L))

Check for
updat

Original Articl

The effect of docosahexaenoic acid on predicting the survival of
patients with idiopathic pulmonary arterial hypertension

Xu Huai"**, Yuanyuan Sun'*, Xiuying Sun’*, Wenhui Wu', Lan Wang', Rong Jiang', Sugang Gong',
Jinling Li', Yuging Miao®, Ping Yuan', Qinhua Zhao'

'Department of Cardio-Pulmonary Circulation, Shanghai Pulmonary Hospital, Tongji University, School of Medicine, Shanghai, China; *Institute
of Bismuth Science, University of Shanghai for Science and Technology, Shanghai, China; *Department of Fever, Weifang Traditional Chinese
Hospital, Weifang, China

Contributions: (I) Conception and design: P Yuan, Q Zhao, X Huai, Y Sun, X Sun; (II) Administrative support: None; (III) Provision of study
materials or patients: None; (IV) Collection and assembly of data: X Huai, Y Sun, X Sun, W Wu, R Jiang, L Wang, J Li, P Yuan; (V) Data analysis
and interpretation: X Huai, Y Sun, X Sun, P Yuan; (VI) Manuscript writing: All authors; (VII) Final approval of manuscript: All authors.

"These authors contributed equally to this work.

Correspondence to: Qinhua Zhao, MD; Ping Yuan, MD. Department of Cardio-Pulmonary Circulation, Shanghai Pulmonary Hospital, Tongji
University, School of Medicine, No. 507 Zhengmin Road, Shanghai 200433, China. Email: zhaoqinhua@tongji.edu.cn; pandyyuan@tongji.edu.cn;
Yuging Miao, MD. Institute of Bismuth Science, University of Shanghai for Science and Technology, Shanghai 200093, China.

Email: yqmiao@ymail.com.

Background: Abnormal lipid metabolism has been reported in patients with idiopathic pulmonary arterial
hypertension (IPAH); however, the prognostic value of plasma free fatty acids (FFAs) for these patients is
unclear. The present study aimed to determine whether FFA can play a role in predicting the survival of
patients with IPAH.

Methods: A total of 69 blood samples from patients with IPAH were subjected to liquid chromatography-
mass spectrometry (LC-MS). According to the classification criteria for pulmonary hypertension in the
European Society of Cardiology (ESC) guidelines, patients were divided into low-risk, intermediate-risk,
and high-risk groups. The FFA expression levels of patients in the three groups were compared, and the
indicators with significant differences were selected. Cox regression analysis was performed to examine the
associations between survival and different factors. Receiver operator characteristic (ROC) curves were used
to assess the predictive effect of plasma lipids in assessing patients’ risk of morbidity, including area under
the curve (AUC), sensitivity, specificity and the best cutoff value. Kaplan-Meier curves were used to predict
survival.

Results: A total of 24 FFA molecules were detected in the patients with IPAH. Among them, FFA (20:4),
FFA (20:5), FFA (22:5), FFA (22:6), FFA (24:0) and FFA (30:4) showed significant differences between
the low-risk and the intermediate-risk or high-risk patients with IPAH. These six FFAs were significantly
correlated with hemodynamic parameters. FFA (22:6), named docosahexaenoic acid (DHA), displayed
significant negative correlations with World Health Organization functional classification (WHO FC), mean
right atrial pressure (nRAP), and pulmonary vascular resistance (PVR), and significant positive correlations
with 6-minute walking distance (6MWD) and cardiac index (CI). Cox regression analyses demonstrated
that total bilirubin (TBIL) and DHA were independent risk factors for survival of IPAH. Receiver operating
characteristic curve analysis revealed that DHA had a cut-off value of 77.55, which had a sensitivity of 96.7%
and a specificity of 62.5% for predicting survival. Kaplan-Meier curve analysis showed that a lower level of
DHA predicted a poor outcome in patients with IPAH.

Conclusions: Our study suggested that FFA levels were correlated with disease severity. Lower levels of
DHA predict poor survival in patients with IPAH.

