HF on right ventricular hypertrophy in HAPH rats
After hemodynamic measurement, the degree of right ventricular hypertrophy in rats was assessed by calculating 
the RVHI (%). The results showed that the RVHI of rats exposed to hypoxia for 4 weeks was increased compared 
with the Nor group (54.87 ± 4.50 vs. 23.33 ± 1.83; P < 0.001). The RVHI of HAPH rats was lower than those of 
the Hyp group after administration of HF by gavage for 4 weeks (38.68 ± 5.13 vs. 54.87 ± 4.50; P < 0.001). The 
above results suggested that HF could attenuate right ventricular hypertrophy in HAPH rats (Fig. 1D, Tab S1). 
In addition, the Nor + HF group was set up to assess whether HF had effects on right ventricle of rats in the 
normoxic environment. The results showed no significant difference in RVHI between the Nor + HF group and 
Nor group (21.25 ± 1.43 vs. 23.33 ± 1.83; P > 0.05), and these results suggested that HF had no significant effects 
on right ventricle of rats under normoxic condition (Fig. 1D, Tab S1).

Effects of HF on pulmonary vascular remodeling in HAPH rats
To evaluate the effects of HF on pulmonary vascular remodeling in HAPH rats, lung tissues were collected from 
rats in each group and observed with HE staining. HE staining results showed that the hypoxic environment led to 
thickening of the walls and narrowing of the lumen of small pulmonary artery in rats, while intervention with HF 
improved these pathological changes (Fig. 2A). Meanwhile, the wall thickness and wall area of small pulmonary 
artery in pathological sections were further measured, and WT% and WA% were calculated, respectively. The 
results showed that compared with the Nor group, exposure to hypoxia for 4 weeks resulted in an increase in 
WT% and WA% of small pulmonary artery (42.83 ± 9.13 vs. 19.74 ± 2.27, 65.28 ± 7.53 vs. 43.81 ± 4.85; P < 0.001), 
whereas these values were decreased after administration of HF (24.76 ± 3.89 vs. 42.83 ± 9.13, 51.71 ± 7.28 vs. 
65.28 ± 7.53; P < 0.001). The above results suggested that HF could improve pulmonary vascular remodeling 
in HAPH rats (Fig. 2B,C, Tab S2). In addition, by setting the Nor + HF group, we also found that HF had no 
significant effects on pathological morphology, WT% and WA% of small pulmonary artery in rats under 
normoxic atmosphere (16.08 ± 4.15 vs. 19.74 ± 2.27, 41.79 ± 4.11 vs. 43.81 ± 4.85; P > 0.05; Fig. 2B,C, Tab S2), so 
we affirmed that HF did not change the physiological/normal morphology.

Effects of HF on inflammatory factors in lung tissue of HAPH rats
The inflammatory response is relevant to the development of HAPH, so we measured the levels of inflammatory 
factors IL-1β, IL-6 and TNF-α in lung tissue of rats in each group using ELISA kits. The results showed that the 
levels of inflammatory factors IL-1β, IL-6 and TNF-α in lung tissue of rats exposed to hypoxia for 4 weeks were 
up-regulated compared with the Nor group (618.61 ± 71.21 ng/L vs. 444.54 ± 58.41 ng/L, 525.76 ± 100.91 ng/L vs. 
386.74 ± 63.93 ng/L, 509.38 ± 62.31 ng/L vs. 327.60 ± 35.98 ng/L; P < 0.01 or P < 0.001). After oral administration 
of HF for 4  weeks, the levels of inflammatory factors IL-1β, IL-6 and TNF-α in lung tissue were down-
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regulated compared with the Hyp group (520.00 ± 66.85 ng/L vs. 618.61 ± 71.21 ng/L, 437.50 ± 74.96 ng/L vs. 
525.76 ± 100.91 ng/L, 433.33 ± 50.07 ng/L vs. 509.38 ± 62.31 ng/L; P < 0.05). These results suggested that HF could 
inhibit inflammatory response in lung tissue of HAPH rats (Fig. 3A–C, Tab S3). In addition, to assess the effects 
of HF on inflammatory factors in lung tissue of rats at plain, the Nor + HF group was set. The results showed that 
the levels of inflammatory factors IL-1β, IL-6 and TNF-α in lung tissue of rats were not statistical significance 
between the Nor + HF group and Nor group (434.44 ± 34.72 ng/L vs. 444.54 ± 58.41 ng/L, 338.18 ± 12.28 ng/L 
vs. 386.74 ± 63.93 ng/L, 308.13 ± 17.90 ng/L vs. 327.60 ± 35.98 ng/L; P > 0.05), which suggested that HF had no 
significant effects on inflammatory factors in lung tissue of rats under normoxic condition (Fig. 3A–C, Tab S3).

