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Purpose: Fatty oil of Descurainia Sophia (OIL) has poor stability and low solubility, which limits its pharmacological effects. We 
hypothesized that fatty oil nanoparticles (OIL-NPs) could overcome this limitation. The protective effect of OIL-NPs against 
monocrotaline-induced lung injury in rats was studied.
Methods: We prepared OIL-NPs by wrapping fatty oil with polylactic-polyglycolide nanoparticles (PLGA-NPs) and conducted in 
vivo and in vitro experiments to explore its anti-pulmonary hypertension (PH) effect. In vitro, we induced malignant proliferation of 
pulmonary artery smooth muscle cells (RPASMC) using anoxic chambers, and studied the effects of OIL-NPs on the malignant 
proliferation of RPASMC cells and phospholipase C (PLC)/inositol triphosphate receptor (IP3R)/Ca2+ signal pathways. In vivo, we 
used small animal echocardiography, flow cytometry, immunohistochemistry, western blotting (WB), polymerase chain reaction (PCR) 
and metabolomics to explore the effects of OIL-NPs on the heart and lung pathological damage and PLC/IP3R/Ca2+ signal pathway of 
pulmonary hypertension rats.
Results: We prepared fatty into OIL-NPs. In vitro, OIL-NPs could improve the mitochondrial function and inhibit the malignant proliferation 
of RPASMC cells by inhibiting the PLC/IP3R/Ca2+signal pathway. In vivo, OIL-NPs could reduce the pulmonary artery pressure of rats and 
alleviate the pathological injury and inflammatory reaction of heart and lung by inhibiting the PLC/IP3R/Ca2+ signal pathway.
Conclusion: OIL-NPs have anti-pulmonary hypertension effect, and the mechanism may be related to the inhibition of PLC/IP3R/Ca2+signal 
pathway.
Keywords: pulmonary hypertension, PLC/IP3R/Ca2+, nanoparticles, RPASMC, fatty oil

Introduction
Pulmonary hypertension (PH) is a pulmonary vascular disease characterized by progressive elevation of pulmonary artery 
pressure. In severe cases, right heart failure or even death may occur.1 The survey showed that the incidence rate and mortality of 
PH increase year by year.2,3 PH is a refractory disease that seriously threatens human health, and its pathogenesis is complex and 
the result of the interaction of many factors.4 Pulmonary artery pressure is mainly affected by pulmonary blood flow and 
pulmonary vascular resistance. Any structural and functional abnormality that leads to an increase in pulmonary artery blood 
flow and pulmonary artery resistance can cause an increase in pulmonary artery pressure. Studies have shown that pulmonary 
hypertension is mainly caused by genetics, drugs and various heart and lung diseases.5 In the pathological state of pulmonary 
hypertension, the stimulation of inflammation, hypoxia and other factors leads to the organic and functional lesions of pulmonary 
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arterioles, and then the function of endothelial cells is impaired. The secretion of a variety of vasoactive substances involved in 
endothelial cell function becomes unbalanced. This leads to excessive proliferation of smooth muscle cells in the media of the 
pulmonary arteries and lumen occlusion, resulting in an increase in pulmonary artery pressure. Long-term elevated pulmonary 
artery pressure leads to increased right heart workload and even right heart failure.6

The main pathological changes of pulmonary hypertension include pulmonary vasoconstriction, pulmonary remodeling 
and in situ thrombosis.7,8 Studies have shown that inhibition of malignant proliferation of arterial smooth muscle cells can 
effectively improve pulmonary vascular remodeling, thereby alleviating the symptoms of pulmonary hypertension.9,10 Further 
studies have shown that the increase in intracellular Ca2+ concentration may be at core of the development of pulmonary 
hypertension. Intracellular Ca2+ overload promotes pulmonary vascular immune inflammatory response, pulmonary vascular 
endothelial cell dysfunction, pulmonary vascular remodeling, right heart dysfunction and other pathological changes in the 
process of pulmonary hypertension.11–13 Similarly, it has been shown that elevated cytosolic Ca2+ concentration stimulates 
abnormal proliferation of PASMCs.14 PLC is a key enzyme that promotes phosphatidylinositol metabolism and calcium 
signaling. PLC/IP3R pathway is a classical Ca2+ signaling pathway.15 Studies have shown that in PASMC of patients with 
pulmonary hypertension, the PLC/IP3R calcium signaling pathway promotes the increase in cytosolic Ca2+ concentration in 
PASMC, and then promotes the proliferation of pulmonary artery smooth muscle cells.12,16 Therefore, the excessive activation 
of PLC/IP3R/Ca2+ signaling pathway is closely related to the abnormal proliferation of PASMC cells.17

In recent years, traditional Chinese medicine has received extensive attention due to its significant efficacy and safety. 
Descurainia sophia (known as Tinglizi in Chinese) is a traditional herb of the Brassicaceae family that is mainly used in 
Northeast Asia, including Korea, Japan, and China, to treat lung diseases.18 Previous studies have shown that Descurainia 
sophia can reduce pulmonary inflammation, inhibit lung cancer cell proliferation, and attenuate myocardial injury and cardiac 
remodeling.19–21 Our laboratory has previously conducted a systematic study on Descurainia sophia, and found that 
Descurainia sophia has good effects in treating lung diseases22 and improving pulmonary hypertension, and can significantly 
inhibit the expression of PLC.23 According to the types and polarity of Descurainia sophia, the fractions were divided into five 
fractions: fatty oil, oligosaccharides, flavonoid glycosides, flavonoid aglycones, and polysaccharides. Further studies found 
that the fatty oil fractions had good activity, but their anti-PH effects were not clear.19 Therefore, the present experiment 
investigated whether fatty oil could exert its anti-pH effect by inhibiting PLC/IP3R/Ca2+ signaling pathway.

GC-MS analysis revealed that the main component in fatty oil is 9, 12-octadecadienoic acid, 10,13,16-docosatrieno-
ate, linolenic acid, etc. Studies have shown that these fatty acids have good effects on inhibiting tumor cells, regulating 
immune inflammation and protecting lung parenchyma.21,24,25 In addition, the combination of fatty acids can better 
regulate the balance of fatty acids in the body, thereby improving the disease.26,27 However, these fatty acids are poorly 
water soluble and their double bonds are easily oxidized. The preparation of drugs into appropriate nano preparations can 
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improve the solubility of drugs, improve the bioavailability of drugs, and increase the efficacy.28,29 Therefore, we 
prepared OIL-NPs and conducted and in vitro experiments to explore their anti-PH effects.