Keywords: Idiopathic pulmonary arterial hypertension (IPAH); free fatty acids (FFAs); docosahexaenoic acid
(DHA); prognosis; biomarker
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Introduction

Idiopathic pulmonary arterial hypertension IPAH) is a rare
but devastating disease characterized by vascular remodeling
in the pulmonary artery wall, which leads to increased
pulmonary vascular resistance (PVR), right ventricular
hypertrophy, and, ultimately, right heart failure (1).
The incidence rate of IPAH is about 6/1 million (2), and
the fatality rate is high, the mean time from symptom
onset to diagnosis was 2 years, the median survival time
was 2.8 years, and the 1-, 3- and 5-year survival rates were
68%, 48%, and 34%, respectively (3,4). Due to the lack
of specific clinical symptoms and signs of IPAH, it is very
easy to be misdiagnosed. When the disease is diagnosed, it
often has progressed to the medium-term or more serious
stage and has poor prognosis, so their quality of life is
not significantly improved after treatment (5). Moreover,
the pathophysiological mechanism of IPAH is complex,
the pulmonary vasculature is dynamically obstructed by
vasoconstriction. Vascular cells (endothelial cells, smooth
muscle cells, and fibroblasts) and inflammatory cells are
abnormal proliferation and resistance to apoptosis or
aggregation in IPAH. Genetic, epigenetic dysregulation, the
autoimmune, inflammatory disease, ischemia and fibrosis
of the right ventricle and so on are also contributes to
disease pathogenesis (1). Therefore, the specific etiology of
IPAH has not been thoroughly and clearly explained, and
the changes of clinical indicators and the potential related
mechanisms still need to be explored in IPAH in order to
find an accurate and specific diagnostic marker using a low-
cost and safe method which will improve the prognosis of
patients with the disease.

With the gradual maturity and improvement of
lipidomics technology in recent years, lipid metabolism has
been widely studied (6). Extensive research of the pathways
and networks of lipid metabolism has shown that changes
in lipid levels can reflect variations at several enzymatic
levels, activities, and/or gene expression patterns. Lipids
are important biomolecules which are widely distributed
and abundant in living organisms, they have diversified
structures, so they have a variety of important functions
in various biological progresses. Not only they are the
important components of cells and organelles, but also
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because they take part in energy conversion, material
transport, information recognition, signal transmission,
cell growth, differentiation and apoptosis of cells (7).
Therefore, lipid metabolism and its functional changes
have a critical impact on the physiological functions
of cells and pathological disorders in living organisms.
Abnormal lipid metabolism is frequently closely related to
metabolic diseases, cardiovascular diseases, and tumors (8).
Dysregulation of lipid metabolism can also occur in IPAH,
such as abnormally elevated triglycerides and HDL, which
often indicate inflammation (9).

Free fatty acids (FFAs) are the intermediate products of
lipid metabolism and the important metabolic substrates
of cell energy metabolism in the body, which provides
energy for the metabolism of the body. Some basic studies
have proved that some lipid such as FFAs have a positive
protective effect on the cardiovascular system, among
which docosahexaenoic acid (DHA) mediated pulmonary
artery hyperpolarization through KCa channels can lead
to rapid pulmonary artery dilation, which theoretically has
a certain relieving effect on the symptoms of patients with
pulmonary hypertension (10). However, they did not asses
the expressions and potential effects of plasma DHA in
patients.

In the present study, we systematically explored the
differences about FFAs expression in patients with IPAH
using liquid chromatography-mass spectrometry (LC-MS)
for the first time and evaluated the use of FFAs in predicting
the survival of these patients.

We present the following article in accordance with the
STARD reporting checklist (available at https://dx.doi.
org/10.21037/atm-21-2479).

Methods
Sample selection and blood collection

A total of 69 incident patients with IPAH who were treated
at Shanghai Pulmonary Hospital between May 2013 and
April 2019 were enrolled in this retrospective study. In
accordance with the European Society of Cardiology
(ESC) guidelines, a diagnosis of IPAH was defined as mean
pulmonary arterial pressure (mPAP) >25 mmHg, pulmonary
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capillary wedge pressure (PCWP) <15 mmHg, and PVR
>3 Wood units, as measured by right heart catheterization
(RHC) (11,12). Patients associated with connective tissue
disease, congenital heart disease, portal hypertension,
pulmonary disease, chronic thromboembolism, left heart
disease, or anorexigens were excluded. Patients with
acute or chronic diseases that might affect hormone
metabolism, including acute or chronic infections, chronic
autoimmune diseases, and previously identified primary
endocrine disorders were also excluded, as were those who
were receiving or who had previously received hormones
(thyroid hormones, anabolic steroids, or corticosteroids) or
medications that significantly inhibit hormone production.

This study complied with the Declaration of Helsinki
(as revised in 2013) and was approved and supervised by the
ethics committee of Shanghai Pulmonary Hospital (number:
K20-195Y), and written informed consent was obtained
from all study participants.