Effects of HF on pulmonary vascular proliferation in HAPH rats
α-SMA is an expressed protein of PASMCs and is often used as a marker protein to identify PASMCs. To 
evaluate the effects of HF on pulmonary vascular proliferation in HAPH rats, the expression of α-SMA in small 
pulmonary artery of rats was detected by IHC staining, and the expressions of PCNA, CDK6, Cyclin D1, p21 
in lung tissue of rats were also detected by WB. IHC staining results showed that the expression of α-SMA in 
pulmonary artery of rats exposed to hypoxic condition for 4 weeks was higher (P < 0.05), whereas intervention 
with HF reversed this alteration (P < 0.05; Fig. 4A, Tab S4). Meanwhile, WB results showed that the expressions 
of proliferative proteins PCNA, CDK6, Cyclin D1 were higher (P < 0.05 or P < 0.01) and the expression of 
antiproliferative protein p21 was lower (P < 0.01) in lung tissue of rats exposed to hypoxia compared with the 
Nor group. Compared with the Hyp group, the expressions of PCNA, CDK6, Cyclin D1 in lung tissue of rats 
were decreased (P < 0.05) and the expression of p21 was increased (P < 0.05) after administration of HF by gavage 
for 4 weeks. The above results suggested that HF could suppress the abnormal proliferation of PASMCs induced 

Fig. 1.  Effects of HF on hemodynamics and right ventricular hypertrophy in HAPH rats. (A) RVSP waveforms 
of rats in each group. (B–D) Changes in RVSP, mPAP, RVHI of rats in each group. The data are expressed as 
the mean ± SD, n = 10 per group. ***P < 0.001 vs. the Nor group; ###P < 0.001 vs. the Hyp group. RVSP: right 
ventricular systolic pressure; mPAP: mean pulmonary artery pressure; RVHI: right ventricular hypertrophy 
index.
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by the hypoxic environment at plateau (Fig. 4B–E, Tab S5). In addition, by setting up the Nor + HF group, we also 
found that HF had no significant effects on the expressions of PCNA and CDK6 (P > 0.05), but the expressions 
of Cyclin D1 (decreased) and p21 (increased) were statistically different (P < 0.05 or P < 0.01; Fig. 4B–E, Tab S5).

Effects of HF on the TGF-β1/Smad signaling pathway related proteins of lung tissue in HAPH 
rats
The TGF-β1/Smad signaling pathway participates in the progression of HAPH, and it remains unclear about 
whether the protective effects of HF on HAPH are related to this pathway. Therefore, we examined the expressions 
of TGF-β1/Smad signaling pathway related proteins in lung tissue of rats using WB. The results showed that the 
expressions of TGF-β1 and p-Smad2/3 were increased in lung tissue of rats exposed to hypoxic atmosphere 
compared with the Nor group (P < 0.05 or P < 0.01), while the expression of Smad2/3 had no statistical change 
(P > 0.05). Compared with the Hyp group, the expression of TGF-β1 and the phosphorylation level of Smad2/3 in 
lung tissue of rats were down-regulated after administration of HF by gavage (P < 0.05). These results suggested 
that the treatment of HAPH by HF was associated with reducing the activation of TGF-β1/Smad signaling 
pathway (Fig. 5A,B, Tab S6). In addition, we also found that HF had no significant effects on the expressions of 
TGF-β1, Smad2/3 and p-Smad2/3 in lung tissue of rats under normoxic condition by setting up the Nor + HF 
group (P > 0.05; Fig. 5A,B, Tab S6).