Materials and Methods
Chemicals
Descurainia sophia was purchased from Tongrentang Drugstore in Beijing (Zhengdong New Area Store). Preparation of 
the fatty oil component of the seed of Descurainia sophia: After the seed of Descurainia sophia is powdered, it is 
extracted with a certain amount of petroleum ether, and then concentrated and dried under reduced pressure to obtain the 
fatty oil component. The extraction rate of fatty oil was 28.8%.19

Study on Composition of Fatty Oil
The composition of fatty oil was analyzed by Gas Chromatography-Mass Spectrometer (GC-MS), and the process was as 
follows: 4 mL n-hexane was added to fatty oil (about 100 mg), followed by 1 mL 0.8 mol/L NaOH methanol solution, 
and vortex for 5 min, dried with 0.5 g NaHSO4, centrifuged for 10 min, then supernatant was extracted, and dricated with 
0.22 μm filter membrane, to be analyzed by GC-MS. The chromatographic conditions were as follows: a DB-5 quartz 
capillary column with high purity helium as carrier gas and helium flow rate of 1.0 mL/min. The inlet temperature was 
280°C. Shunt injection, shunt ratio 10:1, injection volume 0.1 μL; The heating procedure is 50°C, keep for 2 min, then 
temperature rises to 200°C at 3°C/min, temperature rises to 300°C at 20°C/min, keep for 5 min, gasification chamber 
temperature 280°C, interface temperature 280°C. Mass spectrum conditions: collision gas velocity, helium 2.25 mL/min; 
nitrogen 1.5 mL/min; ion source: electron bombardment source, electron energy 70eV; scanning range 45–400 amu, ion 
source temperature 230°C, GC-MS interface temperature 280°C.

Preparation of OIL-NPs
The amount of fatty oil was weighed and diluted with PLGA solution (50 mg/mL, dichloromethane as solvent) to 5 mg/ 
mL. They were dispersed into 1% PVA (PVA; MW = 30–70 kDa; HD, 80%) aqueous solution at a volume ratio of 1:5 
and then phacoemulsified. A suspension of OIL-NPs was obtained after stirring the emulsion for 12 h to volatilize the 
dichloromethane. At room temperature, remove large particles by centrifuging with 2000×g for 2 min, and then 
centrifuging with 6000×g for 5 min to obtain precipitation. Wash with water twice to remove the unsealed drugs and 
impurities.

Evaluation of OIL-NPs Encapsulation Efficiency
After derivatization of linolenic acid reference, fatty oil samples, and OIL-NPs, drug loading and encapsulation 
efficiency were determined by HPLC. The HPLC conditions: C18 column, 244 nm UV detector, mobile phase: methanol: 
water = 93.5:6.5, column temperature 35°C, and flow rate 0.9 mL/min.

Characterization Studies of OIL-NPs
The polydispersity index (PDI), particle size distribution and particle size stability of OIL-NPs were measured by 
Zetasizer (Nano-ZS ZEN 3600; Malvern Instruments, Malvern, UK). The particle size morphology was observed by 
transmission electron microscopy.30 OIL-NPs and fat-free NPs were prepared, freeze-dried, and analyzed by infrared 
spectroscopy to determine the structure of OIL-NPs (Nicolet iS 50; Thermo, USA). The small animal in vivo imaging 
system was used to detect the distribution of OIL-NPs in vivo. Cy7 (PC0020; Beijing Solarbio Science & Technology) 
were dissolved with PLGA (contains fatty oils) and emulsified with 1% PVA to form fluorescent drug-loaded nanopar-
ticles. Male C57BL/N mice were injected with nanoparticles (5 mg·kg−1, calculated according to the concentration of 
Cy7) through the tail vein. At 3, 12 and 24 h after administration, the mice were anesthetized with isoflurane, and the 
fluorescence intensity of lung tissue was detected by small animal in vivo fluorescence imaging system (PearlTM Imager, 
LI-COR, USA) and statistical analysis was performed.
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In vitro Method
Cell Culture
RPASMC cells were purchased from Creative Bioarray. Cells were cultured in high-glucose medium (10% fetal bovine 
serum, 1% penicillin-streptomycin) at 37°C and 5% CO2.

Determination of Apoptosis, Mitochondrial Levels and Cell Viability
In the in vitro experiment, normal group (NC), model group (M), fatty oil group (oil), fatty oil nanoparticle group (OIL- 
PLGA) and PLC agonist group (PLC+) were set up. The OIL group was given 100 μg/mL fatty oil, and the OIL-PLGA 
group was given with 100 μg/mL fatty oil-loaded PLGA nanoparticles, PLC+ group was given 5μmol/l PLC agonist (m- 
3M3FBS) (MCE company, HY-19619, Shanghai, China) and 100 μg/mL fatty oil-loaded PLGA nanoparticles. RPASMC 
cells were seeded in 96-well plates (2×104/ mL) or 6-well plates (4×104/mL). Except NC group, other groups were placed 
in a hypoxia chamber for 72 hours to establish the model. Cell viability was detected by CCK-8 assay (Abcam, 
Cambridge, UK). After the cells were treated with apoptosis kit (BD Biosciences, Franklin Lakes, NJ, USA), mitochon-
drial membrane potential detection kit and Ca2+ detection kit (Beyotime Biotechnology, Shanghai, China), the apoptosis 
rate, mitochondrial membrane potential change and intracellular Ca2+ content were detected by flow cytometry (BD 
Biosciences, Franklin Lakes, NJ, USA).22

In vivo Method
Establishment of an Animal Model
Six-week-old Specific Pathogen Free grade SD male rats, weighing 180–200 g (animal number: SCXK Beijing 
2019-0008), were purchased from Beijing Huafukang Biotechnology Co., Ltd (Beijing China). SPF male C57BL/6N 
mice, aged 6–8 weeks, weighing 19–22 g, were purchased from Beijing Weitong Lihua Experimental Technology Co., 
LTD., license number: SCXK (Beijing) 2021–0006. Experimental animals were kept in a clean animal laboratory (18– 
20°C) with free access to food and water. Animal experiments were approved by Henan University of Traditional 
Chinese Medicine (Zhengzhou, China) (Ethics No. DWLL201908112). Experiments were carried out according to the 
guidelines and regulations of the Animal Care and Use Committee of the National Organization Engineering Center 
(Zhengzhou, China).

After a week of adaptive feeding, the animals were randomly divided into normal group (NC), model group (M), fatty 
oil low-dose group (OIL-L), fatty oil high-dose group (OIL-H), fatty oil nanoparticles low-dose group (OIL-PLGA-L), 
fatty oil nanoparticles high-dose group (OIL-PLGA-H), positive drug nifedipine group (NI) (MCE company, HY-B0284, 
Shanghai, China), PLC inhibitor neomycin sulfate group (PLC-) (MCE company, HY-B0470, Shanghai, China). Except 
NC group, the other groups were intraperitoneally injected with monocrotaline (60 mg/kg, i.p.) (MCE company, HY- 
N0750, Shanghai, China) on the first day to establish the model (pulmonary hypertension developed at 28 days).31 

Treatment was administered by injection (i.v.) on days 14 to 28 (every 2 days), with the following doses in each group: 
OIL-L (20 mg/kg), OIL-H (40 mg/kg), OIL-PLGA-L (20 mg/kg fatty oil-loaded PLGA nanoparticles), OIL-PLGA-H (40 
mg/kg fatty oil-loaded PLGA nanoparticles), NI (0.1 mg/kg), PLC- (20 mg/kg).