Sample processing

Each plasma sample (50 pL) was put in a glass tube, and
750 pL MeOH containing 50 pL of internal standard
(corticosterone-d8, 10 pg/mL) was added. After vortexing
for 2 minutes, 2.5 mL dichloromethane (DCM) was added
to the mixture and vortexing was performed for a further
10 minutes. Then, 625 pL. deionized water was added, and
vortexing was performed again, followed by centrifugation
for 15 minutes at 3,000 rpm to separate the mixture into
different liquid phase stratification. The lower layer was
collected and transferred to a new glass tube. The upper
layer was secondarily extracted with 2 mL. DCM. Finally,
the pooled organic layer was combined and evaporated
until dry. The dried extract was reconstituted in 200 pL
of Ammonium acetate: H,O (1:1, V/V) for LC-MS/MS
analysis. Quality control (QC) samples were prepared
by mixing an equal volume of all samples, and the same
preparation procedure was followed.

LC-MS detection

The supernatant was analyzed by hydrophilic interaction
chromatography-high performance liquid chromatography
and tandem mass spectrometry (HILIC-HPLC-MS/MS)
using a TripleQUAD 6500 mass spectrometer (AB SCIEX,
USA) coupled with an ExionL.C liquid chromatography
system (AB SCIEX, USA). For LC separation, the BEH
amide HILIC column (100 mm x 2.1 mm i.d., 1.7 pmy;
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Waters) was used. A 5 pL. sample was injected and separated
using a 16-minute gradient. The column flow rate was
maintained at 500 pL/minute, with a column temperature
of 40 °C.

The electrospray ionization mass spectra were acquired
in positive ion mode and negative ion mode, respectively.
The transition information of target lipids was collected
using the multi-reaction monitor (MRM) mode. The ion
spray voltage was set to 5,500 and 4,500 V for positive mode
and negative mode, respectively; the declustering potential
(DP) was set to 80 V; and the heated capillary temperature
was maintained at 550 °C. The curtain gas flow, nebulizer,
and heater gas were set to 35, 55, and 55 arbitrary units,
respectively.

Clinical data collection

Data of the patients were collected including: demographic
information; World Health Organization functional
class (WHO FC); 6-minute walking distance (6MWD);
N-terminal fragment of pro-brain natriuretic peptide
(NT-proBNP); hemodynamic parameters, including mean
right atrial pressure (mRAP), mPAP, mean pulmonary
artery wedge pressure (nPAWP), PVR, cardiac index (CI),
mixed venous oxygen saturation (SvO,); other laboratory
parameters; and treatment. A patient’s risk level can be
determined based on the following six indicators: WHO
FC, 6MWD, mRAP, CI, SvO,, and NT-proBNP (13).
According to ESC guideline, 69 patients with IPAH were
divided into low-risk, intermediate-risk, and high-risk
groups for subsequent statistical analyses. The all-cause
mortality rate was estimated from the confirmation date of
IPAH patients to December 2020.

Statistical analysis

Data were expressed as means with standard deviations or
medians with interquartile ranges for continuous variables,
and as numbers and percentages for categorical variables.
Hazard ratios (HRs) were calculated along with 95%
confidence intervals (95% CIs). The statistical software IBM
SPSS Statistics (IBM, USA) 24 was used for the analysis of
all data, including clinical physiological parameters and the
relative quantity of lipid molecules in all patients. Patients
were divided into the low-risk, intermediate-risk, and high-
risk groups according to the classification criteria set out in
the European Disease Guidelines in order to evaluate the
relationship between the established classification index
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parameters and lipid molecules, as potential biomarkers of
IPAH.

Statistical analysis strategy: first, one-way analysis
of variance (ANOVA) and the Kruskal-Wallis test were
used to determine whether significant differences existed
in the relative quantity levels of lipid molecules among
different risk groups. Pearson’s correlation analysis
was performed between the relative quantity of lipid
molecules detected and the physiological parameters of
mature diseases to investigate the predictive trend of these
potential biomarkers. Further, univariate and multivariate
Cox regression analyses were carried out for the selected
indicators after the two analyses to further screen for
lipids that have a good predictive effect on mortality in
patients with different risk levels. Then, receiver operator
characteristic (ROC) curve analysis was performed for
the re-screened indicators that had a significant effect
on IPAH disease risk. And the cutoff value that resulted
in the highest product of sensitivity and specificity was
considered the optimal threshold for prognostication.
Finally, Kaplan-Meier survival curve analysis was carried
out. The correlation between factors and risk of disease was
visualized. P<0.05 was considered statistically significant

Results
Baseline characteristics

Table 1 displays the clinical characteristics, hemodynamics
laboratory results, and specific therapy of the study
participants at baseline. The mean age of the 69 patients
with TPAH was 33.3+12.0 years; 80.3% patients were
female; and 38 (62.3%) patients were WHO group 111/
IV. According to ESC guideline, 69 IPAH patients were
divided into 3 groups for subsequent statistical analysis,
with 28, 25, and 16 patients classified as low, intermediate,
and high risk, respectively. During an average follow-up of
69 [8-92] months, 8 patients (11.59%) died.

