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Abstract

Background. Pulmonary hypertension (PH) is a syndrome characterized by marked
remodeling of the pulmonary vasculature and increased pulmonary vascular resistance,
ultimately leading to right heart failure and even death. The localization of Zrt/Irt-like Protein 8
(ZIP8, a metal ion transporter, encoded by SLC39A8) was abundantly in microvascualature
endothelium and its pivotal role in lung has been demonstrated. However, the role of Zip8 in the
progression of PH remains unclear.

Methods. Bioinformatics analysis was employed to identify the expression of SLC39A8
expression, all differentially expressed genes (DEGs) between PH and NC from the
Biotechnology Gene Expression Omnibus (NCBI GEO) database. Gene set enrichment analysis
(GSEA) was performed to analyze the enriched signaling pathways. Hub genes were identified
by cytohubba analysis in Cytoscape. Reverse transcriptase-polymerase chain reaction was used
to validate the expression of SLC39A8 and its correlated genes in PH (SU5416/Hypoxia) mice.
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Results. The expression of SLC39A8 expression was downregulated in PH patients, and this
variation was validated in PH (SU5416/Hypoxia) mice lung tissue. SLC39A8-correlated
differentially expressed genes (DEGs) were mainly enriched in the metabolic pathways. Seven
hub genes of SLC39A8-correlated metabolic DEGs were identified, and the expression of these
genes were analyzed in PH patients and controls, and further validated in PH mice. Finally, four
genes expression were downregulated in PH mice, such as Fasn, Nsdhl, Acat2, and Acly. Ofthe
4 genes, Fasn and Acly are the key fatty acids synthesis enzymes, Nsdhl is involved in
cholesterol synthesis, while Acat2 is involved in cholesterol metabolic transformation. These
results provide novel insight into the role of Zip8 in PH.

Introduction

Pulmonary hypertension (PH) is a syndrome characterized by marked remodeling of the
pulmonary vasculature and increased pulmonary vascular resistance and pressure , which
ultimately leads to right heart failure and even death[1]. PH pathogenesis is multifactorial and is
presented as an aberrantly elevated pulmonary artery pressure (PAP) and a persistent increase in
pulmonary vascular resistance and vascular remodeling[2]. There are several pathological
features of the disorder, such as remodeling of the distal pulmonary vasculature, and infiltration
of inflammatory cells, extension of the pulmonary artery smooth muscle cells (PASMC) into
typically nonmuscularized vessels[1].

Currently, drugs mediates improvement of vascular relaxation and inhibition of cell proliferation
has shown favorable results; but the disease is progressive and the long term results are far from
ideal. The newer drugs are urgently needed to improve the survival and exercise tolerance.
SLC39A8 encodes a zinc transporter ZIP8, a member of ZIPs, whose expression was found to be
highest in kidney, lung, and testis[3], and relatively more abundantly in endothelium([4]. The
important role of ZIP8 in the lung has been demonstrated in several studies, for example, loss of
ZIP8 expression was associated with impaired renewal capacity of type 2 alveolar epithelial cells
(AEC2s) and enhanced lung fibrosis[5], increased ZIP8 expression in lung epithelial cells was
associated with protective role against TNF-induced cytotoxicity[6], and increased ZIP8
expression in lung was associated with re-organization of filamentous actin[7]. These data
demonstrated the important role of ZIP8 in lung. There were also other researches that suggested
that the expression of ZIP12 ( another member of ZIPs) was induced in the vasculature in human
patients and rat models of PH in vivo [8-11], which was at least partially responsible for
hypoxia-induced PH in both human and rats[8]. Based on the above research background, we
reasoned that ZIP8, hereafter referred as SLC39A8, also plays a vital role in the progression of
PH. In this study, we analyzed SLC39A8 expression in PH patients and mice, and explored the
role of SLC39A8 in the progression of PH and the potential mechanism involved.

Materials & Methods

Data Collection and Processing

Using the keywords “pulmonary hypertension” and “Homo sapiens”, 7 datasets were screened
out. The original data were obtained from the National Center for Biotechnology Gene
Expression Omnibus (NCBI GEO) database. All the downloaded files were processed using the
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R package (version 4.2.1), and the data were normalized, calibarated and log2-transformed. Of
these datasets, only those containing the expression of SLC39A8 PH patients and normal control
(NC) samples were selected, such as GSE24988 (62 PH and 22 NC), GSE113439 (15 PH and 11
NC), GSE117261 (58 PH and 25 NC) and GSE15197 (18 PH and 13 NC). Considering the small
number of specimens in each dataset, the 4 datasets were merged (153 PH and 71 NC), in the
following called the merged dataset, and followed by batch normalization using “sva’ and
“limma” R package to eliminate the batch effect.

