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Abstract

Background and Purpose: Halofuginone is a febrifugine derivative originally isolated 

from Chinese traditional herb Chang Shan that exhibits anti-hypertrophic, anti-fibrotic and 
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anti-proliferative effects. We sought to investigate whether halofuginone induced pulmonary 

vasodilation and attenuates chronic hypoxia-induced pulmonary hypertension (HPH).

Experimental Approach: Patch-clamp experiments were conducted to examine the activity of 

voltage-dependent Ca2+ channels (VDCCs) in pulmonary artery smooth muscle cells (PASMCs). 

Digital fluorescence microscopy was used to measure intracellular Ca2+ concentration in 

PASMCs. Isolated perfused and ventilated mouse lungs were used to measure pulmonary artery 

pressure (PAP). Mice exposed to hypoxia (10% O2) for 4 weeks were used as model of HPH for in 

vivo experiments.

Key Results: Halofuginone increased voltage-gated K+ (Kv) currents in PASMCs and K+ 

currents through KCNA5 channels in HEK cells transfected with KCNA5 gene. HF (0.03–1 μM) 

inhibited receptor-operated Ca2+ entry in HEK cells transfected with calcium-sensing receptor 

gene and attenuated store-operated Ca2+ entry in PASMCs. Acute (3–5 min) intrapulmonary 

application of halofuginone significantly and reversibly inhibited alveolar hypoxia-induced 

pulmonary vasoconstriction dose-dependently (0.1–10 μM). Intraperitoneal administration of 

halofuginone (0.3 mg·kg−1, for 2 weeks) partly reversed established PH in mice.

Conclusion and Implications: Halofuginone is a potent pulmonary vasodilator by activating 

Kv channels and blocking VDCC and receptor-operated and store-operated Ca2+ channels 

in PASMCs. The therapeutic effect of halofuginone on experimental PH is probably due to 

combination of its vasodilator effects, via inhibition of excitation–contraction coupling and anti-

proliferative effects, via inhibition of the PI3K/Akt/mTOR signalling pathway.

Keywords

Pulmonary arterial hypertension; halofuginone; treatment; Ca2+ channel; K+ channel; KCNA5; 
smooth muscle cell

1 ∣ INTRODUCTION

Halofuginone is a synthetic halogenated derivative of febrifugine, a natural quinazolinone 

alkaloid originally isolated from the plant Dichroa febrifuga (also referred to as the Chinese 

herb Chang Shan (Pines & Spector, 2015). Halofuginone exerts beneficial effects on the 

treatment of malaria (Jiang et al., 2005; Samant & Sukhthankar, 2009), cancer (Elkin et al., 

1999), heart failure (Qin et al., 2017) and fibrosis-related autoimmune diseases (Nagler et 

al., 1996; Pines, 2014). In a scleroderma clinical trial, a topical formulation of halofuginone 

improved the mean total skin score, which was used to evaluate the severity of disease (Pines 

et al., 2003). At the cellular and molecular level, halofuginone has been shown to have an 

anti-proliferative effect on cancer cells (Grudzien et al., 2010).

Sustained pulmonary vasoconstriction due to pulmonary artery smooth muscle cell 

(PASMC) contraction and concentric pulmonary vascular remodelling due to PASMC 

proliferation and migration contribute to the elevated pulmonary vascular resistance and 

pulmonary artery pressure (PAP) in patients with pulmonary arterial hypertension (PAH) 

and animals with experimental pulmonary hypertension (PH). Current medical therapies for 

PAH include IP receptor agonists, such as prostacyclin and its analogues, ETA/ETB receptor 

antagonists such as bosentan and ambrisentan, voltage-dependent Ca2+ channel (VDCC) 
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blockers such as nifedipine and verapamil, soluble guanylate cyclase (sGC) stimulators such 

as riociguat and PDE inhibitors such as sildenafil (Galie et al., 2015). Recently, clinical 

trials, along with in vivo animal experiments and in vitro experiments using tissue and cells 

isolated from PAH patients, have also disclosed that tyrosine kinase receptor antagonists 

such as imatinib (Hoeper et al., 2013; Quatredeniers et al., 2019), 5-HT receptor and 

transporter inhibitors (MacLean, 2018) and intravascular pulmonary artery (PA) denervation 

(Rothman et al., 2020) have beneficial or therapeutic effects on PAH or experimental PH. In 

addition, many repurposed drugs (Prins et al., 2019), such as digoxin (by inhibiting hypoxia-

inducible factor-α) (Abud et al., 2012), rapamycin (by inhibiting mTORC1) (Houssaini et 

al., 2013), dehydroepiandrosterone (DHEA, by activating Ca2+-activated K+ channels and 

inhibiting oxidative stress) (Alzoubi et al., 2013; Krick et al., 2002; Paulin et al., 2011; 

Prins et al., 2019) and metformin (by activating AMP kinase) (Shang et al., 2016; Zhang 

et al., 2018), are all proven to have a beneficial effect on experimental PH (Prins et al., 

2019). A more effective drug for the treatment of PAH, for example, prostacyclin (PGI2), 

is one that affects multiple targets or signalling pathways to achieve its therapeutic effects 

(Lindegaard Pedersen et al., 2019). Searching for or developing new and effective drugs 

that can reverse established experimental PH by affecting multiple targets and different 

signalling pathways is an unfinished task in the research field of the pulmonary circulation 

and lung vascular disease. Halofuginone is potentially a new drug for the treatment of 

idiopathic and associated PAH and PH due to lung diseases and/or hypoxia.

An increase in cytosolic free Ca2+ concentration ([Ca2+]cyt) in PASMCs is a major 

trigger for pulmonary vasoconstriction and an important stimulus for PASMC proliferation 

and migration, and subsequent pulmonary vascular remodelling. Sustained pulmonary 

vasoconstriction and concentric pulmonary vascular remodelling (or concentric wall 

thickening) both contribute to the development and progression of PAH (Kuhr et al., 

2012; Sakao et al., 2015; Tuder et al., 2013). Up-regulated cation channels and enhanced 

Ca2+ influx through different Ca2+-permeable cation channels including VDCCs, receptor-

operated Ca2+ channels (ROCCs) and store-operated Ca2+ channels (SOCCs) in PASMCs 

have been implicated in the development of idiopathic PAH (Golovina et al., 2001; Lin et 

al., 2004; Song et al., 2011; Yu et al., 2009). Furthermore, down-regulation or dysfunction of 

K+ channels and membrane depolarization are reported to enhance voltage-dependent Ca2+ 

entry and cause pulmonary vasoconstriction and vascular remodelling in patients with PAH 

and animals with experimental PH (Bonnet et al., 2006; Weir et al., 2008; Yuan et al., 1998).

In this study, we sought to investigate whether acute treatment with halofuginone affects 

the function of Ca2+ and K+ channels in PASMCs and induces pulmonary vasodilation 

in isolated lungs and if chronic treatment with halofuginone would ameliorate established 

experimental PH via regression of the remodelled pulmonary vasculature in mice.

2 ∣ METHODS

2.1 ∣ In vivo animal experiments

All animal care and experimental procedures were approved by the Institutional Animal 

Care and Use Committee (IACUC) of the University of California, San Diego (Protocol 

No. S18205) and were performed according to the university and the Institutional Animal 
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Care and Use Committee (IACUC) guidelines that comply with national and international 

regulations. Animal studies are reported in compliance with the ARRIVE guidelines (Percie 

du Sert et al., 2020) and with the recommendations made by the British Journal of 
Pharmacology (Lilley et al., 2020). C57Bl/6 mice (male, 8 weeks old and ~25 g of body 

weight) purchased from The Jackson Laboratory were placed in standard cages under 12-h 

light and dark cycles provided with standard chow feed and tap water ad libitum. These mice 

were used for measuring pulmonary haemodynamics in intact animals, vascular reactivity 

in isolated perfused and ventilated lungs and lung vascular structural changes in lung 

angiograms.

The hypoxia-induced PH mouse model was established by exposing mice to 10% O2 (PO2 is 

approximately 71 mmHg) in a normobaric hypoxic chamber (BioSpherix, Lacona, NY) for 

4 weeks. The O2 level in the chamber was continuously monitored by a Proox Model P110 

oxygen sensor (BioSpherix) and maintained at 10% by flushing 100% N2 into the chamber. 

The normoxic control mice were housed in the same room (21% O2) but outside the hypoxic 

chamber. The bedding of the animal cages, as well as water and food for the animals, were 

replaced once a week.

Animal experiments were designed to have groups of equal size using randomized and 

blinded analysis. In some instance, however, group sizes were unequal due to unexpected 

loss of animals while conducting the procedures. In this study, we used the reversal 

experimental protocol to examine the effect of halofuginone on established experimental PH 

(or hypoxia-induced PH [HPH]). Mice were first randomly divided into four experimental 

groups: (i) normoxia + vehicle group (n = 10), (ii) hypoxia + vehicle group (n = 9), 

(iii) hypoxia group with intraperitoneal injection of 0.15 mg·kg−1, once a day (q.d.), of 

halofuginone (Hyp + HF-0.15) (n = 8) and (iv) hypoxia group with intraperitoneal injection 

of 0.3 mg·kg−1 (q.d.) of halofuginone (Hyp + HF-0.3) (n = 7). Halofuginone was injected 

per day (0.15 and 0.3 mg·kg−1·day−1), for 2 weeks after 4 weeks of hypoxic exposure. 

To examine whether halofuginone affects pulmonary haemodynamics in normoxia control 

group, we injected 0.3-mg·kg−1 halofuginone (i.p., q.d., for 2 weeks) and measured RVP 

and RV- ± dP/dt. The total duration of hypoxic exposure was 6 weeks, first 4 weeks to 

establish HPH and then 2 weeks for halofuginone treatment. In hypoxia + vehicle group, 

the equivalent amount of vehicle (DMSO) was injected i.p. to mice once a day for 2 

weeks after 4 weeks of hypoxic exposure. Following haemodynamic measurements, two 

sets of experiments were performed to measure Fulton index using the heart and conduct 

angiography experiments using the lungs.