No significant difference was found among the different
groups in terms of age, mPAP, or mPAWP. However, there
were significant differences with respect to sex, WHO FC,
6MWD, NT-proBNP, mRAP, PVR, CI, and SvO,. Patients
in the present study received treatments including targeted
medications including phosphodiesterase type 5 inhibitors
(sildenail, tadalafil, and vadenafil), oral endothelial
receptor antagonists (ambrisentan and bosentan), and
soluble guanylate cyclase stimulator (riociguat), as well
as combination therapy and nonspecific medications.
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There were no apparent differences relating to the use of
medications between the different risk groups.

FFA detection and comparison among different groups
with IPAH

TM

In this study, MultiQuan (Sciex
for peak extraction, peak matching, peak alignment, and

) software was used

normalization of the original sample quality spectrum data.
Based on the self-built lipid standard spectrographic library,
the identification list was generated by extracting lipid
substances with a signal-to-noise ratio >3, and the peak area
was normalized on the basis of internal standard substances.
In this detection process, unsupervised principal component
analysis (PCA) was used to observe the overall distribution
between samples and the degree of dispersion between
groups (Figure 1A4). Then supervised orthogonal partial
least squares discrimination analysis (OPLS-DA) was used
to distinguish the overall differences in metabolic profiles
between groups and to look for the metabolites that differed
between groups (Figure 1B). The response intensity of 24
FFA molecules was regarded as effective (Figure 1C).

One-way ANOVA was used to test whether for
significant differences in the relative quantity of FFAs
between the different risk groups. The results are shown
in Tuble 2. FFA (20:4), FFA (20:5), FFA (22:5), FFA (22:6),
FFA (24:0), and FFA (30:4) showed significant differences
in expression, which was consistent with the FFA subclass
change trend, and the levels in the low-risk group were
significantly higher than those in the intermediate- and
high-risk groups. As shown in Figure 2A4. FFA (22:6), known
as DHA, showed the most significant difference between
the low-risk and high-risk groups. Further, the levels of
DHA in the low-risk group were higher than those in the
intermediate-risk group. Surviving patients had higher
DHA levels than non-surviving patients (Figure 2B). No
significant sex differences were found in FFA (20:4), FFA
(20:5), FFA (22:5), DHA, FFA (24:0), or FFA (30:4) levels
among patients with IPAH (Figure 2C).

Correlations of FFAs with clinical parameters in patients
with IPAH

Spearman’s correlation analysis was conducted between
several FFAs and baseline clinical parameters of the patients
including WHO-FC, NT-proBNP, mRAP, mPAP, mPAWP,
CI, SvO,, and PVR. The results obtained are shown in
Figure 3. FFA (20:4), FFA (20:5), FFA (22:5), DHA, FFA
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Table 1 Characteristics of the study population

Characteristics Low risk (n=31) Intermediate risk (n=21) High risk (n=17) P value

Clinical characteristics

Age, years 39.0+11.8 35.8+8.1 33.0+8.4 0.149
Female, n (%) 21 (75.0) 20 (80.0) 14 (87.5) 0.611
BMI, kg/m’ 23.2+3.3 22.9+3.7 21.8+3.2 0.458
WHO FC III/IV, n (%) 12 (42.9) 17 (70.8) 12 (75.0) 0.033
6MWD, m 447.0+80.6 374.2+72.9 328.5+137.3 0.002