Identifying Differentially Expressed Genes

Differential expression analysis was performed between PH lung tissue and normal tissue using
Limma package in R language. Genes were considered to be differential expression genes
(DEGs) only with an adjusted P<0.05. Results were visualized using “volcano” and “heatmap”
plots constructed using “ggplot2”.

Mouse model of PH/Animal Experiment

8-10-week-old C57BL/6J male mice were purchased from SPF (Beijing) Biotechnology Co.,
Ltd.. Animals were randomized into two groups, kept at 20-25°C under a 12 h light-dark cycle
and obtained food and water freely. To induce the mice PH model (n=10), received a single
weekly subcutaneous injection of SU5416 (Su, 20 mg/kg body weight, suspended in
carboxymethylcellulose solution). Then mice were housed in a hypoxic environment (10% Oz,
Hx) for 4 weeks. Carboxymethylcellulose solution consists of four major components including
0.5% (wt/vol) carboxymethylcellulose sodium, 0.9% (wt/vol) sodium chloride, 0.4% (vol/vol)
polysorbate 80, and 0.9% (vol/vol) benzyl alcohol in deionized water. Control mice (n=10)
received vehicle instead of SU5416 and were subjected to normoxic conditions. A mean
pulmonary arterial pressure (mPAP) of =25 mmHg indicated successful induction of PH, and
researchers who tested mPAP was blinded to animal groups.

All animals survived until the end of the experiment. This study did not require euthanasia. At
the end of the treatment, all mice were anaesthetized with pentobarbital sodium (30mg/kg,i.p.)
before sacrificed, then lung tissue samples were collected for the subsequent experiments.

All experimental protocols were approved by Ethics Committee of Xinxiang Medical University
(XYLL 20230062) and administrated strictly following Guidelines of the Laboratory Animal
Center of Henan Province, Xinxiang Medical University.

Reverse transcriptase-polymerase chain reaction

Total RNA was extracted from lung tissues and quantified by a Trizol reagent (Invitrogen,
Waltham, MA), according to the manufacturer’s instructions. The concentration of RNA was
determined with Nanodrop 1000 (Thermo Scientific, Wilmington, DE), and | pg of RNA from
each sample was reverse transcribed (QuantiTect Reverse Transcription Kit, Qiagen), and PCR
was performed in technical triplicate for each sample by using a thermal cycler (GeneAmp PCR
system 2400; PerkinElmer, Fremont, CA). Primer sequences used for the target genes analyzed
are listed in Table 1.

Gene set Enrichment Analysis (GSEA) of DEGs
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Gene set enrichment analysis (GSEA) was performed using GSEA/MsigDB (http://

www broadingstitute.org/gsea/msigdb/index jsp) to analyze the DEGs.

C2.cp.all.v2022.1 Hs.symbols.gmt [All Canonical Pathways] (3050) was selected as the
reference gene set. Gene sets with INESI>1 P.adj <0.05, and FDR (qvalue) < 0.25 were
considered significantly enriched. Enrichment of gene sets was ranked according to normalized
enrichment score (NES).

Protein-Protein Interaction (PPl) Network Analysis and the Hub Genes identified
PPI network was constructed by Cytoscape software, In this study, STRING (version 11,
http://www.webgestalt.org/) was used to analyze the PPI of DEGs, and an interaction with a

combined score of > 0.4 was considered statistically significant. Then, the PPI network was
constructed and visualized using the Cytoscape software (v3.9.1)[12], which is an open source
software platform for visualizing complex networks and integrating these with any type of
attribute data. Hub genes were identified using cytoscape plugin Cytohubba, and three different
algorithms such as MCC, Degree and Closeness were selected.

Statistical Analysis

Statistical analyses were performed using SPSS 18.0, GraphPad Prism 9.0, and R 3.5.1.
Wilcoxon rank sum test and Welch t' test were used to compare the difference of gene expression
between two PH and NC. Pearson correlation analysis was used to examine the relationship
between the expression of SLC39A8 and other genes. A Student’s t-test was used to compare the
difference in SLC39A8 and its related genes expression in the lung between PH mice and control
mice. Data were expressed as mean + S E.M.