All mice were weighed before experiments. After hypoxic exposure and treatment 

with halofuginone mice were anaesthetized by inhaling 1.5% isoflurane. Right heart 

catheterization was performed by introducing a highly sensitive Millar pressure catheter 

(PVR1030, 1F, Millar Instruments, Colorado, USA) through the external right jugular 

vein. A baseline calibration was performed for each mouse to ensure that the pressure 

measured by the catheter was 0 at the beginning of measurements. Right ventricular (RV) 

pressure (RVP) and RV contractility (RV- ± dP/dt) were measured continuously by the 

Millar pressure catheter, recorded and analysed by the LabChart software (ADInstruments, 

Colorado, USA). The mean systemic arterial pressure (mSAP) was continuously measured 
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by a Millar pressure catheter (ADInstruments, Colorado, USA) positioned in the left carotid 

artery and monitored using the Millar data acquisition system (ADInstruments, Colorado, 

USA). The mean PAP (mPAP) was estimated by the value of RV systolic pressure (RVSP) 

using the formula: mPAP = 0.61 × RVSP + 2 (in mmHg) (Chemla et al., 2004). Following 

the haemodynamic measurements, pentobarbital (120 mg·kg−1) was injected to minimize 

pain, the heart was carefully isolated, and the right and left atria were carefully removed 

to measure Fulton index. The right ventricle was precisely excised from the left ventricle 

(LV) and septum (S) and weighed immediately to avoid drying of tissue. The ratio of the 

weight of RV to the weight of LV and S [RV/(LV + S)], also referred to as Fulton index, was 

measured for each mouse to indicate RV hypertrophy.

2.2 ∣ Measurement of PAP in isolated, perfused and ventilated mouse lung

PAP was measured in isolated perfused and ventilated mouse lungs as described previously 

(Jain et al., 2020; Yoo et al., 2013). Briefly, C57BL/6 mice were anaesthetized with 

pentobarbital sodium (120 mg·kg−1, i.p.), and the trachea was immediately intubated and 

lungs ventilated with a normoxic gas mixture (21% O2, 5% CO2 and balanced N2) using 

a miniventilator (Minivent 845, Harvard Apparatus, Holliston, MA, USA). Heparin was 

injected into the right ventricle to prevent clotting in the pulmonary circulation. A stainless 

steel catheter was inserted to the main PA via RV. PAP was continuously measured by 

a pressure sensor (P75 type 379; Hugo Sachs Elektronik-Harvard Apparatus) attached to 

the PA catheter. A second catheter was introduced in the left heart to drain the perfusate. 

The lungs were perfused, via the PA catheter, with warm physiological salt solution (PSS, 

~37°C) containing 120-mM NaCl, 4.3-mM KCl, 1.8-mM CaCl2, 1.2-mM MgCl2, 19-mM 

NaHCO3, 1.1-mM KH2PO4, 10-mM glucose and 20% FBS (pH 7.4). In the isotonic high 

K+ or 40-mM K+ (40K)-containing solution, equimolar NaCl was replaced by 35.7-mM KCl 

to maintain the same osmolarity. The PSS perfused the isolated lungs via a peristaltic pump 

(ISM 834; Ismatec, Glattbrugg, Switzerland) at a flow rate of 1 ml·min−1. To achieve a 

stable baseline of PAP, the lung was first challenged by perfusing 40K-containing solution 

through the PA catheter three times (3 min for each time), while the lung was ventilated 

with normoxic gas mixture. To elicit a hypoxic response, the lungs was ventilated with a 

hypoxic gas mixture (1% O2, 5% CO2 and balanced with N2) for 4 min to achieve a stable or 

sustained increase in PAP. PowerLab 8/30 and LabChart (ADInstruments, USA) were used 

for data acquisition and data storage.

2.3 ∣ Mouse lung angiography

Lung angiograms were used to estimate pulmonary vascular remodelling in mice as 

described previously (Jain et al., 2020; Smith et al., 2015). After haemodynamic 

measurements, angiography experiments were performed on a second set of C57B1/6 

mice. Mice were first randomly divided into four experimental groups: (i) normoxia + 

vehicle group (Nor), (ii) normoxia + HF group with intraperitoneal injection of 0.3-mg·kg−1 

halofuginone (q.d.) (Nor + HF), (iii) hypoxia + vehicle group (Hyp) and (iv) hypoxia + HF 

group with intraperitoneal injection of 0.3-mg·kg−1 halofuginone (q.d.) (Hyp + HF-0.3); n = 

5 mice in each group. The mice were anaesthetized by pentobarbital sodium (120 mg·kg−1, 

i.p.). The chest was opened by a median sternotomy, and heparin (20 IU) was immediately 

injected into RV to prevent blood clotting in the pulmonary vasculature. A polyethylene tube 
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(PE-20, BD Instramedic™ PE Tubing) was inserted into the main PA through RV, and the 

PBS (pH = 7.4, at 36–38°C) was perfused into the PA at a flow of 0.05 ml·min−1 for 3 min 

to wash out residual blood and blood clots in the pulmonary vasculature. Then, a casting 

polymer, MICROFIL® (MV-122, Flow Tech, Inc., Carver, MA), was superfused into the 

PA using an automatic syringe pump (Farmingdale, New York, USA) at the same speed for 

1–2 min until the whole lungs were filled with the casting polymer. The MICROFIL-filled 

lungs were then carefully isolated and stored overnight at 4°C. The next day, dehydration 

was performed for the MICROFIL-filled lungs using different concentrations of ethanol 

(50%, 70%, 80%, 95% and 100%, twice for each concentration per hour) to show the 

lung vasculature. Following the dehydration, the lungs were placed in methyl salicylate 

on a shaker overnight. The dehydrated MICROFIL-filled lungs were then photographed 

with a digital camera (MU1000, FMA050, AmScope, CA, USA) through a dissecting 

microscope (WILD M651, Leica, Switzerland). The periphery of the left lung (1 mm from 

the edge) vascular image from the apical, middle and basal regions was selected with Adobe 

Photoshop software and converted to binary images using NIH ImageJ software to quantify 

the total length of lung vascular branches, the number of vascular branches and the number 

of vascular branch junctions at a given area. Angiography analysis was not blinded.

2.4 ∣ Cell culture and transfection

Normal human PASMCs (Lonza, RRID:SCR_000377) were cultured in smooth muscle 

growth medium (SMGM, Lonza), whereas HEK-293 cells were cultured in high-glucose 

DMEM (Invitrogen) supplemented with 10% FBS (Invitrogen), 100-IU·ml−1 penicillin 

and 100-μg·ml−1 streptomycin (Sigma-Aldrich). Cells were maintained in a humidified 

environment at 37°C and 5% CO2. Upon reaching 70–90% confluence, cells were detached 

with trypsin and plated on 25-mm coverslips for electrophysiological and in 60-mm Petri 

dish for Western blot experiments. The next day, HEK-293 (RRID:CVCL_0045) cells were 

transiently transfected with 2 μg of human KCNA5 construct (Plasmid No, RG219793; 

OriGene, Rockville, MD) using X-tremeGENE 9 DNA Transfection Reagent (Roche, 

Basel, Switzerland) for 4–6 h in Opti-MEM Reduced Serum Medium (Gibco). Then, the 

Opti-MEM medium was replaced with 10% FBS DMEM. Forty-eight to 72 h later, cells 

were collected for protein isolation or were used for electrophysiological experiments. The 

transfection efficiency was confirmed by Western blot.

2.5 ∣ Western blot analysis

The Immuno-related procedures used comply with the recommendations made by the 

British Journal of Pharmacology (Alexander et al., 2018). HEK-293 cells (transfected 

with KCNA5) and human PASMCs were washed with warm PBS and resuspended into 

1× RIPA buffer (Millipore) supplemented with protease inhibitor cocktail tablet (Roche) 

followed by the incubation on ice for 20 min. The suspensions were centrifuged at 8050 

g for 15 min at 4°C. The supernatants were collected, and protein concentrations were 

measured by a NanoDrop spectrophotometer (Thermo Scientific, USA). Cell lysates with 

equal quantities of protein were heated at 100°C for 7 min in 6× SDS sample buffer (Boston 

BioProducts), loaded into 4–12% Bolt™ Bis-Tris Plus polyacrylamide gel (Invitrogen) for 

electrophoretic separation and transferred to nitrocellulose membrane (Millipore) in Mini 

Gel Tank apparatus Invitrogen) under conditions recommended by the manufacturer. The 
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membranes were blocked in 5% non-fat milk (in 1× TBS containing 0.1% Tween 20) for 1 h 

at room temperature and incubated overnight at 4°C with primary antibodies for KCNA5 

(Santa Cruz Biotechnology, Cat. No. sc-25681, RRID:AB_2133661), phosphorylated 

mTOR (pmTOR) (Cell Signaling Technology, Cat. No. 2971S, 1:1000, RRID:AB_330970), 

phosphorylated AKT (pAKT) (Cell Signaling Technology, Cat. No. 4060S, 1:1000, 

RRID: AB_2315049), pan-AKT (Cell Signaling Technology, Cat. No. 4691S, 1:1000, 

RRID:AB_915783) and mTOR (Cell Signaling Technology, Cat. No. 2983S, 1:1000, 

RRID:AB_2105622). All samples were reprobed for β-actin (Santa Cruz Biotechnology, 

Cat. No. sc-47778; 1:2000, RRID:AB_626632) as a loading control. At the next day, the 

membranes were washed and incubated with anti-rabbit (Cell Signaling Technology, Cat. 

No. 7074S, RRID:AB_2099233) or anti-mouse (Cell Signaling Technology, Cat. No. 7076S, 

RRID:AB_330924) secondary antibodies for 1 h at room temperature. Blots were developed 

using the SuperSignal West Pico Chemiluminescent Substrate (Pierce Biotechnology). Band 

intensity of target proteins was normalized to β-actin and expressed in arbitrary units (a.u.). 

For Western blot analyses on pAKT, AKT, pmTOR and mTOR, the band intensity of 

target proteins from cells treated with PDGF-BB in the absence or presence of BAPTA and 

BAPTA-AM was normalized to the level of control cells (incubated in 0.3% FBS media) and 

expressed in arbitrary units.