Hemodynamics

mRAP, mmHg 3.0 (1.0-5.0) 4.0 (0.5-7.0) 5.5 (2.3-9.0) 0.023
mPAP, mmHg 54.0 (46.5-59.5) 55.0 (49.5-66.0) 55.0 (52.0-66.0) 0.390
mPAWP, mmHg 7.0 (5.0-9.0) 5.5 (3.0-6.3) 5.5 (2.0-7.5) 0.088
PVR, Wood units 9.3+3.4 13.0+3.8 18.7+4.2 <0.001
CO, L/min 4.3 (5.3-6.6) 3.9 (3.5-4.3) 2.8 (2.6-3.3) <0.001
Cl, L/min/m’ 3.4 (2.6-3.9) 2.6 (2.4-2.7) 1.8 (1.7-2.0) <0.001
SvO,, % 69.8+5.1 63.9+4.7 55.8+4.6 <0.001
Sa0,, % 95.9 (94.5-97.2) 96.6 (93.9-97.4) 94.7 (92.0-97.3) 0.484
Laboratory
NT-proBNP, pg/mL 215.0 (59.3-586.0) 854.5 (554.1-1,277.3) 2,191.0 (1,604.0-2,740.0) <0.001
TBIL, pmol/L 14.5 (8.7-18.9) 15.1 (10.9-22.4) 17.8 (12.4-30.0) 0.173
DBIL, pmol/L 5.0 (3.1-6.9) 5.0 (3.6-8.0) 6.0 (4.2-14.0) 0.134
HbA1c, % 5.4+0.4 5.8+0.4 6.1+0.7 0.008
UA, mg/dL 342.3+80.2 410.5+86.1 528.3+122.4 <0.001
CR, pmol/L 58.4+10.4 65.3+14.5 68.7+12.5 0.023
GLU, mmol/L 4.8 (4.5-5.1) 4.7 (4.4-5.1) 4.6 (4.2-5.4) 0.633
TC, mmol/L 4.2+0.9 3.9+1.2 3.8+0.8 0.219
HDL, mmol/L 1.1£0.2 1.0£0.3 0.9+0.3 0.046
LDL, mmol/L 2.7 (2.2-3.3) 2.4 (1.9-3.3) 2.2 (1.9-2.9) 0.392
HGB, g/L 141.1+15.6 138.4+19.7 148.3+21.0 0.247
RBC, 10"/ 4.7+0.5 4.8+0.5 5.2+0.6 0.014
WBC, 10%/L 6.0 (5.1-7.7) 5.9 (4.8-7.3) 7.0 (6.1-9.4) 0.071
Specific therapy, n (%) 0.213
PDE-5 inhibitors 8 (28.6) 4 (16.0) 3(18.8)
ERAs 4(14.3) 2(8.0) 0(0.0)
Prostacyclin analogs 0 (0.0) 0 (0.0 0(0.0)
Combination 14 (50.0) 16 (64.0) 11 (68.7)
Nonspecific medication 2(7.1) 3(12.0) 2(12.5)

Data are presented as n (%), mean + SD, and interquartile range. BMI, body mass index; WHO FC, World Health Organization functional
classification; BMWD, 6-minute walking distance; mRAP, mean right atrial pressure; mPAP, mean pulmonary arterial pressure; mPAWR,
mean pulmonary artery wedge pressure; PVR, pulmonary vascular resistance; CO, cardiac output; Cl, cardiac index; SvO,, mixed venous
oxygen saturation; SaO,, mixed arterial oxygen saturation; NT-proBNP, N-terminal pro-brain natriuretic peptide; TBIL, total bilirubin; DBIL,
direct bilirubin; HbA1c, hemoglobin Alc; UA, uric acid; CR, creatinine; GLU, glucose; TC, total cholesterol; HDL, high-density lipoprotein;
LDL, low-density lipoprotein; HGB, hemoglobin; RBC, red blood cell; WBC, white blood cell; PDE-5, phosphodiesterase 5; ERA,
endothelin receptor antagonist.
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Figure 1 Initial data processing for LC-MS. (A) Plasma lipids of each sample were analyzed by PCA; (B) plasma lipids of each sample were
analyzed by OPLS-DA; (C) statistical diagram of FFAs quantities. The types and total number of FFAs detected in this experiment. LC-MS,

liquid chromatography-mass spectrometry; PCA, principal component analysis; OPLS-DA, orthogonal partial least squares discrimination

analysis; FFA, free fatty acid.

(24:0), and FFA (30:4) were significantly correlated with
several clinical parameters. In particular, the 6 FFAs were
all significantly negatively correlated with N'T-proBNP, and
positively correlated with CI. WHO-FC was significantly
negatively correlated with FFA (20:5), FFA (22:5), DHA,
FFA (24:0), and FFA (30:4). PVR was significantly
negatively correlated with FFA (20:4), FFA (20:5), FFA
(22:5), DHA, and FFA (24:0). Also, mRAP was significantly
negatively correlated with FFA (20:4), FFA (20:5), FFA
(22:5), and DHA. However, mPAWP showed no significant
correlation with any of the six FFAs. Furthermore, DHA
had significant negative correlations with WHO-FC, mPAP,
PVR, and N'T-proBNP, but significant positive correlations
with 6 MWD and CI.

Cox regression analysis of FFAs in patients with IPAH

To further explore the impact of the above-mentioned
factors on patient survival, we conducted univariate and

© Annals of Translational Medicine. All rights reserved.

multivariate Cox regression analyses (Figure 4). In the
univariate analysis, parameters such including high-density
lipoprotein (HDL), total bilirubin (TBIL), creatinine
(CR), FFA (20:5), and DHA were identified as predictors
of survival in patients with IPAH. The subsequent
multivariable analysis indicated that DHA was significantly
and independently associated with mortality in patients with
TPAH.