Results

SLC39A8 was lowly expressed in PH

As shown in Figure 1A, volcano plot showed a total of 5228 DEGs (padj<0.05) were identified
from the merged datasets, of which 3031 were downregulated and 2197 were upregulated. The
heatmap of DEGs in the pooled dataset showed hierarchical clustering of altered transcription in
two groups (Figure 1B), which may facilitate to identify the function of unknown transcripts or
the unknown function of known transcripts by collecting similar expression patterns.

Enriched Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways from the GSEA
analysis of all DEGs were shown in Figure 1C, the top 5 pathways such as “Arrhythmogenic
Right Ventricular Cardiomyophthy Arvc”[13], “Ecm Receptor Interaction™[14, 15], “Wnt
Signaling Pathway” [16, 17], “Hypertrophic Cardiomypathy Hcm”[18, 19], “Focal
Adhesion”[20-22], “Dilated Cardiomyopathy”[23, 24] are all associated with PH. On the other
hand, 3 of the top 5 enriched Reactome pathways from the GSEA analysis (Figure 1D) such as
“Degradation of the Extracellular Matrix™[25, 26], “Cilium Assembly”, “Extracellular Matrix
Organization”[25] and “Signaling By Tgfb Family Members”[27] are also involved in the
pathogenesis of PH. We next analyzed the expression of SLC39AS8 in lung tissue between PH
and NC. As shown in Figure 1E, the expression of SLC39A8 decreased in lung tissue of PH
patients (Figure 1E). To further validate this variation of SLC39AS8 in PH, we examined the
expression of Slc39a8 in a mice model of PH induced by SU5416/Hypoxia by quantitative RT-




159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198

PCR. Likewise, Slc39a8 expression in lung tissue of PH mice was noticeably reduced (Figure
1F).

Identifying SLC39A8-correlated DEGs

To further explore potential molecular mechanisms of SLC39A8 in PH, we performed
correlation analysis among all DEGs and SLC39A8 using Pearson correlation coefficients. Then
6083 SLC39A8-correlatted were identified when considered p.adj<0.05.

According to the results of correlation analysis, 2851 DEGs are negative correlated with
SLC39A8, and 3232 DEGs are positive correlated with SLC39A8. As shown in Figure 2A, top
20 positive-correlated DEGs and top 20 negatively-correlated DEGs were displayed in heat maps
of Pearson correlations. Then, the top 5 positively SLC39A8-correlated DEGs were presented in
Figure 2B, such as lysosomal associated membrane protein 3 (LAMP3), phosphatase and actin
regulator-1 (PHACTRI1), methionine synthase reductase (MTRR), methionine synthase reductase
ATP-binding cassette transporter A3 (ABCA3) and sciellin (SCEL). And top 5 negatively
associated genes were also presented in Figure 2C, such as clusterin (CLU), Transmembrane
protein family (TMEM45A), eyes absent homolog 2 (EY A2), Musashi2 (MSI2) and Serpin
Peptidase Inhibitor, Clade F 1 (SERPINF1). Among them, CLU[28, 29] and ABCA3([30, 31]
have been shown to be associated with PH, which indirectly suggests SLC39A8 may play a
pivotal role in the progression of PH.

GSEA analysis of SLC39A8-correlated DEGs

After identified SLC39A8-correlated genes, we further performed gene set enrichment analysis
(GSEA) using gene set collections from the MsigDB (https://www .gsea-