2.6 ∣ Electrophysiological measurement

Whole-cell outward or inward currents were recorded with the patch-clamp technique using 

an Axopatch-1D amplifier and a DigiData 1322 interface (Molecular Devices). Whole-cell 

voltage-gated (Kv) currents (IK(V)) were recorded from primary human PASMCs and 

HEK-293 transiently transfected with the human KCNA5 gene (OriGene), whereas whole-

cell Ba2+ currents (IBa) through VDCCs were recorded from human PASMCs. Briefly, 

a glass coverslip plated with cells was mounted onto a Plexiglas perfusion chamber on 

the stage of a Nikon inverted microscope. For recording whole-cell IK(V), cells on the 

coverslip were bathed in Ca2+-free PSS containing 141-mM NaCl, 4.7-mM KCl, 3-mM 

MgCl2, 10-mM HEPES, 1-mM EGTA and 10 glucose (pH 7.4). The pipette (intracellular) 

solution contained 135-mM KCl, 4-mM MgCl2, 10-mM HEPES, 10-mM EGTA and 5-mM 

Na2ATP (pH 7.2). Ca2+-free extracellular and intracellular solution and EGTA were used to 

minimize the contribution of Ca2+-activated K+ currents to the whole-cell K+ currents. ATP 

is included in the intracellular solution to minimize the contribution of ATP-sensitive K+ 

currents to the whole-cell K+ currents. Under these conditions, the whole-cell K+ currents 

are mainly Kv currents. For recording whole-cell K+ currents through KCNA5 channels 

(IKCNA5), we used HEK-293 cells transiently transfected with the human KCNA5 gene. 

The same ionic composition of bath (extracellular) and pipette (intracellular) solutions used 

for recording whole-cell IK(V) in native PASMCs was used to record whole-cell IKCNA5 in 

KCNA5-transfected HEK-293 cells. Digital subtraction of the currents (IK(V) in PASMCs 

or IKCNA5 in HEK-293) recorded in cells during the application of halofuginone from the 

currents recorded in control cells was defined as halofuginone-sensitive IK(V) or IKCNA5. 

For recording whole-cell IBa through VDCCs, the extracellular (bath) solution contained 

115-mM NaCl, 10-mM BaCl2, 4.7-mM KCl, 0.5-mM MgCl2, 10-mM HEPES and 10-mM 

glucose (pH 7.4), and the pipette solution contained 130-mM CsCl, 10-mM EGTA, 5-mM 

Mg-ATP and 10-mM HEPES (pH 7.2). We used Ba2+ in the bath (extracellular) solution 
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as the charge carrier to measure inward currents through VDCCs and Cs+ in the pipette 

(intracellular) solution to minimize outward currents through K+ channels.

Patch pipettes (2–3 MΩ) were fabricated on an electrode puller (Sutter Instrument, 

Novato, CA) using borosilicate glass tubes and fire polished on a microforge (Narishige 

Scientific Instruments, Tokyo, Japan). Command voltage protocols and data acquisition were 

performed using pCLAMP-10 software (Axon Instruments). With the use of the 2–3 MΩ of 

pipettes, the series resistance was at a range of 4–9 MΩ when the whole-cell configuration 

was formed. Series resistance compensation was performed in most of the experiments 

for recording whole-cell currents. Currents were filtered at 1–2 kHz and digitized at 2–5 

kHz. Leak and capacitive currents were subtracted using the P/4 protocol in pCLAMP 

software. To obtain a full scale of current-voltage (I–V) relationship curve for whole-cell 

IK(V) in PASMCs or IKCNA5 in KCNA5-transfected HEK-293, the cells were depolarized to 

a series of test potentials (for 300 ms) ranging from −80 to +80 mV (in 20-mV increments) 

from a holding potential of −70 mV. For the I–V curves of whole-cell IBa, the cells were 

depolarized to a series of test potentials (for 200 ms) ranging from −40 to +30 mV (in 

10-mV increments) from a holding potential of −70 mV. All experiments were performed at 

room temperature (22–24°C).

2.7 ∣ Measurement of [Ca2+]cyt

Digital imaging fluorescence microscopy approach was used to determine [Ca2+]cyt in 

human PASMCs and HEK-293 cells. PASMCs were grown on glass coverslips (25 mm in 

diameter). Cells were first incubated with 4-μM Fura-2 acetoxymethyl ester (Fura-2/AM, 

Invitrogen/Molecular Probes, Eugene, OR) for 60 min at room temperature (22–24°C). Cells 

loaded with Fura-2/AM were then superfused with HEPES-buffered bath solution for 30 

min to washout extracellular Fura-2/AM and allow enough time for intracellular esterase to 

cleave Fura-2/AM to Fura-2. Cells loaded with Fura-2 were then alternatively illuminated 

at 340- and 380-nm wavelengths using Xenon lamp (Hamamatsu Photonics, Hamamatsu, 

Japan) connected to a Nikon inverted fluorescent microscope (Eclipse Ti-E; Nikon, Tokyo, 

Japan). The fluorescence emitted at 520 nm was captured using EM-CCD camera (Evolve; 

Photometrics, Tucson, AZ, USA), and the fluorescence intensity was analysed using NIS 

Elements 3.2 software (Nikon). The ratio of fluorescence intensity (F340/F380) was used to 

measure [Ca2+]cyt within an area of interest (AOI) in a cell and recorded every 2 s. The 

HEPES-buffered solution contained 137-mM NaCl, 5.9-mM KCl, 1.8-mM CaCl2, 1.2-mM 

MgCl2, 14-mM glucose and 10 HEPES (pH, 7.4, by NaOH). The Ca2+-free solution was 

prepared by replacing 1.8-mM CaCl2 with equimolar MgCl2 and adding 1-mM EGTA to 

chelate residual Ca2+. All experiments for measuring [Ca2+]cyt were performed at room 

temperature (22–24°C).

2.8 ∣ Data and statistical analysis

The data and statistical analysis comply with the recommendations of the British Journal of 
Pharmacology on experimental design and analysis in pharmacology (Curtis et al., 2015). 

Data analysis was performed in a blinded manner wherever possible. Statistical tests were 

performed using SigmaPlot 11.0 Systat Software (SigmaPlot Inc., Chicago, IL, USA) with 

group size equal to or more than 5 (n ≥ 5). ‘n’ represents the number of animals in in 
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vivo experiments or independent experimental values in in vitro experiments. No outliers 

were removed from the data analysis and presentation. Data are expressed as means ± SEM. 

Statistical analysis was performed using paired or unpaired Student's t test (for two groups) 

or ANOVA and post hoc tests (Student–Newman–Kuels or Holm–Sidak) (for multiple 

groups). The post hoc tests were only performed when there was a significant difference 

between two groups and there was no variance in homogeneity. Differences are considered 

significant at P < 0.05.

2.9 ∣ Materials

All drugs and chemicals were obtained from Sigma-Aldrich unless otherwise stated. 

Halofuginone (HY-N2584) was obtained from MedChemExpress (MCE, Monmouth 

Junction, NJ 08852, USA). Halofuginone and BAPTA-AM were dissolved in DMSO, 

whereas BAPTA was dissolved in distilled water, to make concentrated stock solutions of 

halofuginone, BAPTA and BAPTA-AM. These concentrated stock solutions were aliquoted 

and stored at −20°C until the day of experiments.

2.10 ∣ Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corresponding entries in 

the IUPHAR/BPS Guide to PHARMACOLOGY (http://www.guidetopharmacology.org) and 

are permanently archived in the Concise Guide to PHARMACOLOGY 2019/20 (Alexander, 

Christopoulos et al., 2019; Alexander, Fabbro et al., 2019; Alexander, Kelly et al., 2019a, b; 

Alexander, Mathie et al., 2019).

3 ∣ RESULTS

An increase in [Ca2+]cyt in smooth muscle cells is a major trigger for pulmonary 

vasoconstriction. Membrane depolarization-induced Ca2+ influx through VDCCs is an 

important trigger for excitation–contraction coupling in vascular smooth muscle cells. 

Activation of K+ channels and an increase in outward K+ currents result in membrane 

hyperpolarization or repolarization, which can subsequently inhibit Ca2+ influx through 

VDCCs. To test whether halofuginone induces pulmonary vasodilation by activating K+ 

channel activity and/or inhibiting Ca2+ influx, we first examined the effect of halofuginone 

on whole-cell K+ currents and Ca2+ currents in PASMCs using patch-clamp techniques and 

on receptor-operated (ROCE) and store-operated Ca2+ entries (SOCE) in PASMCs using 

digital imaging fluorescence microscopy.

3.1 ∣ Halofuginone reversibly increases whole-cell K+ currents in PASMCs

Hypoxia decreases K+ currents in rat PASMCs causing membrane depolarization (Yuan et 

al., 1993). We first used intracellular (or pipette) and extracellular (or bath) solutions that 

were suitable to measure whole-cell voltage-gated K+ (Kv) currents in PASMCs. In these 

experiments, the contribution of K+ currents through ATP-sensitive K+ (KATP) channels and 

Ca2+-activated K+ (KCa) channels to the whole-cell currents was minimized by including 

10-mM ATP and 10-mM EGTA in the pipette solution and Ca2+-free bath solution. 

Extracellular application of 1-μM halofuginone significantly and reversibly increased the 

whole-cell Kv currents in PASMCs (Figure 1a-c). The halofuginone -sensitive Kv currents 
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seemed to be induced by relatively negative potentials (between −40 and −60 mV) (Figure 

1d), whereas multiple parameter fitting was required to best fit the activation (sigmoid, 

four parameters), inactivation (exponential decay, triple, six parameters) and deactivation 

(sigmoid, three parameters) phases of the halofuginone -activated currents (Figure 1e). 

These data indicate that halofuginone significantly and reversibly increased whole-cell Kv 

currents in PASMCs and that several Kv channels contribute to the halofuginone-induced or 

halofuginone-enhanced Kv currents.

In human and animal PASMCs, many Kv channels are expressed and contribute to the 

whole-cell Kv currents. We and others previously reported that KCNA5 (or Kv1.5) is one 

of the Kv channels playing an important role in regulating membrane potential and acute 

hypoxic pulmonary vasoconstriction (HPV) (Archer et al., 1993, 2000; Platoshyn et al., 

2006; Post et al., 1995; Yuan, 1995). To examine if halofuginone directly affects KCNA5, 

we transfected the human KCNA5 gene to HEK-293 cells. As shown in Figure 2, transient 

transfection of KCNA5 into HEK cells generated large K+ currents upon depolarization 

from a holding potential of −70 mV to test potentials ranging from −40 to +80 mV 

(Figure 2a). The current amplitude and density in HEK-293 cells transiently transfected 

with KCNA5 (2009.0 ± 263.6 pA and 164.5 ± 31.8 pA·pS−1 at +80 mV) were approximately 

4.8 (current amplitude) and 12.7 (current density) times higher than those in native PASMCs 

(415.7 ± 12.4 pA and 12.9 ± 0.9 pA·pS−1 at +80 mV), respectively. Extracellular application 

of 1-μM halofuginone reversibly induced a 36% increase in the current amplitude and a 45% 

increase in the current density (Figure 2a-c). The I–V curve of the halofuginone -sensitive 

KCNA5 currents indicated an activation threshold of around −60 mV (Figure 2d), and 

the time course showed that halofuginone -induced increase in KCNA5 currents occurred 

within 1 min and maximized around 5 min after extracellular application of halofuginone 

(Figure 2e). Western blot experiments confirmed the efficient transfection and expression of 

KCNA5 in HEK 293 cells (Figure 2f) we used in the experiments. These results indicate that 

halofuginone significantly and reversibly increases K+ currents through KCNA5 channels.