Fig. 2.  Effects of HF on pulmonary vascular remodeling in HAPH rats. (A) Representative pulmonary 
arterioles of left lung tissues were stained by HE in each group of rats (magnification × 100/400 and scale 
bar = 100 μm). (B,C) Changes in WT%, WA% of small pulmonary arteries in each group of rats. The data are 
expressed as the mean ± SD, n = 7 per group. ***P < 0.001 vs. the Nor group; ###P < 0.001 vs. the Hyp group. WT: 
wall thickness; WA: wall area.
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Discussion
The results of this study demonstrated that HF showed benefits during a HAPH model development through 
multi-targeted effects, such as reducing inflammatory factors and PASMCs proliferation in lungs of rats induced 
by the hypoxic environment of high altitude, and down-regulating the expression levels of TGF-β1/Smad 
signaling pathway related proteins.

HAPH is a malignant pulmonary vascular disease that develops due to incomplete adaptation of body to the 
hypoxic environment of high altitude. Our study successfully replicated the 6000 m HAPH rat model and found 
that the hypoxia-induced elevated RVSP and mPAP, right ventricular hypertrophy and pulmonary vascular 
remodeling in rats, which was consistent with previous findings16,17. After the intervention with HF, we found 
that it could reduce RVSP and mPAP, attenuate right ventricular hypertrophy, and improve pulmonary vascular 
remodeling in HAPH rats. In addition, we also found that HF had no obvious effects on rats in the normoxic 
environment. These results suggested that HF could alleviate the macroscopic indicators in HAPH rats, but what 
is the mechanism of its action, so we carried out further experiments and discussions.

Inflammation is involved in the occurrence and development of HAPH. It has been demonstrated that 
blood monocytes migrate to lung perivascular spaces and differentiate into interstitial macrophages under 
hypoxic environment, and these cells can further promote the inflammatory progression of PAH via secreting 
inflammatory factors IL-1β, IL-6 and TNF-α18. Previous studies have found that HF could inhibit inflammatory 
factors IL-1β, IL-6 and TNF-α in a variety of diseases. For example, HF suppressed the production of pro-
inflammatory cytokines IL-1β, IL-6 and TNF-α, and thus exerting a protective effect against lipopolysaccharide 
(LPS)-induced endothelial dysfunction19; increased production of inflammatory cytokines IL-1β, IL-6 and 
TNF-α in the serum of concanavalin A (ConA)-induced liver fibrosis rat model, and oral administration of HF 
for 8 weeks could attenuate the inflammatory response20; the levels of pro-inflammatory cytokines IL-1β, IL-6 
and TNF-α in the serum of acute viral myocarditis in suckling mices were down-regulated by HF, and the levels 
of anti-inflammatory cytokines were increased to exert protective effects21; by establishing the model of delayed-
type hypersensitivity (DTH) in vivo and in vitro, it was found that HF was an effective immunomodulator and 
anti-inflammatory agent22. However, the effects of HF on HAPH-related inflammatory factors IL-1β, IL-6 and 
TNF-α have not been reported. In this study, the levels of IL-1β, IL-6 and TNF-α in lung tissue were significantly 
increased by establishing the HAPH rat model, suggesting that there was a certain correlation between 
inflammation and symptoms of HAPH rats. After administration of HF for 4 weeks, the symptoms of HAPH 
rats were effectively alleviated, and the levels of IL-1β, IL-6 and TNF-α in lung tissue were also significantly 
decreased, which further suggested that the effects of HF on hemodynamics, right ventricular hypertrophy and 
pulmonary vascular remodeling in HAPH rats might be related to the inhibition of IL-1β, IL-6 and TNF-α 
levels. In addition, we also found that HF had no significant effects on these indices of rats exposed to normoxic 
condition.