msigdb .org/gsea/msigdb/collections.jsp). ClusterProfiler(4 4.4] was used for GSEA analysis, and
the ¢2.cp.all.v2022.1 .Hs.symbols.gmt [All Canonical Pathways](3050) was selected as the
reference gene set. P.adj<0.05 and false discovery rate (FDR, qvalue) <0.25 were used to
indicate significant enrichent score. These enriched pathways were consisted of Wikipathways,
Reactome and KEGG. As shown in Figure 3A, The SLC39A8-correlated genes were enriched in
“Cholesterol Metabolism With Bloch and Kandutschrussell pathways”, “Cholesterol
Biosynthesis Pathway”, “Cholesterol Synthesis Disorders”, “Nrf2 pathway” and “Mevalonate
Arm of Cholesterol Biosynthesis Pathway” in [WikiPathways] based on Normalized Enrichment
Score (NES). Among the top 5 WikiPathways enriched in the SLC39A8-correlated DEGs, 4
were clustered into a group “cholesterol metabolism™, which was the most significant and have
been demonstrated associated with PH[32-34]. Then the top3 pathways were displayed in Figure
3B, respectively. According to the results of GSEA enrichment analysis of Reactome pathways,
the SLC39A8-correlated DEGs were enriched in, “Antigen Processing Cross Presentation”,
“Cholesterol Biosynthesis”, “innate Immune System” and “Regulation Of Cholesterol
Biosynthesis By Srebp Srebf”. Among the top 5 Reactome pathways, 2 were clustered into a
“cholesterol metabolism™ group. Furthermore, GSEA enrichment analysis of KEGG pathways
reavealed that the pathways enriched by SLC39A8-correlated DEGs included “Terpenoid
Backbone Biosynthesis”, “Steroid Biosynthesis”, “Neuroactive Ligand Receptor Interaction”,
“Focal Adhesion” and “Wnt Signaling Pathway”. Of these pathways, “Neutrophil
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Degranulation” and “innate Immune System” [35], Wnt signaling pathway [16, 17], “Steroid
Biosynthesis”[36] have already been linked to PH. Based on these results of GSEA analysis, we
concluded that the role of SLC39A8 in the progression of PH may attributed to cholesterol
and/or steroid metabolism.

Identifying key SLC39A8-correlated metabolic DEGS between PH and NC
Accumulating evidence has indicated that PAH is associated with metabolic dysfunction[37-40].
And a previous study has identified extracted 1,660 human genes assigned to 86 metabolic
pathways from the KEGG database[41]. Based on these findings, we subsequently identified
SLC39A8-correlated metabolic DEGs between the PH and NC, and constructed the PPI network
of DEGs. As shown in Figure 4A, a venn diagram revealed 202 common genes in three groups,
including 1600 transcripts of metabolic genes, 6083 SLC39A8-correlated DEGs, and 5228 DEGs
between PH and NC. The SLC39A8-correlated metabolic DEGs showed a significant cluster of
interactions and networks. And the PPIs with combined scores greater than 0.4 were obtained for
constructing networks by using the STRING database (Figure 4B). Hub genes were identified by
the Cytohubba plugin in Cytoscape (https://string-db.org/). The top 15 hub genes were identified
using three different algorithms closeness, degree and MCC as shown in Figure 4 C-E. A Venn
diagram (Figure 4F) revealed 7 common genes in the three groups, indicating that they
represented the key SLC39A8-correlated metabolic DEGs between PH and NC.

Validation of key SLC39A8-correlated metabolic DEGs in a mice model Using RT-
PCR Analysis

To further elucidate the relationship between SLC39A8 and the 7 key genes. We presented the
expression of these genes in PH patients and controls in the merged dataset and performed
correlation analysis between these genes. As shown in Figure 5 A, the expression of 6 genes
were low in PH patients, such as cholesterol acyl-transferase 2 (ACAT2), NAD(P)-dependent
steroid dehydrogenase-like (NSDHL), farnesyl diphosphate synthase (FDPS), fatty acid synthase
(FASN), ATP-citrate lyase (ACLY) and Acetyl-CoA synthetase 2 (ACSS2). While the
expression of FDFT1 did not differ between PH patients and NC group. It is possible that the
actual differences were small and no significance when differential analysis is statistically
different with a high p value, which attributed to different statistical methods. Meanwhile,
correlation between SLC39A8 and these genes were shown in Figure 5B. Interestingly, the
expression of these genes was positively correlated with SLC39A8. Finally, we identified 6
genes which are most likely correlated with SLC39A8, such as ACAT2, NSDHL, FDPS, FASN,
ACLY and ACSS2.

In order to further verify the results of bioinformatic analysis, we examined the expression of
these genes in PH mice and control mice. RT-PCR was used to validate the 6 key genes
(NSDHL, ACAT2, ACLY, and FASN) expression in PH mice and control mice. As shown in
Figure 5C, the expression of Acat2, Nsdhl, Fasn and Acly were significantly low in PH mice,
which were consistent with the results of bioinformatics analysis. However, the expression of
Fdps and Acss2 did not differ between the two groups (data are not shown).