3.2 ∣ Halofuginone inhibits Ca2+ entry through ROCC, SOCC and VDCC

Agonist ligand- and hypoxia-induced pulmonary vasoconstriction is triggered by an increase 

in [Ca2+]cyt in PASMCs due to Ca2+ influx through various Ca2+ channels in the plasma 

membrane and Ca2+ release from the intracellular stores (McDaniel et al., 2001). The Ca2+ 

influx through ROCC and SOCC is involved in pulmonary vasoconstriction induced by 

vasoactive agonists, such as endothelin-1, 5-HT and Ang II) (Liu et al., 2012; Xia et al., 

2013; Yamamura et al., 2011) and acute alveolar hypoxia (Wang et al., 2005, 2006). SOCE 

and ROCE are also enhanced in PASMCs isolated from rats with chronic HPH (Lin et 

al., 2004; Tang et al., 2016; Xiao, Su, et al., 2017), whereas VDCCs are up-regulated in 

pulmonary arteries in mice with HPH (Wan et al., 2013).

The calcium-sensing receptor (CaSR) is a GPCR that is activated by divalent cations such 

as Ca2+ and Mg2+ (Bouschet et al., 2008; Magno et al., 2011), and it appears to be involved 

in the development and progression of PH (Tang et al., 2016) To test if halofuginone affects 

CaSR-mediated increase in [Ca2+]cyt, we first transfected HEK-293 cells with the CaSR 
gene. The CASR-transfected cells were first superfused with Ca2+-free solution, and then 
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extracellular Ca2+-mediated increase in [Ca2+]cyt through activation of CaSR was induced 

by application of 1.8-mM Ca2+, as a ligand of CaSR, in the bath solution. Our previous 

study showed that application of extracellular Ca2+ to HEK cells overexpressing CaSR 

caused oscillatory increases in [Ca2+]cyt, whereas the Ca2+ oscillation was not present in 

non-transfected and GFP-transfected control cells (Song et al., 2020). As shown in Figure 3, 

extracellular application of Ca2+ to CASR-transfected HEK-293 cells caused an oscillatory 

increase in [Ca2+]cyt (Figure 3a). Halofuginone caused a concentration-dependent inhibition 

of the amplitude of extracellular Ca2+-induced oscillatory increase in [Ca2+]cyt (Figure 

3a,b) and the concentration–response curve implied that the IC50 for halofuginone-induced 

inhibition on CaSR-mediated Ca2+ influx was approximately 0.07 μM (Figure 3b). We 

also compared the basal [Ca2+]cyt in CASR-transfected HEK-293 cells treated with vehicle 

and all concentrations of halofuginone (0.03–1 μM). As shown in Figure 3c, halofuginone 

treatment also decreased basal [Ca2+]cyt. These data indicate that halofuginone significantly 

inhibited the CaSR-mediated increase in [Ca2+]cyt due to ROCE. In these experiments, 

however, we could not rule out the possibility that halofuginone might also inhibit CaSR-

mediated Ca2+ mobilization from intracellular Ca2+ stores.

We therefore tested the effect of halofuginone on SOCE in native PASMCs. We used 

cyclopiazonic acid (CPA, 10 μM), a sarcoplasmic/endoplasmic reticulum Ca2+ pump 

(SERCA) inhibitor, to induce intracellular Ca2+ store depletion or reduction (Seidler et 

al., 1989; Wu et al., 2017). Extracellular application of CPA (10 μM) induced an increase 

in [Ca2+]cyt in the absence of extracellular Ca2+ (0Ca) due apparently to Ca2+ mobilization 

or leak from the SR to the cytosol (Figure 3d, left panel). When CPA-mediated increase in 

[Ca2+]cyt in the absence of extracellular Ca2+ returned to the baseline level (i.e., when Ca2+ 

in the SR was depleted), restoration of extracellular Ca2+ to 1.8 mM (1.8Ca) caused another 

increase in [Ca2+]cyt (Figure 3d, left panel), which was due obviously to Ca2+ entry through 

SOCCs (Wu et al., 2017). Treatment of the cells with halofuginone (0.1 μM, for 10 min) 

had no effect on the increase in [Ca2+]cyt (first peak increase) due to CPA-mediated Ca2+ 

mobilization from the SR, but significantly inhibited the increase in [Ca2+]cyt (second peak 

increase) due to CPA-mediated Ca2+ influx through SOCCs (or SOCE) (Figure 3d, right 

panel, and Figure 3e). We also compared the basal [Ca2+]cyt in human PASMCs treated with 

vehicle and 0.1-μM halofuginone. As shown in Figure 3f, halofuginone slightly decreased 

basal [Ca2+]cyt with no statistical significance. These data indicate that halofuginone inhibits 

both ROCE and SOCE, but its effect on Ca2+ release remains elusive.

To examine the effect of halofuginone on voltage-dependent Ca2+ entry, we also measured 

and compared whole-cell voltage-gated Ca2+ (or Ba2+) currents in PASMCs before, 

during and after extracellular application of halofuginone. In these experiments, we used 

Ba2+ as the charge carrier to indicate VDCC activity because of its high permeability 

through VDCCs. Extracellular application of 1-μM halofuginone slightly, but with statistical 

significance, reduced the whole-cell Ba2+ currents, elicited by depolarizing the cells from a 

holding potential −70 mV to a series of test potentials ranging from −40 to +80 mV (Figure 

4a,b). The I–V curves showed that the activation threshold for the channels was around −30 

mV and the maximal currents occurred at +10 mV (Figure 4b). halofuginone reduced the 

amplitude of the currents but seemed to have little effect on the amplitude and kinetics of 

the currents (Figure 4c). The averaged data indicated that acute treatment of PASMCs with 
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halofuginone (1 μM for 10 min) resulted in a 48% decrease of the current amplitude at 

+10 mV (Figure 4d). The halofuginone-mediated inhibitory effect on VDCCs was associated 

with an inhibition of high K+-induced pulmonary vasoconstriction (Figure 4e,f). In isolated 

perfused and ventilated mouse lungs, intrapulmonary superfusion of solutions containing 

40K caused a rapid increase in PAP apparently due to membrane depolarization-induced 

increase in [Ca2+]cyt in PASMCs. Short-term treatment with halofuginone (1 μM) through 

intrapulmonary perfusion resulted in a reversible 42% inhibition of 40K-induced increase in 

PAP (Figure 4e,f). The inhibition of 40K-mediated pulmonary vasoconstriction (or increase 

in PAP) in isolated lungs was consistent with the reduction of whole-cell voltage-gated Ca2+ 

currents in PASMCs. These data indicate that halofuginone blocks L-type VDCCs, inhibits 

voltage-gated Ca2+ entry and causes pulmonary vasodilation.

3.3 ∣ Halofuginone inhibits acute HPV

Persistent pulmonary vasoconstriction induced by sustained alveolar hypoxia is involved 

in the increased pulmonary vascular resistance and PAP in patients with obstructive lung 

diseases (Simonneau et al., 2019), obstructive sleep apnoea (Simonneau et al., 2019) 

and chronic mountain sickness and in residents living in high altitude (Wilkins et al., 

2015). Using isolated perfused and ventilated lung preparations, we examined the effect of 

halofuginone on alveolar hypoxia-induced increase in PAP due to acute HPV. As shown 

in Figure 5a, the angiography image of the left lung showed the vascular complexity 

and density of pulmonary vascular tree (Figure 5a). Intrapulmonary arterial perfusion of 

vasoconstrictive agent (e.g., 40K-containing solution in this case, Figure 5b) or ventilation 

of hypoxic gas mixture (e.g., 1% O2 and 5% CO2 in N2) through a tracheal intubation 

tube caused a rapid increase in PAP in the isolated perfused/ventilated lung (Figure 5b); 

restoration of intrapulmonary arterial perfusion to PSS or ventilation to normoxic gas 

(room air, 21% O2) resulted in a rapid recovery of the increased PAP to the baseline level 

(Figure 5b). Short-term (10 min) treatment of the isolated perfused and ventilated lungs with 

halofuginone (through intrapulmonary arterial perfusion) significantly inhibited alveolar 

hypoxia-induced increase in PAP due to HPV (Figure 5c,d). Perfusion of halofuginone, 

from 0.1 to 1 μM, provided effective block of HPV (Figure 5e). These data indicate that 

intrapulmonary arterial perfusion of halofuginone at concentrations between 0.1 and 1 μM 

inhibited alveolar hypoxia-induced pulmonary vasoconstriction as a result of its inhibitory 

effect on VDCC and ROCC and augmenting effect on K+ channels, including KCNA5.

3.4 ∣ Halofuginone inhibits PDGF-mediated phosphorylation of Akt and mTOR in PASMCs

Receptor-mediated Ca2+ influx in PASMCs is not only required for agonist-mediated 

pulmonary vasoconstriction (Wu et al., 2017) but also required for or involved in growth 

factor-mediated PASMC proliferation and pulmonary vascular remodelling (Rieg et al., 

2018; Song et al., 2011; Yamamura et al., 2014). The in vitro and ex vivo experiments 

shown in this study indicate that halofuginone significantly inhibited Ca2+ influx in 

PASMCs, by indirectly activating K+ channel activity and directly inhibiting voltage-

dependent Ca2+ entry, ROCE and SOCE (Figures 1-5). The next set of experiments 

was designed to examine whether halofuginone -induced inhibitory effect on Ca2+ influx 

was associated with inhibition of intracellular signalling cascades required for PASMC 

proliferation.
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Growth factor-mediated PASMC proliferation is associated with activation of the PI3K/Akt/

mTOR pathway (Rieg et al., 2018; Song et al., 2011; Tang et al., 2016), one of the major 

signalling pathways associated with cell proliferation (Tang et al., 2015; Xiao, Peng, et 

al., 2017). We used BAPTA, a potent Ca2+ chelator, to chelate extracellular Ca2+ in the 

culture media, and BAPTA-AM, a cell-permeant Ca2+ chelator, to chelate intracellular Ca2+, 

to examine the effects of removal or chelation of extracellular and/or intracellular free 

Ca2+ on PDGF-mediated p-Akt and p-mTOR in PASMCs (Song et al., 2016). As shown 

in Figure 6a, chelation of free Ca2+ in extracellular perfusate by BAPTA significantly 

attenuated the increase in [Ca2+]cyt induced by CPA, a SERCA inhibitor that induces SOCE 

by passively depleting Ca2+ from the intracellular stores. In the presence of extracellular 

BAPTA, CPA still induced a marked increase in [Ca2+]cyt due to Ca2+ mobilization or 

leakage from the sarcoplasmic/endoplasmic reticulum to the cytosol. In PASMCs pretreated 

with BAPTA-AM, however, CPA failed to induce any increase in [Ca2+]cyt (Figure 6a,b). 