Measurement of Pulmonary Artery Pressure and Right Heart Function
Pulmonary artery pressure and right heart function were measured by ultrasound imaging in small animals (VisualSonics, 
Toronto, Canada). After anesthesia, the rats were placed on the detection plate. Use the ultrasonic probe to closely fit the 
place where the coupling agent is applied in the rat’s precordial region, and then twist the probe to find the appropriate 
section. M-ultrasound and Doppler ultrasound were used to measure the values, and then the results were analyzed.

Histological Assessment
Lung tissue and heart tissue were taken, fixed, paraffin embedded and sectioned. HE sections were obtained after staining 
with hematoxylin and eosin; Weigert's iron hematoxylin, acid fuchsin solution, and 1% phosphomolybdic acid aqueous 
solution were used to prepare Masson staining sections. Observe the pathological damage under the microscope and use 
ImagePro Plus 6.0 to save the picture.
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Enzyme-Linked Immunosorbent Assay (ELISA)
The levels of brain natriuretic peptide (BNP) (MM-0067R1, Meimian, Jiangsu, China), endothelin-1 (ET-1) (MM- 
0560R1, Meimian, Jiangsu, China) and tumor necrosis factor-α (TNF-α) (MM-0180R1, Meimian, Jiangsu, China) in 
serum were detected by enzyme-linked immunosorbent assay (ELISA).

Measurement of NO in Serum
We used the NO detection kit to detect the NO content in rat serum (Jiancheng, Nanjing, China), and all operations were 
performed according to the instructions.

Western Blotting
Take the heart and lung tissue of rats, extract the protein according to the operating instructions of the protein extraction 
kit, and determine the protein concentration by BCA method. After determining the loading amount according to the 
protein concentration, the protein was separated by polyacrylamide gel electrophoresis. Proteins were transferred to 
PVDF membranes using the semi-dry method. After blocking PVDF membranes with 5% BSA for 1 h, PLC (1:1000, 
19962-1-AP, Protentech), IP3R (1:1000, 66668-1-Ig, Protentech), STIM1 (1:1000, 11565-1-AP, Protentech), ORAI1 
(1:1000, 28411-1-AP, Protentech), NF-κB (1:1000, 66535-1-Ig, Protentech), and β-actin (1:5000, 66009-1-Ig, Protentech) 
were added and incubated overnight at 4°C. After washing five times with 0.1% PBST, secondary antibody was added. 
Then, blots were washed thrice with 0.1% PBST. Odyssey two-color imaging system and Image Studio software were 
used for quantitative analysis of protein bands.

Real-Time RT-qPCR
Take the heart and lung tissue or pulmonary artery smooth muscle cells and extract the RNA according to the instructions 
of the total RNA extraction kit (Beijing Solarbio Science & Technology). After the RNA concentration of the samples 
was determined with an ultramicrospectrophotometer, the samples were put into a thermal cycler and reverse transcribed 
to obtain cDNA. The synthesized cDNA was amplified by real-time PCR. The probes for genes, including PLC, IP3R, 
STIM1, ORAI1, P65, Dynamin-related protein 1 (Drp1), mitofusin 2 (MFN2), TNF-α, interleukin-6 (IL-6), BCL2- 
Associated X (BAX), interleukin-1β (IL-1β), B cell lymphoma-2 (Bcl-2) and Caspase-3 were purchased from Beijing 
Genomics Institute (BGI). Reaction conditions: 25°C, 5 min; 42°C for 60 min; 80°C for 10 min; It was maintained at 4°C 
to obtain cDNA. The amplification was performed by fluorescence quantitative PCR instrument under the reaction 
conditions of 95°C and 10 s. 95°C, 5 s; 60°C, 10 s; A total of 40 cycles were performed. The amplification curve was 
analyzed and the Ct value was calculated. GAPDH was used as the reference gene, and the 2−ΔΔCt method was used to 
calculate the relative expression of the target gene.22 The sequences for the primers used in our study are listed in 
Table 1.

UPLC-Q-TOF-MS Analysis
About 100 μL of serum was mixed with 500 μL of cold acetonitrile, vortexed for 60 s, and centrifuged at 12,000 rpm for 
10 min. After centrifugation, the supernatant was taken, diluted twice with distilled water, vortexed and centrifuged to 
obtain the tested samples. Serum samples were separated in a UHPLC system (AcclaimTMRSLC120 C18 (100 mm × 
2.1 mm, 2.2 μm)). Column temperature: 40°C; Mobile phase: pure acetonitrile (A) and 0.1% formic acid aqueous 
solution (B); Flow rate: 0.3 mL/min; Injection volume: 2 μL. Gradient elution procedure: 0–6 min, 10–70% A; 6–14 min, 
70–80% A; 14–16 min, 80–90% A. After preliminary separation of samples, the samples were analyzed by Q/TOF-MS 
equipped with electric spray ion source (ESI). Full scan quality data range: 50~1500 Da; Scanning time: 0.2 s; Desolvent 
gas flow rate: 8 L/min; Ion source energy: 3.0 eV; Capillary voltage: 3.5 kV (positive ion mode), 3.2 kV (negative ion 
mode); Calibration solution: sodium formate; Flow rate: 42 μL/h.32

Statistical Analyses
SPSS 20.0 statistical software was used for data analysis. Measurement data were expressed as mean ± standard deviation (x±s); 
One-way analysis of variance (one-way ANOVA) was used for comparison among multiple groups. P < 0.05 was considered 
statistically significant.
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Results
Analysis of Fatty Oil by GC-MS
Our laboratory had previously isolated and identified 64 components in fatty oil by gas chromatography-mass spectrometry (GC- 
MS) analysis, and 51 major components were identified by mass spectrum library search and retention index double qualitative 
method. The total relative content accounted for 97.75% of the total detected compounds. The substance with the most abundant 
content is 9.12-Octadecanedioic acid, methyl ester, accounting for 21.58%, followed by metal 10,13,16-docosatrienoate 
(19.39%). Linolenic acid, methyl ester (15.87%).33 The total ion current is plotted in Figure 1. Since the fatty oil were methyl 
esterified before entering the GC-MS analysis, the GC-MS results showed that most of them were lipids. Therefore, most of the 
components in fatty oils are fatty acids. Studies have shown that unsaturated fatty acids such as Octadecanediynoic acid, 
docosatrienoate and Linolenic acid have good effects on inhibiting immune inflammatory response, inhibiting tumor cell 
proliferation, anti-asthma and regulating immune response.25,34,35 Polyunsaturated fatty acids are tissue selective, and their 
combination can more comprehensively regulate the body’s metabolic disorders, and exert specific metabolic effects under 
specific physiological and pathological conditions.36–38