Discussion
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Pulmonary hypertension (PH) is a fatal rare disease that characterized by pulmonary vascular
remodeling, involving pulmonary artery endothelial cells, smooth muscle cells, and
fibroblasts[42, 43]. ZIP8 is a recently identified membrane transporter of essential and toxic
divalent metals. The important role of ZIP8 in the lung has been demonstrated, however, the role
of ZIP8 in PH and the mechanism involved are unknown. In recent years, the rapid evolution in
high-throughput sequencing technologies has provided a new perspective for PH research. The
use of transcriptome technology to reveal the role of gene expression has long been appreciated.
In this study, we performed DEGs analysis between PH patients and controls, and found
SLC39A8 expression was significantly reduced in PH patients. Furthermore, the low expression
of SLC39A8 was confirmed in PH mice by using RT-PCR. These finding suggested that
SLC39A8 may play an important role in the progression of PH.

The results of GSEA analysis of all DEGs between PH and NC showed that top 5 KEGG
pathways were all associated with PH, and 3 of the top 5 Reactome pathways were also involved
in the pathogenesis of PH. These results demonstrated the validity of the selected datasets. To
further elucidate the potential role of SLC39A8 in PH, we identified SLC39A8-correrlated genes
in DEGs and performed GSEA analysis of the correlated DEGs. The results of enriched
Wikipathways, Reactome pathways and KEGG pathways suggested that SLC39A8 was
intimately linked to cholesterol metabolism.

Studies have shown that metabolic dysfunction is associated with PAH [37-40].The involvement
of obesity and lipid metabolism in the development of high-altitude pulmonary hypertension
(HAPH) was highlighted in a recent review, which suggests that triglycerides (T'Gs) and low-
density lipoprotein (VLDL) could be predictors of HAPH in early stages, and high BMI is an
important contributor to the development of HAPH[44]. Furthermore, the role of imbalanced
fatty acid metabolism in pulmonary arterial hypertension (PAH) also has been discussed[39]. It
was interesting that body mass index (BMI)[45], obesity[46,47] high-density lipoprotein (HDL)
cholesterol levels[48-51] were correlated with rs13107325 SNP (results Ala-Thr amino acid
change at position 391 of the protein) of the Solute Carrier Family 39 Member 8 (SLC39A8)
gene in several genome-wide association studies (GWAS).

Considered together, we speculated that SLC39A8 may play a role in PH by regulating
cholesterol and/or lipid metabolism, and subsequently identified SLC39A8-related metabolic
DEGs by using a Venn diagram. Next, 7 hub SLC39A8-related metabolic DEGs were identified,
after analysing the expression of these genes and the correlation of these genes and SLC39A8, 6
hub genes were selected for further study. Finally, of the 6 hub genes, only 4 hub genes such as
Acat2, Nsdhl, Fasn, Acly were downregulated in PH mice, while the other two genes such as
Fdps and Acss2 were equivalent between two groups.

Of the four genes, NSDHL gene encodes a sterol dehydrogenase or decarboxylase enzyme
involved in cholesterol biosynthesis[52], ACLY is a key fatty acids synthesis enzymes, FASN is
a key enzyme for the de novo synthesis of fatty acids and ACAT2 is an ER membrane-spanning
enzyme converting cholesterol and fatty acid to cholesteryl esters (CEs)[53].
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It is known that fatty acid metabolism involves fatty acid synthesis, fatty acid oxidation and
cholesterol metabolism[54]. The importance of lipid mechanism in PH[39, 44] has been
demonstrated, and imbalanced fatty acid metabolism is reported in heart and lungs of PAH
patients [55-57]. A higher rate of de novo fatty acid synthesis was found in PAH-HPASMC|[58],
and increased expression of FASN were observed in lungs of MCT-treated rats [59] and human
PAH pulmonary arterial vascular smooth muscle cells (PAVSMC) [60]. In addition, another fatty
acid synthesis enzyme ACLY was also upregulated in PAVSMC/[60]. Furthermore, another
study reveals that inhibition of FASN is beneficial for endothelial function in PH[61] and
improves cardiac function associated with PH[62]. These results demonstrated that the increased
FASN is correlated with PH. However, in this study, we found that the expression of FASN and
ACLY in PH patients and PH mice were decreased. We speculate that the discrepancy might
arise from the difference between cell sample and tissue sample and need to be further studied.
Although cholesterol and fatty acids (FA) are essential lipids that play a wide range of
physiological roles, excessive polar lipids, such as free cholesterol (FC) and free FA (FFA), are
the major risk factors in the body. The stabilized ACAT2 converts cholesterol and FAs to CEs,
thereby reducing the lipotoxicity of polar lipids. Previous studies have found HDL-cholesterol
reduced [32] in PAH patients, and loss of membrane cholesterol contributes to impaired
pulmonary endothelial store-operated Ca>* entry (SOCE) in chronic hypoxia induced PH|33].
Those findings suggested the protective properties of HDL in PAH[34]. In this study, the
expression of NSDHL and ACAT?2 were decreased, which can decrease the production of
cholesterol and increase the toxicity of cholesterol, finally participant in the procession of PH.