These data indicate that BAPTA and BAPTA-AM can efficiently inhibit or abolish increases 

in cytosolic free [Ca2+]cyt.

Chelation of extracellular Ca2+ by BAPTA or chelation of intracellular Ca2+ by BAPTA-AM 

significantly inhibited PDGF-mediated increases in p-Akt and p-mTOR in human PASMCs 

(Figure 6c), whereas treatment of the cells with BAPTA and BAPTA-AM further almost 

abolished the PDGF-mediated increases in p-Akt and p-mTOR (Figure 6c,d). These results 

provide compelling evidence that PDGF (and other growth factors)-mediated activation of 

the Akt/mTOR signalling pathway, indicative of increased p-Akt and p-mTOR, is dependent 

on Ca2+ influx and/or release in PASMCs.

Indeed, treatment of PASMCs with halofuginone (1 μM, for 48 h) significantly inhibited 

PDGF (10 ng·ml−1)-mediated increases in p-Akt/Akt and p-mTOR / mTOR ratios (Figure 

6e,f) as well as in p-Akt and p-mTOR (Figure 6g). The inhibitory effect of halofuginone 

on PDGF-mediated phosphorylation of Akt/mTOR was likely to be due to its inhibitory 

effect on Ca2+ influx in PASMCs. It has to be noted that halofuginone may inhibit Akt and 

mTOR phosphorylation via other mechanisms (Chen et al., 2015) (Follo et al., 2019). Given 

that the Akt/mTOR signalling pathway is a major pathway for inducing cell proliferation, 

the halofuginone -induced inhibitory effect on the Akt/mTOR signalling cascade would 

attenuate PASMC proliferation and, ultimately, ameliorate pulmonary vascular remodelling 

or concentric pulmonary arterial medial thickening.

3.5 ∣ Halofuginone partly reversed established experimental PH in mice

Sustained pulmonary vasoconstriction, inhibited vasodilation and concentric pulmonary 

arterial remodelling all contribute to the elevation of pulmonary vascular resistance and 

PAP in patients with PAH and animals with experimental PH (Kuhr et al., 2012; Stenmark 

et al., 2009; Tuder, 2017). In addition to its acute vasodilatory effect, halofuginone may 

exert a chronic regression effect on remodelled pulmonary vasculature and reverse PH. To 

test this hypothesis, we conducted a reversal experiment using mice with chronic hypoxia-

induced PH. As shown in the experimental protocol (Figure 7a), 8-week-old mice were first 

divided into four groups: (i) normoxic group (Nor), (ii) hypoxia + vehicle group (Hyp), 

(iii) hypoxia group with an intraperitoneal injection of 0.15 mg·kg−1, q.d., of halofuginone 
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(Hyp + HF-0.15) and (iv) hypoxia group with an intraperitoneal injection of 0.3 mg·kg−1 

(q.d.) of halofuginone (Hyp + HF-0.3). The Hyp and Hyp + HF mice were first exposed 

to normobaric hypoxia (10% O2) for 4 weeks and then were injected i.p., once a day, with 

vehicle (in Hyp group), 0.15 mg·kg−1 of halofuginone (HyP + HF-0.15) or 0.3 mg·kg−1 of 

HF (Hyp + HF-0.3) for two more weeks under hypoxic conditions before the haemodynamic 

and angiography measurements were conducted.

Four weeks of exposure to hypoxia significantly increased RVSP, a surrogate measure 

for pulmonary arterial systolic pressure (Figure 7b,c). Due to the increased RVSP during 

hypoxia, the RV contractility, indicated by RV- ± dP/dt, was also increased. The RV-dP/dt 

is a surrogate measure and reliable indicator for RV contractility that increases in response 

to the elevated PAP (Tabima et al., 2010; Vitali et al., 2014). Injection of halofuginone, 

i.p. once a day, at a dose of 0.15 mg·kg−1, for 2 weeks did not significantly attenuate the 

increases in RVSP and estimated mean PAP (mPAP) (Chemla et al., 2004; Parasuraman 

et al., 2016) (Figure 7b), Fulton index (Figure 7c) and the ratio of weight of RV to the 

weight of LV and S [RV/(LV + S)] during hypoxia (Figure 7b,c). Although there was a 

trend for 0.15-mg·kg−1 halofuginone to reverse the chronic hypoxia-induced PH, none of 

the parameters bear statistical significance. Then we repeated the experiments by increasing 

the dose of halofuginone to 0.3 mg·kg−1 (q.d., for 2 weeks) and found that halofuginone at 

the higher dose significantly ameliorated the chronic hypoxia-induced PH (Figure 7c,d). The 

data indicated that this dose of halofuginone reversed, at least partly, the established PH (by 

approximately 50–55% on RVSP and mPAP and more than 90% on Fulton index).

The next set of experiments was designed to repeat and confirm the reversal experimental 

results (shown in Figure 7) and show whether halofuginone affected pulmonary 

haemodynamics and lung vascular structure under normoxic conditions. Intraperitoneal 

injection of 0.3-mg·kg−1 halofuginone q.d. for 2 weeks after 4 weeks of exposure to 

normoxia (room air, 21% O2) had no significant effect on RVSP, mPAP and heart 

rate but slightly decreased RV- + dP/dtmax (Figure 8a,b). Four weeks of initial hypoxic 

exposure significantly increased RVSP, mPAP and RV- + dP/dtmax (Figure 8a,b). Then, 

2 weeks of intraperitoneal injection of halofuginone (0.3 mg·kg−1, q. d.) under hypoxic 

conditions significantly inhibited hypoxia-induced increases in RVSP and mPAP (Figure 

8b). Halofuginone had no effect on heart rate under normoxic or hypoxic conditions (Figure 

8b).

In addition to haemodynamics, we also tested the effect of halofuginone on pulmonary 

vascular remodelling by angiography. Chronic exposure of mice to hypoxia for 4 weeks 

significantly decreased the total number of lung vascular branches, the number of vascular 

branches and the number of vascular branch junctions (Figure 8c,d). It must be noted that 

the decreased number of lung vascular branches does not necessarily mean that the branches 

were lost during the 4-week exposure to hypoxia. The decreased total number of branches 

shown in angiogram in chronically hypoxic mice was mainly due to sustained pulmonary 

vasoconstriction, concentric pulmonary vascular wall thickening and in situ thrombosis 

that preclude or inhibit the contrast to fill into small pulmonary arteries and arterioles. 

Intraperitoneal injection of halofuginone (0.3 mg·kg−1, q.d., for 2 weeks) after 4-week 

normoxic exposure in control groups of mice had no significant effect on the total length of 
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branches, the number of branches and the number of junctions (Figure 8c,d). Administration 

of halofuginone (i.p., 0.3 mg·kg−1, q.d., for 2 weeks) after 4-week hypoxic exposure in 

chronically hypoxic mice reversed the angiography parameters (the total length of branches, 

the number of branches and the number of junctions) almost back to the normoxic control 

level. (Figure 8d).

Further, we also tested the effect of halofuginone on mSAP in mice with established 

experimental PH. As shown in Figure 9, halofuginone treatment (i.p., 0.3-mg·kg−1, q.d., 

for 1 week) in mice pre-exposed to 4 weeks of hypoxia had little effect on SAP (Figure 9a), 

LV- + dP/dtmax and heart rate (Figure 9b). The same experimental protocol, however, still 

caused a significant inhibition of RV hypertrophy, as indicated by a decrease of Fulton index 

(Figure 9c).

These data indicate that halofuginone at the dose of 0.3 mg·kg−1 (q.d. and i.p.) was 

an efficient therapy for experimental PH, inhibiting pulmonary vascular remodelling and 

vasodilating the pulmonary vasculature. The inhibitory effect of halofuginone on pulmonary 

haemodynamics and vascular structure was specific to mice with hypoxia-induced PH. 

Treatment with halofuginone given to mice under normoxic conditions had no effect on 

RVSP and mPAP, and halofuginone given to mice under hypoxic conditions had little effect 

on systemic arterial pressure and left ventricular contractility.

4 ∣ DISCUSSION

In this study, we report that (i) acute (5–10 min) treatment with halofuginone significantly 

and reversibly increased whole-cell Kv currents in PASMCs and K+ currents through 

KCNA5 channels in KCNA5-transfected HEK-293 cells; (ii) acute treatment with HF 

inhibited ROCE, specifically, CaSR-associated Ca2+ influx, and SOCE, specifically, 

CPA-mediated Ca2+ influx, in PASMCs; (iii) acute halofuginone treatment slightly, but 

significantly, decreased whole-cell cation currents through VDCCs in PASMCs; (iv) 

acute (5–10 min) intrapulmonary perfusion of halofuginone significantly inhibited acute 

alveolar hypoxia-induced pulmonary vasoconstriction and high K+-mediated pulmonary 

vasoconstriction; and (v) chronic treatment of mice with i.p. halofuginone partly and 

significantly reversed established experimental PH, as indicated by improved pulmonary 

haemodynamics, reduced lung vascular remodelling and inhibited RV hypertrophy.

Febrifugine, along with chloroquine and quinine, is an anti-malarial drug extracted from 

hydrangea and the Chinese herb D. febrifuga Lour, which belongs to the Saxifragaceae 

family of herbaceous perennial flowering plants. Extracts from either the roots or the leaves 

are effective for treating chicks infected with Plasmodium gallinaceum and in clinical cases 

of malaria (Leiba et al., 2006). The active quinazoline-type alkaloid isolated from the roots, 

with the molecular structure C16H2103N3, is designated as febrifugine (Koepfli et al., 1947). 