DHA can predict the survival of patients with IPAH

ROC analyses were conducted to determine the sensitivity
and specificity of DHA as a predictor of mortality in
patients with IPAH. The area under the curve (AUC) for
DHA was 0.845, and the cut-off value was 77.55, which had
a sensitivity of 0.967 and a specificity of 0.625 for predicting
IPAH survival (Figure 5). According to the cut-off value of
DHA, the patients were grouped into the high DHA and
low DHA groups. Kaplan-Meier curve analysis revealed
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Annals of Translational Medicine, Vol 9, No 12 June 2021 Page 7 of 13

Table 2 Comparison of FFA levels among different risk groups of patients with IPAH

FFA Low risk (n=31) Intermediate risk (n=21) High risk (n=17) P value
FFA (14:0) 73.8+7.3 72.1+6.2 69.5+8.3 0.157
FFA (14:1) 58.5+5.7 58.3+5.1 56.0+4.6 0.259
FFA (16:0) 92.5+5.6 91.3+4.4 92.4+5.6 0.681
FFA (16:1) 75.8+6.2 75.3+5.9 74.5+5.1 0.757
FFA (16:2) 62.1+4.3 61.4+3.1 59.1+3.3 0.032
FFA (18:1) 108.5+4.4 107.1+£2.9 107.3+3.8 0.377
FFA (18:2) 109.1+4.6 107.9+3.2 107.5+3.9 0.405
FFA (18:3) 86.8+5.4 85.4+5.2 84.3+5.4 0.288
FFA (20:1) 64.8+5.6 63.6+4.2 62.4+4.2 0.249
FFA (20:2) 72.1+£9.8 68.4+7.1 66.7+6.6 0.078
FFA (20:3) 76.8+5.2 75.9+4.0 73.9+5.2 0.157
FFA (20:4) 86.5+6.2 84.1+4.1 81.5+6.2 0.017
FFA (20:5) 73.0+4.2 69.5+3.7 68.6+3.5 <0.001
FFA (22:0) 73.9+8.6 74.2+10.2 67.9+6.1 0.051
FFA (22:1) 73.3+4.8 72.5+2.6 71.0+£4.0 0.168
FFA (22:2) 72.0+4.3 70.8+3.3 70.5+3.4 0.306
FFA (22:3) 82.5+4.4 82.2+2.3 80.9+3.8 0.357
FFA (22:4) 67.6+5.5 66.8+3.7 64.8+4.3 0.153
FFA (22:5) 77.9+6.4 75.5+5.5 72.5+5.8 0.013
FFA (22:6) 88.3+4.9 83+4.7 81.6+4.8 <0.001
FFA (24:0) 78.7+£5.5 75.4+3.8 73.5+6.2 0.005
FFA (24:1) 64.7+4.2 64.1£2.7 62.4+3.5 0.115
FFA (30:2) 72.1+4.5 70.7+3.3 69.5+4.6 0.112
FFA (30:4) 88.5+4.1 85.8+3.9 85.8+4.6 0.033

Data in the table are presented in the form of mean + standard deviation. FFA (A:B): A is the number of carbon atoms in the molecule; B is
the number of unsaturated bonds in the molecule. FFA, free fatty acid; IPAH, idiopathic pulmonary arterial hypertension.

that patients with a high DHA level had better survival than
those with a low DHA level (Figure 6).

Discussion

The present study firstly found that FFA levels were
correlated with disease severity. Lower levels of DHA
predict poor survival in patients with IPAH. Although the
sample number was small, it was basically representative,
and the sample source was absolutely reliable. On this

basis, the role of lipid metabolism in IPAH was taken as the
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starting point to conduct lipidomics analysis, to analyze the
relationship between FFAs and hemodynamic parameters,
and to evaluate the predictive value of FFAs on the survival
of patients with IPAH in different risk stratification groups.
In the comparison of FFA levels between patients in
different risk groups, the levels of several FFAs in low-risk
patients were significantly higher than those in non-low-risk
patients, which indicated that these FFAs may be protective
factors in patients with IPAH. Furthermore, the data
showed that several FFAs were significantly correlated with
patients’ clinical features and hemodynamic parameters.
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Figure 2 Comparison of FFA levels between different risk groups of patients with IPAH. (A) Comparison of the expression levels of FFAs

in the different risk groups; (B) comparison of the expression levels of FFAs in survivor and non-survivors; (C) comparison of the expression
levels of FFAs in males and females. *, P<0.05; **, P<0.01; ***, P<0.001; ns, P>0.05. FFA, free fatty acid; IPAH, idiopathic pulmonary arterial

hypertension.