In conclusion, the results of the present study revealed that SLC39A8 expression is low in pH
patients and mice, we firstly identified its potential target genes associated with fatty acid
metabolism through bioinformatic prediction, and validated the expression of these genes in PH
patients and mice. Finally, we conclude that SLC39A8 may play a pivotal role in the progression
of PH by regulating fatty acid and/cholesterol metabolism.

However, some limitations should also be noted in this study. First, the sample size of the
included datasets in this study is not big enough. Second, the specific regulatory mechanism
between SLC39A8 and the 4 hub genes has not been clearly explored. Therefore, a more detailed
investigation of the protective role of SLC39AS8 in PH and whether these four hub genes were
involved will be required.

Conclusions

Our data presented here was the first, to our knowledge, to show that the expression of SLC39A8
was low in the lung of PH patients by analyzing four publicly available microarray datasets
retrieved from GEO database. This result was validated in PH mice by using RT-PCR.
Furthermore, based on our current study, our research provided a bioinformatic analysis of
SLC39A8 and its correlated metabolic DEGs. The screened hub genes, NSDHL, ACLY,
ACAT?2, and FASN may be downstream target genes of SLC39A8. However, further study about
PH is required for a better understanding of the role of ZIP8 in PH.

Acknowledgements




318
319
320

321
322

323
324
325

326

327
328
329
330
331
332
333
334
3356
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365

We really appreciate GEO databases for providing platforms and contributors for uploading
meaningful datasets, and Xiantao online tools (https://www xiantao.love/) for mapping.
Availability of data

The raw microarray data were deposited in the Gene Expression Omnibus

(http:www ncbi.nlm.nih.gov/projects/geo).

Declaration of interests

The authors have declared that no competing interests exist.

References

1. Hassoun, P.M., Pulmonary Arterial Hypertension. N Engl J Med, 2021. 385(25): p. 2361-
2376.

2. Crosswhite, P. and Z. Sun, Molecular mechanisms of pulmonary anterial remodeling. Mol
Med, 2014. 20(1): p. 191-201.

3. Wang, B., et al., Enhanced cadmium-induced testicular necrosis and renal proximal

tubule damage caused by gene-dose increase in a Slc39a8-transgenic mouse line. Am J
Physiol Cell Physiol, 2007. 292(4): p. C1523-35.

4. Tran, H.B., et al., Immunolocalization of zinc transporters and metallothioneins reveals
links to microvascular morphology and functions. Histochem Cell Biol, 2022. 158(5): p.
485-496.

5. Liang, J., et al., The ZIP8/SIRT1 axis regulates alveolar progenitor cell renewal in aging
and idiopathic pulmonary fibrosis. J Clin Invest, 2022. 132(11).

6. Besecker, B., et al., The human zinc transporter SLC39A8 (Zip8) is critical in zinc-

mediated cytoprotection in lung epithelia. Am J Physiol Lung Cell Mol Physiol, 2008.
294(6): p. L1127-36.

7. Geng, X., et al., Role of ZIP8 in regulating cell morphology and NF-kB/Snail2 signaling.
Metallomics, 2018. 10(7): p. 953-964.

8. Zhao, L., et al., The zinc transporter ZIP12 regulates the pulmonary vascular response
to chronic hypoxia. Nature, 2015. 524(7565): p. 356-60.

9. Xiao, G., et al., Zinc-mediated activation of CREB pathway in proliferation of pulmonary
artery smooth muscle cells in pulmonary hypertension. Cell Commun Signal, 2021.
19(1): p. 103.

10. Tran, H.B., et al., Dysregulated zinc and sphingosine-1-phosphate signaling in
pulmonary hypertension: Potential effects by targeting of bone morphogenetic protein
receptor type 2 in pulmonary microvessels. Cell Biol Int, 2021. 45(11): p. 2368-2379.

11. Zhu, T., et al., ZIP12 Contributes to Hypoxic Pulmonary Hypertension by Driving
Phenotypic Swilching of Pulmonary Artery Smooth Muscle Cells. J Cardiovasc
Pharmacol, 2022. 79(2): p. 235-243.