Halofuginone is a halogenated derivative of febrifugine and a Food and Drug Administration 

(FDA)-approved drug for treatment of scleroderma (Pines et al., 2003). Halofuginone also 

has therapeutic potential on autoimmune disease (Leiba et al., 2006), ischaemic retinal 

degenerative disease (Kunimi et al., 2019) and cancer (Elkin et al., 1999) based on its 
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anti-inflammatory, anti-fibrotic and anti-proliferative effects (Grudzien et al., 2010; Nagler 

et al., 1996; Sundrud et al., 2009).

The anti-malarial effect of febrifugine and its analogues is due, at least in part, to 

the interaction with prolyl-tRNA synthetase (ProRS) in the blood stage of infection. 

Halofuginone inhibits ProRS activity causing intracellular accumulation of uncharged tRNA 

and this action requires ATP (Zhou et al., 2013). Halofuginone also exerts anti-fibrotic effect 

by reducing collagen synthesis and increasing collagenase activity (Popov et al., 2006) in 

mice and rats with various fibrotic diseases (Levi-Schaffer et al., 1996; Pines et al., 2001) 

including pulmonary fibrosis (Nagler et al., 1996, 1998, 1999, 2000) (Gnainsky et al., 2004; 

Zion et al., 2009). Halofuginone, as shown in in vitro experiments, reduces Smad3 protein 

(Nelson et al., 2012), inhibits TGF-β-dependent Smad3 phosphorylation and up-regulates 

expression of the inhibitory Smad7 in a variety of cell types (Gnainsky et al., 2007; Roffe 

et al., 2010; Zion et al., 2009). The inhibition of Smad3 phosphorylation is due partly to 

halofuginone -dependent activation of Akt, ERK and p38 MAPK phosphorylation (Roffe 

et al., 2010). Halofuginone also inhibited endothelial cell MMP-2 expression, basement 

membrane invasion, capillary tube formation and vascular sprouting, as well as deposition 

of subendothelial ECM in vitro. In addition, halofuginone inhibits tumour angiogenesis 

and metastasis in vivo and in vitro (Juarez et al., 2012; Sheffer et al., 2007; Spector 

et al., 2012; Taras et al., 2006). Furthermore, halofuginone induces myofibroblast and 

melanoma cell apoptosis (Juarez et al., 2012; Spector et al., 2012) by inhibiting Smad3 

phosphorylation downstream of the TGF-β pathway. However, halofuginone also decreases 

apoptosis of the satellite cells that can re-enter the cell cycle to proliferate and differentiate 

into myoblasts, which is associated with a decrease in the Bax/Bcl2 ratio (Bodanovsky et al., 

2014). Halofuginone inhibits cobalt-mediated increase in HIF-1α (Kunimi et al., 2019) and 

inhibits NF-κB/p38 MAPK (Leiba et al., 2006) signalling pathways to inhibit cancer cell 

proliferation. Halofuginone also activates the amino acid response (AAR) by mimicking 

proline deprivation, protects against renal ischaemic injury and inhibits inflammation 

(Sundrud et al., 2009). The effects of halofuginone on Th17 differentiation involve increased 

signalling of ERK and down-regulated expression of STAT3 and NFATc1 (Park et al., 2014).

The observations from this study indicated that halofuginone significantly and reversibly 

enhanced whole-cell KV1.5/KCNA5 currents and decreased whole-cell cation currents 

through VDCCs in PASMCs. Halofuginone-induced increase in IK(V) or IKCNAS can lead 

to membrane hyperpolarization or repolarization, which subsequently decreases the open 

probability of VDCC. The halofuginone-induced inhibition of whole-cell Ba2+ currents 

through VDCCs in human PASMCs when membrane potential was clamped using the 

whole-cell configuration of patch-clamp techniques indicates that halofuginone also exerts 

an inhibitory effect on VDCCs that is independent of membrane potential change. The 

opposite effect of halofuginone on Kv channels (increasing the channel activity) and VDCCs 

(decreasing the channel activity) in human PASMCs suggests that halofuginone is an ideal 

drug for PAH or experimental PH by inducing pulmonary vasodilation and/or inhibiting 

sustained pulmonary vasoconstriction. Activity of L-type and T-type VDCCs has been 

implied not only in excitation–contraction coupling for vascular smooth muscle but also 

in smooth muscle cell proliferation and migration (Fleischmann et al., 1994; Hirenallur et 

al., 2008; Kuga et al., 1996; Nelson & Quayle, 1995). In addition to inhibiting Ca2+ influx 
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through VDCCs, halofuginone also exerted an acute inhibitory effect on ROCE induced by 

activation of CaSR and SOCE induced by passive store depletion (using CPA). These data 

seem to suggest that halofuginone has a non-selective inhibitory effect on different Ca2+-

permeable cation channels in PASMCs including VDCC, ROCC and SOCC. It is unclear 

whether and how halofuginone affects specific channel subunits in these three categories of 

cation channels.

The halofuginone-mediated inhibition of Ca2+ influx or increase in [Ca2+]cyt in PASMCs 

results in pulmonary vasodilation and inhibition of pulmonary vasoconstriction. In 

our in vitro experiments, we also found that halofuginone inhibited PDGF-mediated 

phosphorylation of Akt and mTOR in human PASMCs. The PI3K/Akt/mTOR signalling 

pathway is one of the major pathways controlling or regulating cell proliferation and 

protein expression in a variety of cell types (Sourbier et al., 2006; Woo et al., 2017; 

Xu et al., 2020). We and others have shown that the PI3K/Akt1/mTORC1 pathway is an 

important signalling pathway associated with pulmonary vascular remodelling in animals 

with experimental PH, due to its critical role in regulating PASMC (and other types of lung 

vascular cell) proliferation (Goncharov et al., 2014; Kudryashova et al., 2015; Tang et al., 

2015, 2018). The inhibitory effect of halofuginone on PDGF-mediated and Ca2+-sensitive 

activation or phosphorylation of Akt and mTOR might be due indirectly to its inhibitory 

effect on Ca2+ influx through various Ca2+ channels and/or directly to its inhibitory effect 

on receptor kinase activity (Juarez et al., 2017). Further studies are required to define the 

pharmacological mechanisms by which halofuginone decreases Akt/mTOR phosphorylation 

in human PASMCs.

Based on pharmacokinetic and pharmacodynamic studies, Stecklair et al. (2001) reported 

that i.p. injection of 1.5 mg·kg−1 of halofuginone in mice resulted in peak plasma 

halofuginone concentrations between 173 and 209 ng·ml−1. Using a non-compartmental 

pharmacokinetic model, the AUC of halofuginone produced by a dose of 1.5 mg·kg−1 given 

i.p., was 21,626 ng·ml−1·min−1, thus indicating a bioavailability of 100%. halofuginone 

after oral administration was undetectable in plasma indicating limited oral bioavailability 

(Stecklair et al., 2001). The study by Stecklair et al. (2001) also demonstrated that 

halofuginone doses greater than 1.5 mg·kg−1 showed significant toxicity in mice. It has been 

previously reported that i.p. doses of halofuginone between 50 and 300 μg·kg−1 exhibited 

significant anti-tumour effects with no significant toxicity (de Figueiredo-Pontes et al., 

2011). Some studies have further reported that using halofuginone doses between 5 and 400 

ng·ml−1 inhibits angiogenesis in vitro (Elkin et al., 2000) and T-cell activation (Leiba et al., 

2006). Recently, it has been shown that halofuginone has therapeutic potential in a mouse 

model of chronic periodontitis using doses between 0.1 and 1 mg (Wang et al., 2020). Thus, 

the doses we used for our in vitro and in vivo experiments were within the range previously 

reported.

The in vivo pharmacological experiments showed that halofuginone at 0.3-mg·kg−1 

(i.p. and q.d.) could efficiently ameliorate experimental PH in mice by improving 

pulmonary haemodynamics, regressing pulmonary vascular remodelling and attenuating 

RV hypertrophy. The partial reversal, by halofuginone, of hypoxia-induced PH in mice 

was believed to result from its combined vasodilative and anti-proliferative effects on the 
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pulmonary vasculature. The halofuginone -mediated activation of K+ channels or increase 

in whole-cell K+ currents or K+ efflux may contribute not only to inducing membrane 

hyperpolarization/repolarization and inhibiting excitation-contraction coupling in pulmonary 

arterial smooth muscle but also to promoting apoptotic volume decrease (AVD) and 

apoptosis in PASMCs, causing regression of pulmonary vascular remodelling (Chu et 

al., 2013). Halofuginone-mediated inhibition of voltage-dependent Ca2+ entry, ROCE and 

SOCE in PASMCs contribute directly to attenuating Ca2+-mediated PASMC contraction 

and migration (Jin et al., 2014) as well as Ca2+/calmodulin (CaM)-dependent PASMC 

proliferation (Chu et al., 2013). There are four steps in the cell cycle that are Ca2+/CaM 

dependent: transition from G0 phase to G1 phase, transition from G1 to S (DNA synthesis) 

phase, transition from G2 to M (mitosis) phase and the entire mitosis phase (Kahl & Means, 

2003). In addition, a rise in cytosolic and nuclear Ca2+ is also an initial stimulus for many 

signalling proteins and transcription factors, such as CaMK, MAPK, NFAT, CREB, AP-1 

and NF-κB that are associated with cell proliferation (Berridge, 1995; Graef et al., 2001; 

Sheng et al., 1990). Therefore, halofuginone -mediated inhibition of Ca2+ influx through 

various Ca2+-permeable cation channels would result efficiently in inhibition of the cell 

cycle or the Ca2+/CaM/CaMK-dependent PASMC proliferation and, ultimately, regression 

of pulmonary vascular remodelling. It is not known whether halofuginone -mediated 

improvement of pulmonary haemodynamics (i.e., decreased RVSP and mPAP) may also 

be due to reduction of cardiac output. Halofuginone is known to inhibit cardiac fibrosis and 

improve heart function in experimental animals (Huebner et al., 2008; Qin et al., 2017). 

Further studies are needed to investigate whether halofuginone also reduces VDCC activity 

and increases Kv channel activity in RV cardiomyocytes, thereby reducing cardiac output.