In particular, PVR was significantly negatively correlated
with FFA (20:4), FFA (20:5), FFA (22:5), DHA, and FFA
(24:0). Also, mRAP was significantly negatively correlated
with FFA (20:4), FFA (20:5), FFA (22:5), and DHA. The
results further indicated that the levels of FFAs were related
to the development of pulmonary vascular and right heart
dysfunction in patients.

Studies have shown that FFAs, also called non-esterified
fatty acids, as intermediate products of lipid metabolism
in the blood, are important metabolic substrates of cell
energy metabolism in the body, providing energy for
the metabolism of heart, liver, skeletal muscle, and other
organs (14). Many studies have shown that FFAs levels are
related to the occurrence and development of metabolic
syndrome, atherosclerosis, acute coronary syndrome,
heart failure, and other diseases. In the late stage of IPAH
development, the right ventricle, which is responsible for
pulmonary circulation, will suffer from failure due to the
occurrence of thrombus and obstruction of pulmonary
artery and the increase of pressure. FFAs are responsible
for the energy supply of the right ventricle during this
process, and their levels may predict the onset of right heart
failure. In addition, FFAs signal transduction is also strongly
correlated with pulmonary vasoconstriction, intimal injury

© Annals of Translational Medicine. All rights reserved.

and thrombosis (9,15).

FFA (20:5) and FFA (22:6), also known as
eicosapentaenoic acid (EPA) and DHA, respectively,
were first discovered in an epidemiological study in the
late 1960s. The study found that people who ate a diet
rich in EPA and DHA had a low incidence of myocardial
infarction. Subsequently, a large number of studies were
conducted to verify the positive effects of these two FFAs
on cardiovascular protection (16). EPA and DHA intake
can reduce the occurrence of sudden cardiac death in
patients with heart disease events, and can effectively reduce
morbidity and mortality among patients with symptomatic
chronic heart failure (17). Additionally, many animal studies
have shown that small lipid molecules of FFAs, including
EPA and DHA, have a variety of beneficial effects in the
cardiovascular system, including anti-arrhythmic, anti-
thrombotic, anti-atherosclerotic, endothelial relaxation,
blood pressure-lowering, anti-inflammatory, and anti-
fibrotic effects. In terms of pulmonary hypertension, a few
studies have also shown that EPA and DHA have anti-
pulmonary hypertension effects, which were mainly realized
in a model of hypoxic pulmonary hypertension through
relaxation of great artery vessels, reduction of pulmonary
vasomotization, and inhibition of pulmonary fibrosis (18).
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Figure 3 The relationship between lipids with significant differences and baseline characteristics in patients with IPAH. *, P<0.05; **,

P<0.01. IPAH, idiopathic pulmonary arterial hypertension; BSA, body surface area; WHO FC, World Health Organization functional

classification; 6MWD, 6-minute walking distance; mRAP, mean right atrial pressure; mPAP, mean pulmonary arterial pressure; mPAWP,

mean pulmonary artery wedge pressure; PVR, pulmonary vascular resistance; CI, cardiac index; SvO,, mixed venous oxygen saturation; N'T-

proBNP, N-terminal pro-brain natriuretic peptide; FFA, free fatty acid; NS, no significance.

Recent studies have found that cell potassium channels
play an important role in pulmonary vascular smooth
muscle cell over proliferation and apoptosis resistance
in PAH (19). DHA may perform an anti-pulmonary
hypertension role by regulating the potassium channels of
pulmonary artery smooth muscle cells, so as to balance the

proliferation and apoptosis of smooth muscle cells in the

© Annals of Translational Medicine. All rights reserved.

pulmonary artery (20). This is consistent with the results of
the present study. Small lipid molecules other than EPA and
DHA have been less reported in previous studies; however,
because they show the same trend as EPA and DHA, they
may also play a significant role in cardiovascular protection.

Our study indicated that the levels of plasma DHA

were down-regulated and could predict the survival rate

Ann Transl Med 2021;9(12):995 | https://dx.doi.org/10.21037/atm-21-2479



Annals of Translational Medicine, Vol 9, No 12 June 2021

Univariate analysis
Age L

Page 11 of 13

HR (95% Cl) P value
0.966 (0.892-1.046)  0.394
0.903 (0.181-4.506)  0.901

Sex
BMI Hay

WHO FC —T

6MWD
mRAP H
mPAP
mPAWP H
PVR
CO +—=
Cl L
SvO, -
NT-proBNP
HDL +—=—
TBIL o
CR
FFA (14:0)
FFA (14:1)
FFA (16:0)
FFA (16:1)
FFA (16:2)
FFA (18:1)
FFA (18:2)
FFA (18:3)
FFA (20:1)
FFA (20:2)
FFA (20:3)
FFA (20:4)
FFA (20:5)
FFA (22:0)
FFA (22:1)
FFA (22:2)
FFA (22:3)
FFA (22:4)
FFA (22:5)
FFA (22:6)
FFA (24:0)
FFA (24:1)
FFA (30:2)
FFA (30:4)
Multivariate analysis
TBIL d
FFA (22:6) L