The persistent contraction and abnormal proliferation of PASMCs are the core factors in the formation of 
HAPH. Under normal circumstances, the proliferation and apoptosis of various cells in vivo are in a dynamic 
homeostasis, which is disrupted in PASMCs stimulated by hypoxic condition23. α-SMA is a marker protein of 
PASMCs, which can reflect the degree of proliferation24. In addition, cell proliferation is achieved by regulating 
the cell cycle, in which proliferating cell nuclear antigen (PCNA), cyclin-dependent kinases (CDKs), cyclins 
and CDK inhibitors (CKIs) play a key role in regulating the process25–27. It has been shown that HF can inhibit 
cell proliferation by regulating cell cycle-related components. For example, in the tight-skin mouse model, cell 
proliferation was detected by using PCNA antibody and collagen type I probe, and local application of HF was 
found to inhibit the proliferation of dermal fibroblasts and reduce collagen synthesis, therefore ameliorating 
dermal fibrosis in mouse28; HF inhibited the cell proliferation of MCF-7 (human breast cancer cell line) via 
suppressing exosomal miR-31 targeting HDAC2 and regulating cellular G1/S phase components such as CDK2, 

Fig. 3.  Effects of HF on inflammatory factors in lung tissue of HAPH rats. (A–C) Changes of inflammatory 
factors IL-1β, IL-6, TNF-α in lung tissue of rats were detected by ELISA in each group. The data are expressed 
as the mean ± SD, n = 5–6 per group. **P < 0.01, ***P < 0.001 vs. the Nor group; #P < 0.05 vs. the Hyp group.
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Cyclin D1 and p2129; NRF2 regulated c-Myc, Cyclin D1 and Bcl-2 to promote the proliferation of cutaneous 
squamous cell carcinoma, and HF could enhance the antitumor effect of ALA-PDT by suppressing the expression 
of NRF2-associated signals30; HF arrested HepG2 and Huh7 cells (hepatocellular carcinoma cell line) from G1 to 
S phase by reducing the synthesis of Cyclin D1/B1 in hepatocellular carcinoma cells31. However, the role of HF 
in regulating cell cycle-related components has not been reported in HAPH. In the present study, we found that 
the hypoxic environment mediated pulmonary vascular remodeling in rats, and the important mechanism was 
the abnormal proliferation of PASMCs. Nevertheless, the use of HF could reduce the expression of α-SMA in 

Fig. 4.  Effects of HF on pulmonary vascular proliferation in HAPH rats. (A) α-SMA expressions of 
representative pulmonary arterioles were stained by IHC in each group of rats (magnification × 100/400 and 
scale bar = 100 μm). (B–D) Changes of proliferative indicators PCNA, CDK6, Cyclin D1 expressions in lung 
tissue of rats were detected by WB in each group. (E) Change of antiproliferative indicator p21 expression 
in lung tissue of rats was detected by WB in each group. Original blots are presented in Supplementary 
information. The data are expressed as the mean ± SD, n = 3 per group. $P < 0.05, $$P < 0.01, *P < 0.05, **P < 0.01 
vs. the Nor group; #P < 0.05 vs. the Hyp group.
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Fig. 5.  Effects of HF on TGF-β1/Smad signaling pathway related proteins of lung tissue in HAPH rats. 
(A) Change of TGF-β1 expression in lung tissue of rats was detected by WB in each group. (B) Changes 
of p-Smad2/3 and Smad2/3 expressions in lung tissue of rats were detected by WB in each group. Original 
blots are presented in Supplementary information. The data are expressed as the mean ± SD, n = 3 per group. 
*P < 0.05, **P < 0.01 vs. the Nor group; #P < 0.05 vs. the Hyp group.
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pulmonary artery, decrease the expressions of proliferative proteins PCNA, CDK6, Cyclin D1 and up-regulate the 
expression of antiproliferative protein p21, thus blocking the cell cycle and inhibiting the excessive proliferation 
of PASMCs. In addition, we also found that HF had effects on Cyclin D1 and p21 expressions in rats exposed to 
normoxia, but this did not cause the changes of macroscopic indicators in HAPH rats, which might be the results 
of multiple mechanisms acting together.