The in vitro and ex vivo experiments seemed to indicate that halofuginone affects, directly or 

indirectly, a number of targets to achieve the beneficial or therapeutic effect on experimental 

PH. The previously published modes of halofuginone actions include inhibition of TGF-

β-mediated Smad3 phosphorylation, inhibition of ProRS activity, inhibition of Th17 cell 

differentiation and inhibition of collagen type I synthesis (Keller et al., 2012; Nagler et 

al., 1997; Pines, 2008; Roffe et al., 2010; Sundrud et al., 2009). The observations from 

this study add more modes of its pharmacological actions: activation of Kv channels (e.g., 

KCNA5), inhibition of Ca2+ influx through VDCC, ROCC and SOCC and inhibition of the 

PI3K/Akt/mTOR signalling pathway in PASMCs. All these actions of halofuginone may 

contribute to the therapeutic effect on experimental PH shown in this study.

As mentioned earlier, halofuginone is an FDA-approved oral drug for the treatment of 

scleroderma based on its inhibitory effect on collagen type I synthesis (Pines et al., 

2003). Given that collagen deposition in the extracellular matrix contributes to increasing 

pulmonary vascular wall stiffness and the association of scleroderma with PAH (40% 

patients with scleroderma develop PAH) (Kolstad et al., 2018), more clinical studies are 

needed to confirm its beneficial effect on patients with PAH (including associated PAH in 

patients with scleroderma) and PH due to lung diseases and/or hypoxia.

In conclusion, halofuginone, an FDA-approved low MW drug, is a potent and reversible 

pulmonary vasodilator and reversed established PH in animals. The mechanisms involved in 

the acute vasodilator effect and chronic anti-proliferative effect of halofuginone include (i) 
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activation of Kv channels and enhancement of whole-cell K+ currents through Kv channels; 

(ii) inhibition of Ca2+ influx through VDCC, ROCC and SOCC; and (iii) inhibition of the 

PI3K/Akt/mTOR signalling pathway. Taken together with its anti-fibrotic, anti-inflammatory 

and anti-collagen synthesis effects, halofuginone is potentially a novel and efficient drug 

for treatment of PAH and PH associated with lung diseases and/or hypoxia and connective 

tissue disease.
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Abbreviations:

[Ca2+]cyt cytosolic free Ca2+ concentration

AAR amino acid response

AVD apoptotic volume decrease

CaM Ca2+/calmodulin

CaSR calcium-sensing receptor

CPA cyclopiazonic acid

DHEA dehydroepiandrosterone

HPH hypoxia-induced pulmonary hypertension

HPV hypoxic pulmonary vasoconstriction

KCa Ca2+-activated K+ channel

Kv voltage-gated K+ channel

LV left ventricle

mPAP mean pulmonary arterial pressure

mSAP mean systemic arterial pressure

PA pulmonary artery

PAH pulmonary arterial hypertension

PAP pulmonary artery pressure

PASMCs pulmonary artery smooth muscle cells

Jain et al. Page 19

Br J Pharmacol. Author manuscript; available in PMC 2022 December 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



PH pulmonary hypertension

ProRS prolyl-tRNA synthetase

PSS physiological salt solution

ROCC receptor-operated Ca2+ channel

ROCE receptor-operated Ca2+ entry

RV- ± dP/dt right ventricular contractility

RV right ventricular

RV/(LV + S) ratio of the weight of the right ventricle to the weight of the 

left ventricle and septum (also referred to as Fulton index)

RVP right ventricular pressure

RVSP right ventricular systolic pressure

S septum

sGC soluble guanylate cyclase

SOCC store-operated Ca2+ channel

SOCE store-operated Ca2+ entry

SR sarcoplasmic reticulum

VDCC voltage-dependent Ca2+ channel
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What is already known

• Halofuginone is an analogue of febrifugine originally isolated from traditional 

Chinese herb Chang Shan.

• Halofuginone shows beneficial effects in treatment of malaria, cancer, fibrosis 

and heart failure.

What does this study add

• Halofuginone increases voltage-gated K+ currents and decreases Ca2+ influx 

through various Ca2+ channels in PASMCs.

• Halofuginone attenuates hypoxic pulmonary vasoconstriction, inhibits 

hypoxia-induced pulmonary vascular remodelling and reverses established 

pulmonary hypertension.

What is the clinical significance

• Halofuginone shows promise in treatment for pulmonary hypertension by 

inducing vasodilation and reversing vascular remodelling.
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FIGURE 1. 
Halofuginone (HF) reversibly increases whole-cell K+ currents in pulmonary arterial smooth 

muscle cells (PASMCs). (a) Representative currents, elicited by depolarizing a cell from a 

holding potential of −70 mV to a series of test potentials ranging from −80 to +80 mV 

in increment of 20 mV, before (control), during (HF) and after (washout) extracellular 

application of 1-μM halofuginone. The halofuginone-sensitive K+ currents (IK) shown in 

inset are obtained by subtracting the currents recorded before halofuginone application 

(control) from the currents recorded during halofuginone application (HF). (b) Averaged 

current–voltage (I–V) relationship curves (means ± SE, n = 12) for currents recorded before 

(control), during (HF) and after (washout) halofuginone application. The halofuginone curve 

is significantly different from control and washout curves. (c) Amplitude of currents at +80 

mV under control, HF and washout conditions. Data shown are means ± SEM, n = 12. *P 
< 0.05, significantly different from control and washout. (d) Averaged HF-sensitive IK (left 

panel) and its I–V curve (right panel). Inset: enlarged portion of the I–V curve showing the 

halofuginone -sensitive IK at negative potentials (−80 to −40 mV). (e) Activation (left panel), 

inactivation (middle panel) and deactivation kinetics of averaged halofuginone-sensitive IK 

at +80 mV. The data were best fitted by sigmoid (four parameters) for activation, exponential 

decay (six parameters) for inactivation and sigmoid (three parameters) for deactivation
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FIGURE 2. 
Halofuginone (HF) reversibly increases whole-cell K+ currents in HEK cells transiently 

transfected with the human KCNA5 gene. (a) Representative outward K+ currents, elicited 

by depolarizing a cell from a holding potential of −70 mV to a series of test potentials 

ranging from −80 to +80 mV in increment of 20 mV, before (control), during (HF) and 

after (washout) extracellular application of 1-μM halofuginone. The halofuginone -sensitive 

K+ currents through KCNA5 channels (IKCNA5) shown in inset are obtained by subtracting 

the currents recorded before halofuginone application (control) from the currents recorded 

during HF application (HF). (b) Averaged current–voltage (I–V) relationship curves (means 

± SE, n = 8) for IKCNA5 recorded before (control), during (HF) and after (washout) 

halofuginone application. The halofuginone curve is significantly different from control 

and washout curves. (c) Amplitude of IKCNA5 at +80 mV under control, HF and washout 

conditions. Data shown are means ± SEM; n = 8 cells; for two of the 8 cells we were unable 

to record current after application of HF. *P < 0.05, significantly different from control and 

washout. (d) Averaged halofuginone -sensitive IKCNA5 (left panel) and its I–V curve (right 

panel). Inset: enlarged portion of the I–V curve showing the halofuginone -sensitive IKCNA5 

at negative potentials (−80 to −40 mV). (e) Time course of halofuginone -induced effect on 

IKCNA5. Normalized IKCNA5 at +80 mV before, during and after extracellular application of 

1-μM halofuginone. (f) Western bot analysis on KCNA5 in HEK cells transfected with an 

empty vector (control, n = 6 cells) or the human KCNA5 gene (KCNA5, n = 6 cells)
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FIGURE 3. 
Halofuginone (HF) inhibits receptor-operated and store-operated Ca2+ entry. (a) 

Representative traces showing changes in [Ca2+]cyt before, during and after superfusion 

of extracellular application of 1.8-mM Ca2+ (calcium) in HEK-293 cells transfected 

with the calcium-sensing receptor (CaSR) gene (CASR) with (HF) or without (vehicle 

[Veh]) treatment of 0.03-, 0.1- and 1-μM halofuginone. (b) Summarized data showing 

the concentration–response curve of 1.8-mM Ca2+-induced increases in [Ca2+]cyt in CASR-

transfected HEK-293 cells treated with different concentrations of halofuginone (0.0001 

to 1 μM). Data shown are means ± SEM, n = 6 independent experiments for each data 

points. *P < 0.05, significantly different from 0.0001-μM halofuginone. (c) Summarized 

data (means ± SEM) showing the basal [Ca2+]cyt in CASR-transfected HEK-293 cells 

treated with Veh (n = 5) and all concentrations of halofuginone (0.03–1 μM) (HF, n = 7). 

*P < 0.05, significantly different from Veh. (d) Representative traces showing changes in 

[Ca2+]cyt before and during extracellular application of cyclopiazonic acid (CPA, 10 μM) 

in the absence (0Ca) or presence (1.8Ca) of 1.8-mM Ca2+ in human PASMCs shortly (10 

min) treated with Veh (left panel) or 0.1-μM halofuginone (right panel). (e) Summarized 

data (means ± SEM, n = 6 independent experiments) showing the CPA-induced increases 

in [Ca2+]cyt in the absence (first peak, 0Ca) and presence (second peak, 1.8Ca) of 1.8-mM 

extracellular Ca2+ in human PASMCs treated with Veh or halofuginone (0.1 μM). *P < 0.05, 

significantly different from Veh. (f) Summarized data (means ± SEM) showing the basal 

[Ca2+]cyt in human PASMCs treated with Veh (n = 6 independent experiments) and 0.1-μM 

halofuginone (n = 6 independent experiments)
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FIGURE 4. 
Halofuginone (HF) reversibly decreases whole-cell voltage-gated Ca2+ currents (ICa) in 

pulmonary arterial smooth muscle cells (PASMCs). (a) Representative inward currents, 

elicited by depolarizing a cell from a holding potential of −70 mV to a series of test 

potentials ranging from −40 to +30 mV in increment of 10 mV, before (control), during (HF) 

and after (washout) extracellular application of 1-μM halofuginone. (b) Averaged current–

voltage (I–V) relationship curves (means ± SEM, n = 12) for currents recorded before 

(control), during (HF) and after (washout) halofuginone application. The halofuginone curve 

is significantly different from control and washout curves. (c) Activation and inactivation 

kinetics of ICa in PASMCs before (control), during (HF) and after (washout) treatment with 

halofuginone. (d) Amplitude of peak inward currents at +10 mV under control, HF and 

wash conditions. (means ± SEM; n = 5 in each group. *P < 0.05, significantly different 

from control and washout. (e) Representative records showing pulmonary arterial pressure 