Table 1 Primer Sequences

Target Forward Primer (5´-3´) Reverse Primer (3´-5´) Product Size

PLC ATCCAGGAGGTGGTGCAGTA ATCTGCAGCTTGGGCTTCTC 125

IP3R GTTTTGTGGGAAACCGAGGC CCAAGCATGCAAACCAAGA 104

STIM1 AGCTGCGTGACGAGATCAAT TTTTGGCGGCTCCTCTCATT 91

ORAI1 CCGTTCACTTCTACCGCTCA GCCCGGTGTTAGAGAATGGT 131

P65 TGTATTTCACGGGACCTGGC CAGGCTAGGGTCAGCGTATG 110

Drp1 TTCTTCCCAGAGGGACTGGT TCAACTCCATTTTCTTCTCCTGT 109

MFN2 CCCTCGACAGTGTTTCTCCC CGGCTATTCTTAGGGCCCAG 138

TNF-α CATCAAGAGCCCTTGCCCTA CTGGAAGACTCCTCCCAGGTA 88

IL-6 GACTTCCAGCCAGTTGCCTT AAGTCTCCTCTCCGGACTTGT 83

IL-1β AGGCTGACAGACCCCAAAA CTCCACGGGCAAGACATAGG 178

Bax GACAGGGGCCTTTTTGCTAC CACTCGCTCAGCTTCTTGGT 123

Bcl-2 GGTGAACTGGGGGAGGATG AGAGCGATGTTGTCCACCAG 102

Caspase-3 GCTGGACTGCGGTATTGAGA TAACCGGGTGCGGTAGAGTA 108

GAPDH ACAGCAACAGGGTGGTGGC TTTGAGGGTGCAGCGAACTT 252

Figure 1 Total ion current diagram of fatty oil.
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Characterization of OIL-NPs
The experimental results show that linolenic acid standard substance was detected in about 10 min (Figure 2A). The 
chromatographic peaks of linolenic acid also appeared in the corresponding time of the chromatograms of fatty oil and 
OIL-NPs (Figure 2B and C). This indicates that the specificity of the experimental method is good. Taking the 
concentration (ug/mL) as the abscissa and the peak area as the ordinate, the linear regression equation of linolenic 
acid was y = 0.0083193X + 0.005803917000 (r = 0.9995). The results showed that the linearity of linolenic acid injection 
was good in the range of 1ug/mL-500ug/mL. According to the same method, the average recovery rate of fatty oil was 
86.12%, RSD was 0.14%, and the recovery rate of OIL-NPs was 100.07%, RSD was 0.52%, which showed that the 
experimental method had good recovery and high accuracy.

Finally, the drug loading and encapsulation rate of OIL-NPs were measured as 5.30% ± 0.049% and 60.09% ± 0.55% 
by the above method.

The average particle size of the nanoparticles (NPs) without fat OIL was 137.9 ± 2.45nm (Figure 2D), and that of 
OIL-NPs was 323.87 ± 4.81 nm, and PDI was 0.157 ± 0.009 (Figure 2E), which indicated that the fatty oil was 
encapsulated in the nanoparticles, so the average particle size of OIL-NPs was larger. The average particle size of OIL- 
NPs was similar to that of PLGA drug-loaded nanoparticles reported in literature.39,40 Moreover, the particle size of the 
OIL-NPs was determined for 7 consecutive days, and the results showed that the OIL-NPs had a good stability 
(Figure 2G). Transmission electron microscopy results showed that the nanoparticles were complete spherical particles, 
evenly dispersed among particles, and the particle size distribution was relatively uniform (Figure 2F).

In the OIL-NPs infrared spectrum, the C-H stretching vibration peak (3007 cm−1, 2923 cm−1, 2853 cm−1), C-O-C 
stretching vibration peak (1160 cm−1), and C-H bending vibration peak (718 cm−1) of fatty oil (OIL) appeared. At the 
same time, it also contains the characteristic absorption peak of NPs, such as C=O stretching vibration peak (1747 cm−1), 
C-H bending vibration (1449 cm−1, 1383 cm−1), C-O stretching vibration (1269 cm−1), C-O-C stretching vibration 
(1086 cm−1), C-H bending vibration peak (868 cm−1). It can be seen that the infrared characteristic peaks of fatty oil and 
NPs simultaneously appear in the OIL-NPs spectrum, and a new C-O-C peak appears at 1130 cm−1, which indicates that 
fatty oil and nanoparticles form a new ester absorption peak through chemical reaction (Figure 2H). This suggests the 
successful construction of OIL-NPs nanoparticles. In vivo imaging of small animals showed that OIL-NPs had 
accumulated in the lung tissue of mice 3 h after administration and could accumulate and stay in the lung tissue within 
12 h and 24 h after administration (Figure 2I).

Effects of OIL-NPs on Hypoxic-Induced Abnormal Proliferation of RPASMC Cells
PH is closely related to the malignant proliferation of RPASMC cells. In vitro experiments were performed to 
investigate the effect of OIL-NPs on RPASMC cell proliferation. Seventy-two-hour hypoxia significantly promoted 
the proliferation of RPASMC cells (Figure 3A). We found that concentrations of 50μg/mL and above of fatty oil 
could significantly inhibit the proliferation of RPASMC cells (Figure 3B). Our previous studies have shown that the 
total extract of Descurainia sophia can inhibit PLC expression. In order to investigate whether fatty oil of 
Descurainia Sophia nanoparticles can inhibit PLC, we designed a PLC agonist group. 5 μM PLC agonist could 
significantly increase the expression level of PLC (P<0.01) (Figure 3C). The cell proliferation activity in group M 
was increased (P<0.01), the apoptosis rate was decreased (P<0.01), the mRNA levels of apoptosis-related indicators 
Bax and Caspase-3 were decreased (P<0.01), and the level of Bcl-2 was increased (P<0.01). OIL group and OIL- 
PLGA group can improve these indicators (Figure 3D–F). Moreover, the Ca2+ content, mitochondrial membrane 
potential and the mRNA levels of STIM1, ORAI1 and DRP1 in the OIL group and OIL-PLGA group were increased 
(P<0.01), while the mRNA level of MFN2 was decreased (P<0.01) (Figure 3G–I). However, there was no 
significant difference in PLC+ group. This indicates that the effect of OIL-NPs was weakened or disappeared 
after the addition of PLC inhibitors. These results suggest that OIL-NPs may inhibit the malignant proliferation of 
RPASMC cells by regulating the expression of PLC.
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Figure 2 OIL-NPs of characterization(A) Chromatogram of linolenic acid. (B) Chromatogram of fatty oil. (C) Chromatogram of OIL-NPs (D) Mean particle size of 
nanoparticles (without fatty oil) (E) Average particle size of OIL-NPs. (F) OIL-NPs transmission electron microscope. (G) Particle size stability of OIL-NPs. (H) Fatty oil 
(OIL) (blue), nanoparticles (NPs) (yellow), fatty oil nanoparticles infrared absorption peak (OIL-NPs) (red) (I) in vivo distribution and targeting of OIL-NPs.
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Effects of OIL-NPs on Pulmonary Artery Pressure and Right Heart Function in PH Rats
Weight is a key indicator for evaluating drug side effects. In this study, OIL-NPs did not affect the body weight of rats 
(Figure 4A). HE section and Masson staining of lung tissue showed that the wall of pulmonary vessels in group M was 