The TGF-β1/Smad signaling pathway is involved in the progression of HAPH32. It was found that HF 
could exert therapeutic effects in a variety of diseases by modulating the TGF-β/Smad signaling pathway. For 
instance, in the rodent anterior cruciate ligament transection (ACLT) models, it was found that HF alleviated 
the progression of osteoarthritis via inhibiting the activation of TGF-β/Smad signaling pathway and abnormal 
angiogenesis in subchondral bone9; HF prevented the development of melanoma bone metastases by down-
regulating the TGF-β-dependent phosphorylation levels of Smad2/3 in human melanoma cells7; in vivo and 
in vitro experiments revealed that HF reduced VEGF content in the bone marrow of acute promyelocytic 
leukemia (APL) mouse, decreased VEGF secretion and Smad2 phosphorylation in NB4 cells (APL cell line), 
and blocked the TGF-β signaling pathway, thereby reducing the growth and angiogenesis of leukemia10; HF 
restrained the TGF-β induced fibrotic response in fibroblasts8; in addition, HF also strengthened the antitumor 
effect of irradiation in lung cancer via inhibiting the TGF-β/Smad signaling pathway6. However, no studies have 
reported the role of HF in HAPH-related TGF-β1/Smad signaling pathway. The results of this study showed that 
the expression levels of TGF-β1/Smad signaling pathway related proteins were significantly up-regulated in lung 
tissue of HAPH rats, suggesting that this pathway was associated with HAPH to a certain extent. After 4 weeks 
of intragastric administration of HF, it was found that HF could down-regulate the expression of TGF-β1 and 
the phosphorylation level of Smad2/3, and attenuate the excessive activation level of TGF-β1/Smad signaling 
pathway in HAPH, thus improving the related symptoms of HAPH rats.

The TGF-β signaling pathway is closely associated with inflammatory and proliferative responses in PAH33. 
The TGF-β superfamily consists of 33 members, of which the main ones are TGF-βs (TGF-β1/2/3) and BMPs. 
Smad proteins are the classical downstream molecules of TGF-β superfamily, with TGF-βs mediating Smad2/3 
phosphorylation and BMPs mediating Smad1/5/8 phosphorylation, both of which exert regulatory effects by 
transmitting upstream signals from the plasma membrane to the nucleus34,35. Imbalanced signaling triggered 
by the TGF-β superfamily contributes to the dysregulation of vascular cell proliferation in PAH, with overactive 
pro-proliferative Smad2/3 signaling occurring alongside deficient antiproliferative Smad1/5/8 signaling, and its 
mediated inflammatory response is also involved36. Numerous studies have shown that TGF-β1 is most closely 
associated with the progression of PAH and that pulmonary vascular remodeling and PASMCs proliferation 
are often relieved by inhibiting the TGF-β1/Smad signaling pathway in PAH models14. Besides the classical 
Smad signaling pathway, TGF-β1 also plays a role in PAH by mediating non-Smad signaling pathways. For 
instance, TGF-β1 inhibited PASMCs apoptosis and further promoted the thickening of pulmonary vascular 
wall via activating the PI3K-Akt pathway37; calpain-2 promoted PASMCs proliferation and pulmonary vascular 
remodeling by up-regulating Akt phosphorylation through the intracellular TGF-β1/mTORC2 mechanism, 
which was independent of PI3K38; overexpression of TGF-β1 activated the RhoA/ROCK signaling pathway, 
thereby promoting the development of PAH39; CTRP9 exerted antiproliferative effect through the TGF-β1/
ERK1/2 signaling pathway in hypoxia-induced PAH40. The findings indicated that the level of inflammatory 
factors and proliferative indexes were elevated in HAPH rats compared with normoxic rats, and at the same time, 
the TGF-β1/Smad signaling pathway was over-activated. In contrast, after intervention with HF, the expression 
of TGF-β1/Smad signaling pathway was attenuated while inflammatory and proliferative responses were also 
weakened in HAPH rats. Therefore, we hypothesized that HF might improve the inflammatory and proliferative 
responses of HAPH rats by inhibiting the TGF-β1/Smad signaling pathway, so as to achieve the therapeutic 
effects.