(PAP) in isolated perfused/ventilated mouse lung before, during and after intrapulmonary 

superfusion of 40-mM K+ (40K)-containing solution in the absence or presence of 1-μM 

halofuginone. (f) Summarized data (means ± SEM, n = 5 in each group) showing the 40K-
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induced increase in PAP in isolated perfused/ventilated lungs before (control), during (HF) 

and after (wash) intrapulmonary application of 1-μM halofuginone. *P < 0.05, significantly 

different from control and washout
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FIGURE 5. 
Halofuginone (HF) inhibits acute hypoxia-induced pulmonary vasoconstriction (HPV) in 

isolated perfused/ventilated mouse lungs. (a) Representative lung angiogram of the left 

lung from a C57/BL6 mouse. (b) Representative records of pulmonary arterial pressure 

(PAP) in the isolated perfused/ventilated lungs before, during and after intrapulmonary 

perfusion with 40-mM K+ (40K)-containing solution through a right ventricular/pulmonary 

arterial catheter (left panel) or ventilation with hypoxic gas (Hyp, 1% O2 in N2) through 

tracheal intubation (right panel). (c) Representative record (left panel) of PAP before, during 

and after ventilation with Hyp (4 min) when the lung was perfused with physiological 

salt solution (PSS) with (HF) or without 1-μM halofuginone. Summarized data (means ± 

SEM, n = 7 mouse lungs, right panel) showing the acute hypoxia-induced increases in 

PAP before (Cont), during (HF) and after (wash) before (Cont), during (HF) and after 

(wash) intrapulmonary application of 1 μM halofuginone. *P < 0.05, significantly different 

from Cont. (d) Normalized changes of hypoxia-induced increases in PAP before (Cont), 
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during (HF) and after (wash) intrapulmonary application of 1-μM halofuginone. *P < 0.05, 

significantly different from Cont (blue). (e) Concentration–response curve showing the 

alveolar hypoxia-induced increases in PAP in the isolated perfused/ventilated lungs with the 

intrapulmonary application of different concentrations of halofuginone (0.1 to 10 μM). n = 5 

in each group
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FIGURE 6. 
Halofuginone (HF) inhibits Ca2+-sensitive Akt/mTOR phosphorylation in human PASMCs. 

Representative record (a) and summarized data (b, means ± SEM, n = 5 independent 

experiments) showing cyclopiazonic acid (CPA)-induced changes in [Ca2+]cyt in PASMCs 

superfused with 1.8-mM Ca2+ (1.8Ca)-containing solution in the absence (1.8Ca) or 

presence of BAPTA (BAPTA), BAPTA-AM (1.8Ca + BAPTA-AM) or BAPTA + BAPTA-

AM. *P < 0.05, significantly different from 1.8Ca. (c) Western blot analysis on 

phosphorylated Akt (pAKT), total Akt (AKT), phosphorylated mTOR (pmTOR) and total 

mTOR (mTOR) in control PASMCs and PASMCs treated with PDGF (PDGF-BB, 10 

ng·ml−1) in the absence (−) and presence (+) of BAPTA or BAPTA-AM. (d) Summarized 

data (means ± SEM, n = 8 independent experiments) showing the ratio of p-Akt/Akt and p-
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mTOR/mTOR in control PASMCs (control) and PDGF-treated PASMCs in the absence and 

presence of BAPTA or BAPTA-AM: PDGF alone, PDGF + BAPTA, PDGF + BAPTA-AM 

or PDGF + BAPTA + BAPTA-AM. *P < 0.05, significantly different from PDGF alone; #P 
< 0.05, significantly different as indicated. (e) Western blot analysis on p-Akt, Akt, p-mTOR 

and mTOR in control PASMCs and PASMCs treated with PDGF in the absence (vehicle 

control, Veh) and presence (HF) of 1-μM halofuginone (for 24 h). Summarized data (means 

± SEM, n = 5–6 in each group) showing the ratio of p-Akt/Akt and p-mTOR/mTOR (f) as 

well as the relative p-Akt, Akt, p-mTOR and mTOR protein level (g, normalized to actin) in 

control PASMCs (control) and PDGF-treated PASMCs in the absence (PDGF) and presence 

(PDGF + HF) of 1-μM halofuginone. *P < 0.05, significantly different from control; *P < 

0.05, significantly different from PDGF; #P < 0.05, significantly different as indicated.. (g) 

Summarized data (means ± SEM, n = 5–6 in each group) showing the ratio of p-Akt/Akt and 

p-mTOR/mTOR in control PASMCs (control) and PDGF-treated PASMCs in the absence 

(PDGF) and presence (PDGF + HF) of 1-μM halofuginone. *P < 0.05, significantly different 

from control; #P < 0.05, significantly different as indicated
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FIGURE 7. 
Halofuginone (HF) partly reverses established pulmonary hypertension (PH) in mice 

exposed to chronic hypoxia. (a) Timeline and experimental protocol for the pharmacological 

experiments in mice with experimental PH or hypoxia-induced PH. Mice were divided 

into four groups: normoxia (Nor), hypoxia + vehicle (Hyp), hypoxia + 0.15-mg·kg−1 

halofuginone (Hyp + HF-0.15) and hypoxia + 0.3-mg·kg−1 halofuginone (Hyp + HF-0.3). 

The Hyp and Hyp + HF mice were first exposed to hypoxia for 4 weeks and then were 

injected i.p. with vehicle or halofuginone at 0.15 or 0.3 mg·kg−1, once a day (q.d.), for two 

more weeks under hypoxic conditions before haemodynamic measurements were conducted. 

(b) Representative records of right ventricular pressure (RVP) (A, upper panels) and right 

ventricular (RV) contractility (RV- ± dP/dt) (A, lower panels) in normoxic (Nor) mice, 

hypoxic (Hyp) mice and Hyp mice receiving i.p. administration of 0.15 mg·kg−1 (Hyp + 

HF-0.15) or 0.3 mg·kg−1 (Hyp + HF-0.3) of halofuginone. Summarized data (B, means 

± SEM) showing right ventricular systolic pressure (RVSP), estimated mean pulmonary 

arterial pressure (mPAP), RV- + dP/dtmax and heart rate in Nor, Hyp, Hyp + HF-0.15 and 

Hyp + HF-0.3 mice, n = 7–10 in each group. *P < 0.05, significantly different from Nor; 
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#P < 0.05, significantly different from Hyp. (c) Summarized data (means ± SEM) showing 

Fulton index, the ratio of the weight of RV to the weight of left ventricle (LV) and septum 

(S) [RV/(LV + S)] in Nor, Hyp, Hyp + HF-0.15 and Hyp + HF-0.3 mice, n = 5 in each group. 

*P < 0.05, significantly different from Nor; #P < 0.05, significantly different from Hyp. (d) 

Summarized data (means ± SEM) showing averaged changes of RVSP (A, in mmHg and in 

% of Hyp), mPAP (B, in mmHg and in % of Hyp), RV- + dP/dtmax (C, in mmHg·s−1 and in 

% of Hyp) and Fulton index (D, in actual value of the ratio and in % of Hyp)
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FIGURE 8. 
Halofuginone (HF) partly reverses established pulmonary hypertension (PH) in mice 

exposed to chronic hypoxia by inhibiting pulmonary vascular remodelling. (a) 

Representative records of right ventricular pressure (RVP) (upper panels) and right 

ventricular (RV) contractility (RV- ± dP/dt) (lower panels) in normoxic (Nor) mice, Nor 

mice receiving intraperitoneal administration of 0.3 mg·kg−1 of halofuginone (Nor + 

HF-0.3), hypoxic (Hyp) mice and Hyp mice receiving 0.3 mg·kg−1 of halofuginone (i.p.) 

(Hyp + HF-0.3). (b) Summarized data (means ± SEM) showing right ventricular systolic 

pressure (RVSP), estimated mean pulmonary arterial pressure (mPAP), RV- + dP/dtmax and 

heart rate in Nor, Nor + HF-0.3, Hyp and Hyp + HF-0.3 mice, n = 5 in each group. *P < 

0.05, significantly different from Nor and Nor + HF-0.3; #P < 0.05, significantly different 

from Hyp. (c) Representative lung angiograph of the left lung at 8× (upper panels) and 30× 

(lower panels) magnification from Nor, Nor + HF-0.3, Hyp and Hyp + HF-0.3 mice. (d) 

Summarized data (means ± SEM) showing the total length of lung vascular branches (left 

panel), the number of lung vascular branches (middle panel) and the number of vascular 

branch junctions (right panel) per mm2 of area in the lungs from Nor, Nor + HF-0.3, Hyp 

and Hyp + HF-0.3 mice n = 5 in each group. *P < 0.05, significantly different from Nor and 

Nor + HF-0.3; #p < .05 and #P < 0.05, significantly different from Hyp. Eight-week-old mice 

were divided into four groups: normoxia (Nor), Nor + HF (0.3 mg·kg−1), hypoxia (Hyp) + 

vehicle and hypoxia + 0.3-mg·kg−1 HF (Hyp + HF-0.3). The Hyp and Hyp + HF mice were 

first exposed to hypoxia for 4 weeks and then intraperitoneally injected with vehicle and 

halofuginone (0.3 mg·kg−1), once a day (q.d.), for two more weeks under hypoxic conditions 

(total time, 6 weeks) before angiography measurements were conducted
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FIGURE 9. 
Halofuginone (HF) did not affect systemic arterial pressure (SAP) in mice with established 

pulmonary hypertension (PH). Summarized data (means ± SEM) showing systolic (left), 

diastolic (middle) and mean (right) systemic arterial pressure (SAP, a) measured by a 

catheter in left carotid artery as well as left ventricle (LV)- + dP/dtmax (left) and heart rate 

(right) (b) in normoxic mice (Nor), hypoxic mice (Hyp [6 weeks]) and Hyp (6 weeks) mice 

receiving 0.3 mg kg−1 of halofuginone (i.p. and q.d. for 1 week) (Hyp [6 weeks] + HF [0.3 

mg·kg−1., q.d., for 1 week]). (c) Summarized data (means ± SEM) showing Fulton index, the 

ratio of the weight of RV to the weight of LV and septum (S) [RV/(LV + S)] in Nor, Hyp and 

Hyp + HF mice (n = 5 in each group). *P < 0.05, significantly different from Nor and Nor + 

HF mice
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