Figure 3 Effects of OIL-NPs on apoptosis and PLC/IP3R/Ca2+ signaling pathway in RPASMC cells. (A) Screening of RPASMC cells model; (B) Effect of different 
concentrations of fatty oil on cell viability of RPASMC. (C) Screening of optimal dose of PLC agonist. (D) Effect of OIL-NPs on RPASMC cells viability. (E) Effect of OIL- 
NPs on apoptosis of RPASMC cells. (F) Effect of OIL-NPs on mRNA expression levels of Bax, Bcl-2, and Caspase-3 in RPASMC cells. (G) Effect of OIL-NPs on Ca2+ content 
in RPASMC cells. (H) Effects of OIL-NPs on mitochondrial membrane potential in RPASMC cells. (I) Effects of OIL-NPs on STIM1, ORAI1, DRP1 and MFN2 mRNA 
expression levels in RPASMC cells. 
Notes: Data are the mean ± SD (n = 6). **P<0.01 vs the NC group. ##P<0.01 vs the M group. &P<0.05, &&P<0.01 vs the OIL group. 
Abbreviations: NC, control group underwent standard culture; M, model group with hypoxic for 72 h; OIL, 50 μg/mL fatty oil, OIL-PLGA, 50 μg/mL fatty oil-loaded PLGA 
nanoparticles, PLC+, 5 μM m-3M3FBSd and 50 μg/mL fatty oil-loaded PLGA nanoparticles. Bax, BCL2-Associated X; Bcl-2, B cell lymphoma-2. Caspase-3, cysteine aspartic 
acid-specific protease 3. STIM1, stromal interaction molecule 1. ORAI1, calcium release-activated calcium channel modulator 1. Drp1, Dynamin-related protein 1. MFN2, 
mitofusin 2.
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Figure 4 Effects of OIL-NPs on pathological injury of heart and lung and right heart function in PH rats; (A) Effects of OIL-NPs on weight in PH rats. (B) Effects of OIL-NPs 
on pathological injury of lung in PH rats (HE and Masson staining, ×400) (Black arrows point to the pulmonary vascular portion). (C) The effect of OIL-NPs on the 
pathological damage of myocardial tissue in PH rats (HE and Masson staining, ×400). (Black arrows point to disarranged, scarred, or neat portions of myocardial tissue) (D– 
G) Effects of OIL-NPs on pulmonary artery pressure and right ventricular function in PH rats. (H) Echocardiography of rats in each group. (I–L) Effects of OIL-NPs on the 
contents of NO, ET-1, BNP and TNF-α in serum of PH rats. 
Notes: Data are the mean ± SD (n = 6). **P<0.01 vs the NC group. #P<0.05, ##P<0.01 vs the M group. &P<0.05, &&P<0.01 vs the OIL-H group. 
Abbreviations: NC, control group. M, model group with 60 mg/kg monocrotaline, i.p. OIL-L, 20 mg/kg fatty oil, i.v. OIL-H, 40 mg/kg fatty oil, i.v.; OIL-PLGA-L, 20 mg/kg 
fatty oil-loaded PLGA nanoparticles, i.v. OIL-PLGA-H, 40 mg/kg fatty oil-loaded PLGA nanoparticles, i.v. NI, 0.1 mg/kg nifedipine, i.v. PLC-, 20 mg/kg neomycin sulfate, i.v. 
RVHI, right ventricular hypertrophy index. mPAP, pulmonary artery pressure. RVID, inner diameter of right heart. RVOT CO, right cardiac output. ET-1, endothelin-1; TNF-α, 
tumor necrosis factor-α. BNP, brain natriuretic peptide; NO, nitric oxide.
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thickened, collagen fibers were aggregated around pulmonary vessels, lumen was narrowed, and inflammatory cells were 
aggregated and infiltrated. The thickening of pulmonary vascular wall and the aggregation of collagen fibers were 
reduced in each treatment group (Figure 4B). HE section and Masson staining of myocardial tissue showed that there was 
no obvious necrosis and inflammatory cell infiltration between cells in each administration group, and the deposition of 
collagen fibers in the interstitial tissue of cardiac tissue was significantly reduced (Figure 4C).

Compared with the NC group, the right ventricular hypertrophy index (RVHI), pulmonary artery pressure (mPAP), 
inner diameter of right heart (RVID) in the M group were increased (P<0.01), and the right cardiac output (RVOT CO) in 
the M group was decreased (P<0.01). The above indexes were improved in different dosage groups (P<0.01 or P<0.05) 
(Figure 4D–H). The serum levels of ET-1, TNF-α and BNP in the model group were increased (P<0.01), and the serum 
level of NO was decreased (P<0.01). The serum levels of ET-1, TNF-α and BNP in the M group were increased 
(P<0.01), and the level of NO in the M group was decreased (P<0.01). Compared with the M group, the treatment groups 
showed improvement effect (P<0.01 or P<0.05) (Figure 4I–4L). In the above experimental results, the effect of OIL- 
PLGA-L group was stronger than that of OIL-H group (P<0.01 or P<0.05). These results suggested that fatty oil and 
OIL-NPs can reduce the pathological damage of heart and lung in PH rats, reduce pulmonary artery pressure, improve 
right heart function, and reduce the expression of inflammatory factors. According to the above results, the effect of OIL- 
H group was stronger than that of OIL-L group, while the effect of the OIL-PLGA-L was better than that of the OIL-H 
group. Therefore, the OIL-H group and the OIL-PLGA-L group were selected later for further mechanism exploration.

Effect of OIL-NPs on PLC/IP3R/Ca2+ Signaling Pathway in Lung Tissue of PH Rats
Compared with NC group, the protein and mRNA expressions of PLC, mRNA expressions of IP3R and Ca2+ content in 
lung tissue of M group were increased (P<0.01). The above indexes were decreased in each administration group 
(P<0.01) (Figure 5A–C). These results suggested that fatty oil and OIL-NPs may play an anti-pH role through the PLC/ 
IP3R/Ca2+ signaling pathway. The protein expression of STIM1, ORAI1 and NF-κB was closely related to Ca2+ content. 
Our results show that the protein expression of STIM1, ORAI1 and NF-κB in lung tissue of M group was increased 
(P<0.01). Compared with M group, the protein expressions of STIM1, ORAI1 and NF-κB in the lung tissues of the rats 
in each treatment group were decreased (P<0.01) (Figure 5A). The mRNA expression of P65, TNF-α, IL-1β and IL-6 in 
lung tissue of rats in M group was increased (P<0.01). The mRNA levels of the above inflammatory factors could be 
decreased in each administration group (P<0.01) (Figure 5D). In the above experimental results, the effect of OIL- 
PLGA-L group was stronger than that of OIL-H group (P<0.01 or P<0.05). This further suggests that fatty oil and OIL- 
NPs may regulate Ca2+ through the PLC/IP3R/Ca2+ signaling pathway to reduce inflammatory response and thus play a 
role in anti-PH.