Conclusion
Our results showed that HF could reduce hemodynamic parameters, attenuate right ventricular hypertrophy, 
and improve pulmonary vascular remodeling in HAPH rats, which be related to the inhibition of TGF-β1/Smad 
signaling pathway mediated inflammation and proliferation (Fig. 6). These findings suggest that HF is a potential 
drug for the treatment of HAPH, providing an experimental basis for the application of HF in HAPH, and this 
also offers a novel approach for the clinical treatment of HAPH patients.

Materials and methods
Materials
HF (purity > 97%, RH337723, R110877, CAS No. 55837-20-2; Fig.  7A) was purchased from Yien Chemical 
Technology Co., Ltd. (Shanghai, China) and dissolved in distilled water. Ethyl carbamate (purity > 99%) was 
purchased from Titan Technology Co., Ltd. (Shanghai, China) and dissolved in normal saline. Heparin sodium 
was purchased from First Biochemical Pharmaceutical Co., Ltd. (Shanghai, China). Rat IL-1β (YX-091203R), 
IL-6 (YX-091206R), TNF-α (YX-201407R) ELISA KIT were purchased from Youxuan Biotechnology Co., Ltd. 
(Shanghai, China). All immunohistochemical (IHC) reagents, RIPA buffer, PMSF, BCA protein assay kit, primary 
antibodies against α-SMA (Cat. No. 19245), PCNA (Cat. No. 13110), CDK6 (Cat. No. 3136), Cyclin D1 (Cat. 
No. 55506), Smad2/3 (Cat. No. 8685), p-Smad2/3 (Cat. No. 8828), β-actin (Cat. No. 4970), and Anti-rabbit (Cat. 
No. 7074)/mouse (Cat. No. 7076) IgG, HRP-linked antibodies were purchased from Cell Signaling Technology 
(Danvers, MA, USA). Primary antibodies against p21 (Cat. No. ab109199), TGF-β1 (Cat. No. ab179695) were 
purchased from Abcam (Cambridge, MA, USA).
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Experimental animals and ethical approval
Eight-week-old male Sprague–Dawley rats (200 ± 20 g) were purchased from the Animal Experiment Center 
of Xinjiang Medical University [License number: SCXK (XIN) 2023-0001] and housed in the SPF-grade 
animal room of the General Hospital of Xinjiang Military Command for 1 week of acclimation (temperature 
of 22–24 °C, humidity of 40–50%, and 12 h light/dark cycle), and had free access to food and water. All animal 
experimental protocols were approved by the Animal Ethics Committee of the General Hospital of Xinjiang 
Military Command (DWLL20220303), and all experiments were performed in accordance with relevant 
guidelines and regulations. Also, all methods complied with the ARRIVE guidelines.

HAPH rat model
The HAPH rat model was established by using the Northwest Special Environment Artificial Experimental 
Chamber (Feng Lei Oxygen Chamber Co., Ltd., Guizhou, China). Based on our previous modeling experience 
and the modeling methods of other units using the same type of experimental chamber16, we set the parameters 
as follows: simulated altitude of 6000 m, descending pressure rate of 5.0 m/s, fresh air volume demand of 50 
m3/h, so that the chamber pressure reaches 47.3 kPa, temperature of 22–24 °C, humidity of 40–50%, and 12 h 
night/day cycle. The artificial experimental chamber was lowered to the plain height for 1 h each morning for 
drug administration, bedding change, feed and water supplementation for 4 weeks.