12. Shannon, P., et al., Cytoscape: a software environment for integrated models of
biomolecular interaction networks. Genome Res, 2003. 13(11): p. 2498-504.

13. Talati, M. and A. Hemnes, Fatty acid metabolism in pulmonary arterial hypertension: role
in right ventricular dysfunction and hypertrophy. Pulm Circ, 2015. 5(2): p. 269-78.

14. Yuan, C., et al., Protein biomarkers and risk scores in pulmonary arterial hypertension
associated with ventricular septal defect: integration of multi-omics and validation. Am J
Physiol Lung Cell Mol Physiol, 2020. 319(5): p. L810-1822.

15. Thenappan, T., et al., Pulmonary arterial hypertension: pathogenesis and clinical
management. Bmj, 2018. 360: p. j5492.

16. de Jesus Perez, V., et al., Targeting the Wnt signaling pathways in pulmonary arterial
hypertension. Drug Discov Today, 2014. 19(8): p. 1270-6.




366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Konigshoff, M. and O. Eickelberg, WNT signaling in lung disease: a failure or a
regeneration signal? Am J Respir Cell Mol Biol, 2010. 42(1): p. 21-31.

Mitra, A., et al., Significance of Pulmonary Hypertension in Hypertrophic
Cardiomyopathy. Curr Probl Cardiol, 2020. 45(6): p. 100398.

Musumeci, M.B., et al., Pulmonary hypertension and clinical correlates in hypertrophic
cardiomyopathy. Int J Cardiol, 2017. 248: p. 326-332.

Zhao, M., et al., An evidence-based knowledgebase of pulmonary arterial hypertension
to identify genes and pathways relevant to pathogenesis. Mol Biosyst, 2014. 10(4): p.
732-40.

Ravi, Y., et al., Dysregulation of PTEN in cardiopulmonary vascular remodeling induced
by pulmonary hypertension. Cell Biochem Biophys, 2013. 67(2): p. 363-72.

Lin, C,, et al., RELM-8 promotes human pulmonary artery smooth muscle cell
proliferation via FAK-stimulated surviving. Exp Cell Res, 2017. 351(1): p. 43-50.
Dziewiecka, E., et al., Relationships between Pulmonary Hypertension Risk, Clinical
Profiles, and Outcomes in Dilated Cardiomyopathy. J Clin Med, 2020. 9(6).

Liang, J., et al., A predictive model for dilated cardiomyopathy with pulmonary
hypertension. ESC Heart Fail, 2021. 8(5): p. 4255-4264.

Thenappan, T., S.Y. Chan, and E.K. Weir, Role of extracellular matrix in the
pathogenesis of pulmonary arterial hypertension. Am J Physiol Heart Circ Physiol, 2018.
315(5): p. H1322-h1331.

Mumby, S., et al., Extracellular matrix degradation pathways and fatty acid metabolism
regulate distinct pulmonary vascular cell types in pulmonary arterial hypertension. Pulm
Circ, 2021. 11(1): p. 2045894021996190.

Woo, K.V., D.M. Ornitz, and G.K. Singh, Diagnosis and Pathophysiological Mechanisms
of Group 3 Hypoxia-Induced Pulmonary Hypertension. Curr Treat Options Cardiovasc
Med, 2019. 21(3): p. 16.

Nicolescu, M.l., Evidence of secretory clusterin elevated levels in induced pulmonary
arterial hypertension. Acta Physiol (Oxf), 2015. 213(2): p. 301-2.

Liu, X., et al., Secretory clusterin is upregulated in rats with pulmonary arterial
hypertension induced by systemic-to-pulmonary shunts and exerts important roles in
pulmonary artery smooth muscle cells. Acta Physiol (Oxf), 2015. 213(2): p. 505-18.
Kunig, A.M., et al., ABCAS3 deficiency presenting as persistent pulmonary hypertension
of the newborn. J Pediatr, 2007. 151(3): p. 322-4.

Ota, C., M. Kimura, and S. Kure, ABCA3 mutations led to pulmonary fibrosis and
emphysema with pulmonary hypertension in an 8-year-old girl. Pediatr Pulmonol, 2016.
51(6): p. E21-3.