Effect of OIL-NPs on PLC/IP3R/Ca2+ Signaling Pathway in Myocardial Tissue of PH 
Rats
Compared with NC group, the protein and mRNA expression of PLC, IP3R mRNA expression and Ca2+ content in 
myocardial tissue of rats in M group were increased (P<0.01). The above indexes were decreased in each administration 
group (P<0.01) (Figure 6A–C). Similar to the results in lung tissue, the protein expression levels of STIM1, ORAI1, and 
NF-κB and the mRNA expression levels of TNF-α, IL-1β, IL-6, and P65 were reduced in each administration group 
(P<0.01 or P<0.05) (Figure 6D and E). In the above experimental results, the effect of OIL-PLGA-L group was stronger 
than that of OIL-H group (P<0.01 or P<0.05). These results suggest that OIL-NPs may play an anti-PH role through the 
PLC/IP3R/Ca2+ signaling pathway.

Metabolic Serum Profiling
The basal peak chromatogram of serum samples from rats was obviously separated, and evenly distributed, and the peak 
height of each group was different. The results showed that the metabolite content of M group and NC group and M 
group and OIL-PLGA-L group were changed (Figure 7A). In the PCA score plot, NC and M groups were separated, and 
the administration group and NC group were clustered into one group (Figure 7B), indicating that OIL-NPs had a good 
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intervention effect on rats with pulmonary hypertension. In order to find the endogenous products that caused the 
metabolic profile changes in rats, OPLS-DA analysis was performed on the NC group, M group and OIL-PLGA-L group. 
The results showed that the NC group was significantly separated from the M group, and the M group was separated from 
the OIL-PLGA-L group (Figure 7C–F). S-plot analysis was performed on OPLS-DA score maps, and biomarkers with 
large differences were selected according to VIP>3 and P<0.05. Finally, a total of 50 biomarkers were identified, there 
were 24 identical markers in NC group, M group and OIL-PLGA-L group (including 15 positive source markers and 9 

Figure 5 Effects of OIL-NPs on PLC/IP3R/Ca2+ signaling pathway in lung tissues of PH rats. (A) Effects of OIL-NPs on the expression of PLC/IP3R/Ca2+ related proteins in 
lung tissues of PH rats. (B) Effects of OIL-NPs on Ca2+ content in lung tissues of PH rats. (C) The effect of OIL-NPs on the expression of PLC and IP3R mRNA in the lung 
tissue of PH rats. (D) The effect of OIL-NPs on the mRNA expression levels of TNF-α, IL-1β, IL-6 and P65 in the lung tissue of PH rats. 
Notes: Data are the mean ± SD (n = 6). **P<0.01 vs the NC group. ##P<0.01 vs the M group. &P<0.05, &&P<0.01 vs the OIL-H group. 
Abbreviations: NC, control group. M, model group with 60 mg/kg monocrotaline, i.p. OIL-H, 40 mg/kg fatty oil, i.v. OIL-PLGA-L, 20 mg/kg fatty oil-loaded PLGA 
nanoparticles, i.v. NI, 0.1 mg/kg nifedipine, i.v. PLC-, 20 mg/kg neomycin sulfate, i.v. PLC, primary antibodies against phospholipase C. IP3R, inositol 1,4,5-triphosphate 
receptor. STIM1, stromal interaction molecule 1. ORAI1, calcium release-activated calcium channel modulator 1. NF-κB, nuclear factor kappaB. TNF-α, tumor necrosis 
factor-α. IL-1β, interleukin-1β. IL-6, interleukin-6.
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Figure 6 Effects of OIL-NPs on PLC/IP3R/Ca2+ signaling pathway in myocardial tissue of PH rats. (A) Effects of OIL-NPs on PLC protein expression in myocardial tissue of 
PH rats. (B) Effects of OIL-NPs on PLC and IP3R mRNA expression in myocardial tissue of PH rats. (C) Effects of OIL-NPs on Ca2+ content in myocardial tissue of rats with 
PH. (D) Effects of OIL-NPs on the expression of STIM1, ORAI1 and NF-κB proteins in myocardial tissue of rats with PH. (E) Effects of OIL-NPs on TNF-α, IL-1β, IL-6 and 
P65 mRNA expression in myocardial tissue of PH rats. 
Notes: Data are the mean ± SD (n = 6). **P<0.01 vs the NC group. ##P<0.01 vs the M group. &P<0.05, &&P<0.01 vs the OIL-H group. 
Abbreviations: NC, control group; M, model group with 60 mg/kg monocrotaline, i.p. OIL-H, 40 mg/kg fatty oil, i.v. OIL-PLGA-L, 20 mg/kg fatty oil-loaded PLGA 
nanoparticles, i.v. NI, 0.1 mg/kg nifedipine, i.v. PLC-, 20 mg/kg neomycin sulfate, i.v. PLC, primary antibodies against phospholipase C. IP3R, inositol 1,4,5-triphosphate 
receptor. STIM1, stromal interaction molecule 1. ORAI1, calcium release-activated calcium channel modulator 1. NF-κB, nuclear factor kappaB. TNF-α, tumor necrosis 
factor-α. IL-1β, interleukin-1β. IL-6, interleukin-6.

International Journal of Nanomedicine 2023:18                                                                                   https://doi.org/10.2147/IJN.S436866                                                                                                                                                                                                                       

DovePress                                                                                                                       
7495

Dovepress                                                                                                                                                           Zheng et al

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


negative source markers) (Figure 7G and Table 2). The metabolic pathways significantly affected by these differential 
metabolites mainly include linoleic acid metabolism, taurine and hypotaurine metabolism, glycerophospholipid metabo-
lism, phosphatidylinositol signaling system, etc. (Figure 7H). The cluster heat map analysis of these metabolites is shown 
in the Figure 7I. In order to further verify the correlation between the above experimental biochemical indicators and 
serum metabolomics results, we analyzed the correlation between the key metabolites and PLC/IP3R/Ca2+ signaling 
pathway and related inflammatory factors. The results showed that the related indicators of Ca2+ signaling pathway were 
closely related to linoleic acid, myo-inositol, taurine, LysoPC, LysoPA and other markers (Figure 7J). This suggests that 
OIL-NPs may play a role in anti-pulmonary hypertension by improving related biomarkers through PLC/IP3R/Ca2+ 

signaling pathway. Finally, we constructed a network map of possible metabolic pathways for the differential metabolites 
(Figure 7K).