Experimental design
The experimental animals were divided into equal size of groups using randomized and blinded method (n = 10 
per group). The intragastric dose of HF was based on our previous study41: by setting up HF groups with low 
(0.5 mg/kg), medium (1 mg/kg) and high (2 mg/kg) doses, we finally selected the medium dose as the one to 
be used in this experiment. In this study (Fig. 7B), rats were randomly divided into 4 groups: (1) normoxia 
group (Nor): rats were placed in plain environment for 4  weeks and given equal amounts of distilled water 
once daily by gavage; (2) normoxia + halofuginone group (Nor + HF): rats were placed in plain environment for 
4 weeks and given 1 mg/kg of HF once daily by gavage; (3) hypoxia group (Hyp): rats were placed in 6000 m 
artificial experimental chamber for 4 weeks and given equal amounts of distilled water once daily by gavage; 
(4) hypoxia + halofuginone group (Hyp + HF): rats were placed in 6000 m artificial experimental chamber for 
4 weeks and given 1 mg/kg of HF once daily by gavage. The rats under normoxic environment were given the 
same conditions except for hypoxic environment. We set up the Nor + HF group to test whether HF would 
affect the levels of hemodynamics, right ventricle, pulmonary vascular wall, inflammatory factors, proliferative/
antiproliferative proteins and TGF-β1/Smad signaling pathway related proteins in normoxic rats.

Hemodynamic measurement
After 4 weeks, the rats were weighed and anesthetized with 20% ethyl carbamate (5 mL/kg) by intraperitoneal 
injection, and fixed in supine position on the operating table. The small animal ventilator (Chengdu Instrument 
Factory, China) was connected after endotracheal intubation, and the parameters were set as follows: respiratory 

Fig. 6.  Mechanistic diagram of HF against HAPH. Inflammation and proliferation in rats are induced by the 
hypoxic environment of high altitude, while HF prevents inflammation and proliferation by inhibiting the 
TGF-β1/Smad signaling pathway to exert therapeutic effects against HAPH.
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rate of 60 breaths/min, tidal volume of 6  mL, and respiratory ratio of 3:2. After the vital signs of rats were 
stabilized, the thoracic cavity was opened to fully expose the lungs and heart, and a rigid polyethylene catheter 
filled with heparinized saline (0.9% NaCl solution + 25 U/mL heparin) was rapidly inserted directly into the 
right ventricle via the diaphragm4. The other end of the catheter was connected to a pressure transducer and a 
physiological signal recorder (Chengdu Instrument Factory, China) to monitor the pressure changes, and the 
right ventricular systolic pressure (RVSP) was recorded in each group of rats after the waveform was stable. The 
mean pulmonary artery pressure (mPAP) was calculated by the formula: mPAP = 0.61 × RVSP + 211.

Right ventricular hypertrophy testing
After hemodynamic measurement, the rats were sacrificed with an excess of 20% ethyl carbamate and the hearts 
were removed. The left and right atria and the root tissues of great vessels were cut along the atrioventricular 
sulcus, and then the right ventricle (RV) and left ventricle + septum (LV + S) were separated along the edge of the 
ventricular septum. After draining with filter paper and weighing, the RVHI was calculated to reflect the degree 
of right ventricular hypertrophy [RVHI = RV/(LV + S)]11.

Pulmonary vascular remodeling assessment
The left lung tissue of rats was isolated and fixed in 4% paraformaldehyde, trimmed along the pulmonary 
hilum and then embedded in paraffin. The paraffin blocks were cut into 4 μm thick sections and stained with 
hematoxylin–eosin (HE). We selected 7 slices of different rats in each group and measured the parameters with 
ImageJ software. The small pulmonary artery (50–200 μm) wall thickness (WT%) and wall area (WA%) were 
calculated to assess the degree of pulmonary vascular remodeling23,42.