[

=

T

s b a i wgrzzeb g G isiviaas
= B P

0.863 (0.699-1.066) 0.172
0.968 (0.321-2.921)  0.955
0.997 (0.990-1.004)  0.441
1.060 (0.925,1.213)  0.403
1.024 (0.984-1.067)  0.246
0.880 (0.710-1.092)  0.246
1.143 (0.998-1.309) 0.054
0.561 (0.198-1.585) 0.239
0.947 (0.861-1.042)  0.275
0.697 (0.383-1.271)  0.267
1.000 (1.000-1.001)  0.147
0.042 (0.002-0.940)  0.046
1.041 (1.001-1.083)  0.042
1.048 (1.005-1.093)  0.027
0.958 (0.872-1.053) 0.372
0.956 (0.823-1.111)  0.557
0.953 (0.823-1.103) 0.517
0.899 (0.779-1.038)  0.148
0.849 (0.663-1.087) 0.194
0.908 (0.729-1.131)  0.390
0.942 (0.771-1.153)  0.564
0.896 (0.762-1.053) 0.182
0.931 (0.794-1.091)  0.375
0.977 (0.891-1.071)  0.616
0.914 (0.784-1.065)  0.250
0.928 (0.825-1.044) 0.212
0.791 (0.630-0.994) 0.044
0.933 (0.841-1.034) 0.187
0.954 (0.787-1.156) 0.633
0.995 (0.825-1.200)  0.957
1.026 (0.830-1.270) 0.810
0.945 (0.798-1.119)  0.510
0.903 (0.803-1.015)  0.088
0.793 (0.671-0.937)  0.006
0.930 (0.816-1.061)  0.280
0.906 (0.720-1.140)  0.400
0.974 (0.819-1.157) 0.764
0.949 (0.801-1.125)  0.548

1.039 (1.000-1.079)  0.052
0.796 (0.637-0.977)  0.006

-1 ] 1 2

Figure 4 Forest plot showing the univariate and multivariate Cox regression analysis of IPAH. IPAH, idiopathic pulmonary arterial

hypertension; BMI, body mass index; WHO FC, World Health Organization functional classification; 6MWD, 6-minute walking distance;

mRAP, mean right atrial pressure; mPAP, mean pulmonary arterial pressure; mPAWP, mean pulmonary artery wedge pressure; PVR,

pulmonary vascular resistance; CI, cardiac index; SvO,, mixed venous oxygen saturation; NT-proBNP, N-terminal pro-brain natriuretic
peptide; HDL, high-density lipoprotein; TBIL, total bilirubin; CR, creatinine; FFA, free fatty acid; HR, hazard ratio; 95% CI, 95%

confidence interval.

of patients with IPAH, which lower plasma DHA may
contribute to the development of IPAH. And combined
with the previous studies showed that DHA is a potent
vasodilator to rapidly decrease in elevated pulmonary
vascular tone and pressure in pulmonary hypertension
(10,20). We though DHA maybe a potential therapeutic
option in IPAH. Therefore, direct or indirect DHA
supplementation may attenuate the progression of

pulmonary arterial remodeling in patients with IPAH.

© Annals of Translational Medicine. All rights reserved.

This study has several limitations. First, the studied
population was small (only 69 patients), which challenges
the generalizability of our results. Second, in the absence of
comparisons with a healthy population, it may be biased to
study lipid metabolism solely in patients with IPAH. Third,
all lipid expression data in this study are relative quantity
not absolute quantity, which can only judge the trend of
lipid expression differences among patients with IPAH with

different risk levels, and cannot obtain an authoritative
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Figure 5 Receiver operating characteristic curve analysis of
DHA in IPAH. DHA, docosahexaenoic acid; IPAH, idiopathic
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standard concentration value. Finally, the prospective study
needs to further evaluate the efficacy of FFA-regulating
drugs on IPAH patients.

Conclusions

FFAs were strongly associated with mortality in patients
with TPAH. FFA (20:4), FFA (20:5), FFA (22:5), DHA, FFA
(24:0) and FFA (30:4) have significant correlations with
IPAH disease severity. A low level of DHA is predictive of
poor survival in patients with IPAH. Therefore, this study

© Annals of Translational Medicine. All rights reserved.
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may provide a theoretical basis for the treatment and daily
diet of patients with IPAH in the future.
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