Figure 7 Continued.
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Figure 7 Metabolic serum profiling. (A) Base peak chromatogram of NC group, M group, OIL-PLGA-L group and NI group. (B) PCA scores of NC group, M group, OIL- 
PLGA-L group and NI group (R2=0.352, Q2=0.167). (C) OPLS-DA score scatter plot, S-plot and validation plot of NC group and M group (ESI+, R2X=0.739, R2Y=0.998, 
Q2=0.778). (D) OPLS-DA score scatter plot, S-plot and validation plot of NC group and M group (ESI−, R2X=0.471, R2Y=0.995, Q2=0.863). (E) OPLS-DA score scatter plot, 
S-plot and validation plot of M group and OIL-PLGA-L group (ESI+, R2X=0.87, R2Y=1, Q2=0.81). (F) OPLS-DA score scatter plot, S-plot and validation plot of M group and 
OIL-PLGA-L group (ESI−, R2X=0.786, R2Y=1, Q2=0.872). (G) Network diagram of all differential metabolites. (H) Diagram of metabolic pathway analysis. (I) Cluster heat 
map analysis. (J) Correlation analysis (*P<0.05; **P<0.01). (K) Graph of the metabolic network for PH treated with OIL-NPs.
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Discussion
As a traditional Chinese medicine, Descurainia sophia has significant curative effect in treating lung diseases and heart 
failure.11,20 Early laboratory research found that the fatty oil component in Descurainia sophia is one of the active 
components, so the experiment wanted to explore whether the fatty oil has anti-PH effect. However, the fatty oil 
component has poor solubility, low bioavailability and instability, so we prepared OIL-NPs. PLGA is a biodegradable 
polymer with good biocompatibility. It can be degraded into lactic acid and glycolic acid in human body. Due to its good 
biocompatibility and safety, PLGA is widely used as a carrier of various nano preparations.41,42 Polyethylene glycol 
(PEG) is the most commonly used hydrophilic compound with nano surface modification and has good biocompatibility. 
PEG is introduced to the surface of hydrophobic PLGA polymer as a hydrophilic component to form PEG-PLGA 
copolymer, which can effectively improve the water solubility of the carrier and increase the stability of the drug.43 

Therefore, PEG-PLGA copolymer was selected as the carrier in this experiment to build a fatty oil nanoparticles co- 

Table 2 Analysis of 24 Differential Markers

No. Metabolite RT/min MW Adduct Formula Source Mode

1 L-Proline 1.0 116.0706 M+H C5H9NO2 ESI+

2 5-Aminopentanoic acid 1.0 118.0862 M+H C5H11NO2 ESI+

3 Triethanolamine 1.2 132.1019 M+H-H2O C6H15NO3 ESI+

4 Creatine 1.2 132.0766 M+H C4H9N3O2 ESI+

5 Betaine 1.0 140.0683 M+Na C5H12NO2 ESI+

6 Homovanillic acid 1.2 165.0544 M+H-H2O C9H10O4 ESI+

7 Epinephrine 1.2 166.0864 M+H-H2O C9H13NO3 ESI+

8 L-Tyrosine 1.0 182.081 M+H C9H11NO3 ESI+

9 D-Glucose 1.0 203.0529 M+Na C6H12O6 ESI+

10 Linoleic acid 12.0 303.2303 M+Na C18H32O2 ESI+

11 Phytosphingosine 11.8 318.2987 M+H C18H39NO3 ESI+

12 Adrenic acid 8.8 355.2617 M+Na C22H36O2 ESI+

13 LysoPA(0:0/18:0) 8.8 507.2694 M+H+HCOONa C21H43O7P ESI+

14 LysoPC(18:1(11Z)/0:0) 10.8 544.3379 M+Na C26H52NO7P ESI+

15 PC(18:3(9,11,15)-OH(13)/22:2(13Z,16Z)) 8.8 834.6047 M+H-H2O C48H86NO9P ESI+

16 Taurine 1.0 124.0073 M-H C2H7NO3S ESI−

17 L-Lactic acid 1.0 179.056 2M-H C3H6O3 ESI−

18 (R)-2,3-Dihydroxy-isovalerate 1.0 201.0382 M-H+HCOONa C5H10O4 ESI−

19 Trans-Cinnamic acid 1.0 215.033 M-H+HCOONa C9H8O2 ESI−

20 Myo-Inositol 1.0 225.0618 M+Na C6H12O6 ESI−

21 Alpha-Dimorphecolic acid 11.4 295.2291 M-H C18H32O3 ESI−

22 11,12-Epoxyeicosatrienoic acid 12.0 387.2169 M-H+HCOONa C20H32O3 ESI−

23 5-Methoxydimethyltryptamine 9.2 435.2768 2M-H C13H18N2O ESI−

24 Taurocholic acid 7.0 514.2857 M-H C26H45NO7S ESI−
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delivery system. The final prepared OIL-NPs were uniformly dispersed with an average particle size of 323.87 ± 4.81 
nm, PDI was 0.157 ± 0.009, the encapsulation rate was 60.09% ± 0.55%, with good dispersion and stability.

Pulmonary hypertension (PH) is a pulmonary vascular disease characterized by progressive elevation of pulmonary artery 
pressure. With the continuous increase of pulmonary vascular resistance, the patient’s right heart load increases, right heart 
failure occurs, and ultimately leads to death.5 At present, there is no specific drug for pulmonary hypertension and it cannot be 
cured. Therefore, actively exploring drugs for prevention and treatment of pulmonary hypertension has become an urgent 
problem to be solved.44 Previous studies have shown that abnormal proliferation of RPASMC cells is the main cause of 
PH45,46 and abnormal mitochondrial fission and fusion is closely related to abnormal proliferation of RPASMC cells.47 

Mitochondrial fission and fusion is mainly regulated by the mitochondrial dynein protein Drp1 and the mitochondrial fusion- 
related protein MFN2. MFN2 is located in the mitochondrial outer membrane, which can promote the fusion of two adjacent 
mitochondria and repair mitochondrial damage. Drp1 can promote the division of mitochondria and is conducive to cell 
proliferation.48,49 Studies have shown that increasing MFN2 and decreasing Drp1 expression will increase mitochondrial 
membrane permeability and decrease mitochondrial membrane potential, which in turn activates the caspase family, reduces 
Bcl-2 expression and increases Bax expression, triggering mitochondria-mediated cellular endogenous apoptotic pathway and 
promoting apoptosis.25,50 In order to explore the effect of OIL-NPs on RPASMC cells, this experiment established a malignant 
proliferation model of RPASMC cells by hypoxia chamber induction. We found that OIL and OIL-NPs can inhibit the PLC/ 
IP3R/Ca2+ signal pathway, reduce the mitochondrial membrane potential and Drp1 of RPASMC cells, increase the expression 
of MFN2, and promote the apoptosis of RPASMC cells, and the effect of OIL-NPs is better than that of fatty oil. In order to 
further verify that OIL-NPs play a role by inhibiting PLC, we designed the PLC agonist group for reverse validation, and 
found that the PLC agonist group has no significant effect. These results suggest that OIL-NPs may promote RPASMC 
apoptosis by inhibiting PLC/IP3R/Ca2+ signaling pathway.