Fig. 7.  HF and experimental protocols. (A) The chemical structure of HF. Formula: C16H17BrClN3O3; CAS 
No. 55837–20-2; Mr: 414.68. (B) Experimental groups, duration of drug administration and time point of 
detection. Nor: normoxia group; Nor + HF: normoxia + halofuginone group; Hyp: hypoxia group; Hyp + HF: 
hypoxia + halofuginone group.
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Inflammatory factors assay
After homogenizing the 0.1 g of right anterior lung lobe of rats in each group with appropriate amount of normal 
saline, the homogenate was centrifuged at 4000× g for 10 min at 4 °C (Thermo Scientific Hereaus FRESCO 21, 
Thermo Fisher Scientific, USA), and the supernatant was reserved for later use. The levels of inflammatory factors 
IL-1β, IL-6 and TNF-α in lung tissue of rats in each group were determined by enzyme-linked immunosorbent 
assay (ELISA), and the operation was carried out strictly according to the kit instructions.

IHC staining of the small pulmonary artery
The 4 μm paraffin-embedded left lung sections were dewaxed, rehydrated, and immersed in citrate unmasking 
solution for antigen repair by microwave heating to boiling. Then, the paraffin sections were blocked with the 
animal-free blocking solution (a blocking solution in IHC staining) for 1  h at room temperature and then 
incubated with primary antibody against α-SMA (1:320) at 4 °C overnight, and the next day incubated with 
secondary antibody conjugated with anti-rabbit horseradish peroxidase for 30 min at room temperature. Finally, 
the sections were stained with diaminobenzidine (DAB) and counterstained with hematoxylin, and the sections 
were dehydrated and sealed. IHC staining of α-SMA in the pulmonary artery of rats in each group was observed 
under the microscope (BX51, OLYMPUS, Japan), and we selected 3 slices of different rats in each group and 
analyzed α-SMA expression using ImageJ software (IHC Profiler plug-in).

Western blot (WB)
The right posterior lung lobe (0.1 g) of rats in each group was taken and lysed with RIPA buffer containing 1% 
PMSF (1 mM), and phosphatase inhibitors were added to detect phosphorylated forms of proteins. After lysate 
was centrifuged at 14,000 × g for 10 min at 4 °C, the supernatant was collected and the protein concentration was 
determined by BCA protein assay kit. The protein concentration was homogenized, boiled at 100 °C for 5 min 
and then packed and frozen. Equal amounts of proteins were separated by SDS-PAGE gels and electrotransferred 
to PVDF membranes. The membranes were blocked with 5% nonfat milk at room temperature for 1  h and 
washed with 1 × TBST three times, then incubated with primary antibodies against PCNA (1:1000), CDK6 
(1:2000), Cyclin D1 (1:1000), p21 (1:1000), TGF-β1 (1:1000), Smad2/3 (1:1000), p-Smad2/3 (1:1000), and 
β-actin (1:1000) overnight at 4 °C. The following day, the membranes were washed with 1 × TBST three times 
and incubated with HRP-linked secondary antibodies (1:2000) at room temperature for 1 h. After washing, the 
protein bands were exposed using the ChemiDoc-It 510 Imager (UVP, USA). Each experiment was repeated 
three times. The protein levels of bands were normalized to the levels of β-actin or non-phosphorylated protein.

Statistical analysis
SPSS 25.0, GraphPad Prism 8 and ImageJ software were used for statistical analysis and plotting. The experimental 
data basically complied with the normal distribution. All data were expressed as mean ± SD, one-way ANOVA 
was used for comparison between multiple groups. For multiple comparisons among groups, LSD-t test was 
used for homogeneous of variances and Dunnett’s T3 test was used for heterogeneous of variances. P < 0.05 was 
considered statistically significant.

Data availability
Data is provided within the supplementary information files.
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