After initially establishing the role of OIL-NPs in cells in vitro, in vivo experiments in rats were performed in the present 
study. At present, the commonly accepted method of pulmonary hypertension rat model is intraperitoneal injection of 
monocrotaline (60 mg/kg). The toxic metabolite produced by monocrotaline metabolized by rat liver P450 enzyme system 
specifically damages pulmonary vascular endothelial cells, resulting in increased secretion of inflammatory factors such as 
TNF-α, IL-6 and IL-1β51,52 and imbalance of vasoactive substance NO/ET-1, which mediates proliferation of pulmonary 
artery smooth muscle cells. Eventually, it causes pulmonary hypertension and right heart failure.20,53 Right heart hypertrophy 
index, pulmonary artery pressure, cardiopulmonary pathological injury and function are vital indicators to evaluate the effect 
of pulmonary hypertension model.53 The experiment found that in M group, the pulmonary artery pressure and right heart 
hypertrophy index were increased, pulmonary vascular wall thickened, myocardial cell hypertrophy damaged, cardiac 
function decreased, the level of inflammatory factor TNF-α was increased, and the level of NO/ET-1 was unbalanced. 
Neomycin sulfate is a known PLC inhibitor, which is widely used to inhibit PLC expression in PLC-related experimental 
studies.54 In the experiment, fatty oil, OIL-NPs and PLC inhibitors could reverse the pathological damage, reduce pulmonary 
artery pressure, and improve heart and lung tissue damage in rats, and the OIL-PLGA-L group was better than the OIL-H 
group. Therefore, OIL-NPs may exert an anti-pH effect by inhibiting PLC.

PLC/IP3R/Ca2+ signaling pathway plays an important role in cell proliferation and apoptosis,55,56 vascular contraction and 
relaxation,57 and mitochondrial function.58,59 Phospholipase PLC is expressed in the cell membrane and is a key enzyme in signal 
transduction. Activated PLC catalyzes PIR2 to produce IP3 and DAG. IP3 can bind to inositol triphosphate receptor (IP3R) on 
the endoplasmic reticulum. IP3R is a Ca2+ release channel in the endoplasmic reticulum, and activation of IP3R can trigger the 
massive release of Ca2+ from the endoplasmic reticulum into the cytoplasm, resulting in Ca2+ overload in the cytoplasm and Ca2+ 

depletion in the endoplasmic reticulum.60,61 The endoplasmic reticulum (ER) is the main organelle for intracellular Ca2+ storage, 
and the depletion of Ca2+ in the ER can activate store-operated calcium channels (SOCC).62 Studies have shown that ORAI1 and 
STIM1 are important mediators leading to the occurrence of SOCE. ORAI1 is a transmembrane protein involved in the formation 
of SOCC, and STIM1 is a Ca2+ sensor located near the Ca2+ storage area and can transmit Ca2+ storage information to the cell 
membrane. ORAI1 and STIM1 expression is increased upon Ca2+ depletion in the ER.63,64 Recent studies have found abnormal 
activation of PLC/IP3R/Ca2+ signaling,12,65 resulting in abnormal opening of SOCC mediated by ORAI1 and STIM1, which 
may be related to the development of pulmonary hypertension.66 The results showed that fatty oil, OIL-NPs and PLC inhibitor 
could inhibit PLC/IP3R/Ca2+ signaling pathway, reduce Ca2+ content and ORAI1 and STIM1 protein expression in heart and 
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lung tissues of rats, and the effect of OIL-NPs was better than that of fatty oil. These results suggest that OIL-NPs may play an 
anti-pH role by inhibiting the expression of PLC/IP3R/Ca2+ signaling pathway to alleviate SOCE and reduce intracellular Ca2+ 

content. Previous studies have shown that intracellular calcium overload can increase the expression of NF-κB.67,68 NF-κB is a 
nuclear transcription factor, and its excessive activation is closely related to cell proliferation and increased expression of 
inflammatory factors.69,70 The results showed that fatty oil, OIL-NPs and PLC inhibitor could reduce the expression of NF-κB 
and the mRNA expression levels of TNF-α, IL-6 and IL-1β, and the effect of OIL-NPs was better than that of fatty oil. This 
further suggests that OIL-NPs may play an anti-PH role by inhibiting the PLC/IP3R/Ca2+ signaling pathway.

In order to study the metabolic processes involved in the intervention of fatty oil components in pulmonary 
hypertension, the method of metabolomics was used in this experiment, and a total of 24 biomarkers were screened 
out. These metabolites were mainly involved in linoleic acid metabolism, taurine and hypotaurine metabolism, glycer-
ophospholipid metabolism, phosphatidylinositol signaling system and other metabolic processes. In linoleic acid meta-
bolism, we detected a decrease in linoleic acid content in the model group, and after administration, linoleic acid content 
increased. Studies have shown that linoleic acid has anti-thrombotic and anti-proliferation effects, and further studies 
have shown that linoleic acid can inhibit the expression of PLC,71 thereby reducing Ca2+ release. In taurine and 
hypotaurine metabolism, we detected 2 major markers, taurine and taurocholic acid. Taurine is one of the most abundant 
amino acids in most animal tissues, and our results showed that taurine content was up-regulated after administration of 
OIL-NPs. Studies have shown that taurine has anti-inflammatory, anti-oxidation, and immunomodulatory effects,72 and 
some studies have shown that taurine can down-regulate Ca2+ release through the PLC/IP3 signaling pathway.73 

Meanwhile, metabolic disorder of phosphatidylinositol signaling system was also detected. Inositol is catalyzed by 
phosphatidylinositol synthetase to form phosphatidylinositol (PI). Under the catalysis of phosphatidylinositol kinase, PI 
forms different forms of phosphatidylinositol, such as PIP2 and PIP3.74 The main function of PLC is to catalyze PIP2 to 
produce inositol triphosphate (IP3) and DAG, and IP3 acts on IP3R to promote the release of Ca2+. Therefore, the 
increase in inositol content will indirectly promote the release of Ca2+. Our experimental data showed that myo-inositol 
content increased in the M group, which promoted the release of Ca2+, and decreased after administration. Three major 
markers, PC, LysoPC and LysoPA, were detected in glycerophospholipid metabolism. It has been shown that PC is 
metabolized to produce choline, which acts on Sigma-1 receptors in the endoplasmic reticulum to promote the release of 
Ca2+ into the cell.75 LysoPC activates Transient receptor potential cation channel 6 (TRPC6), thereby promoting the 
release of Ca2+ into cells.76 Our assay results showed that after drug administration, PC, LysoPC content decreased, 
which in turn reduced Ca2+ release into the cells. In summary, the metabolomic results also suggested that OIL-NPs 
might exert their anti-pulmonary hypertension effects by inhibiting PLC/IP3R/Ca2+ signaling pathway.

Conclusion
OIL-NPs not only exhibit beneficial effects but also do not appear to have significant biological toxicity, indicating their 
enormous potential as candidate methods for treating pulmonary hypertension. The anti-pH effect of OIL-NPs may be 
related to the inhibition of PLC/IP3R/Ca2+ signaling pathway. This study provides a preliminary basis for OIL-NPs to 
reduce pulmonary hypertension. Nonetheless, the deeper mechanisms need to be further investigated.
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