Heresi, G.A., et al., Plasma levels of high-density lipoprotein cholesterol and outcomes
in pulmonary arterial hypertension. Am J Respir Crit Care Med, 2010. 182(5): p. 661-8.
Zhang, B., et al., Reduced membrane cholesterol limits pulmonary endothelial Ca(2+)
entry after chronic hypoxia. Am J Physiol Heart Circ Physiol, 2017. 312(6): p. H1176-
h1184.

Jonas, K. and G. Kope¢, HDL Cholesterol as a Marker of Disease Severity and
Prognosis in Patients with Pulmonary Arterial Hypertension. Int J Mol Sci, 2019. 20(14).
Taylor, S., et al., The Role of Neutrophils and Neutrophil Elastase in Pulmonary Arterial
Hypertension. Front Med (Lausanne), 2018. 5: p. 217.

Hester, J., C. Ventetuolo, and T. Lahm, Sex, Gender, and Sex Hormones in Pulmonary
Hypertension and Right Ventricular Failure. Compr Physiol, 2019. 10(1): p. 125-170.
He, Y.Y., et al., Spermine promotes pulmonary vascular remodelling and its synthase is
a therapeutic target for pulmonary arterial hypertension. Eur Respir J, 2020. 56(5).




415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

He, Y.Y., et al., Plasma metabolomics in the perioperative period of defect repair in
patients with pulmonary arterial hypertension associated with congenital heart disease.
Acta Pharmacol Sin, 2022. 43(7): p. 1710-1720.

Xu, W., A.J. Janocha, and S.C. Erzurum, Metabolism in Pulmonary Hypertension. Annu
Rev Physiol, 2021. 83: p. 551-576.

Wang, S., et al., The Role of Glutamine and Glutaminase in Pulmonary Hypertension.
Front Cardiovasc Med, 2022. 9: p. 838657.

Gong, Y., et al., Metabolic-Pathway-Based Subtyping of Triple-Negative Breast Cancer
Reveals Potential Therapeutic Targets. Cell Metabolism, 2021. 33(1): p. 51-64.e9.
Rabinovitch, M., Molecular pathogenesis of pulmonary arterial hypertension. J Clin
Invest, 2012. 122(12): p. 4306-13.

Humbert, M., et al., Pathology and pathobiology of pulmonary hypertension: state of the
art and research perspectives. Eur Respir J, 2019. 53(1).

Siques, P., et al., Involvement of overweight and lipid metabolism in the development of
pulmonary hypertension under conditions of chronic intermittent hypoxia. Pulm Circ,
2020. 10(1 Suppl): p. 42-49.

Speliotes, E.K., et al., Association analyses of 249,796 individuals reveal 18 new loci
associated with body mass index. Nat Genet, 2010. 42(11): p. 937-48.

Speliotes, E.K., et al., Association analyses of 249,796 individuals reveal 18 new loci
associated with body mass index. Nature Genetics, 2010. 42(11): p. 937-948.

Berndt, S.1,, et al., Genome-wide meta-analysis identifies 11 new loci for anthropometric
traits and provides insights into genetic architecture. Nature Genetics, 2013. 45(5): p.
501-512.

Waterworth, D.M., et al., Genetic Variants Influencing Circulating Lipid Levels and Risk
of Coronary Artery Disease. Arteriosclerosis, Thrombosis, and Vascular Biology, 2010.
30(11): p. 2264-2276.

Teslovich, T.M., et al., Biological, clinical and population relevance of 95 loci for blood
lipids. Nature, 2010. 466(7307): p. 707-713.

Willer, C.J., et al., Discovery and refinement of loci associated with lipid levels. Nature
Genetics, 2013. 45(11): p. 1274-1283.

Teslovich, T.M., et al., Biological, clinical and population relevance of 95 loci for blood
lipids. Nature, 2010. 466(7307): p. 707-13.

Caldas, H. and G.E. Herman, NSDHL, an enzyme involved in cholesterol biosynthesis,
traffics through the Golgi and accumulates on ER membranes and on the surface of lipid
droplets. Hum Mol Genet, 2003. 12(22): p. 2981-91.

Chang, T.Y., C.C. Chang, and D. Cheng, Acyl-coenzyme A:cholesterol acyitransferase.
Annu Rev Biochem, 1997. 66: p. 613-38.

Yang, Q., et al., Metabolic regulation of inflammasomes in inflammation. Immunology,
2019. 157(2): p. 95-109.

Hernandez-Saavedra, D., et al., Stable isotope metabolomics of pulmonary artery
smooth muscle and endothelial cells in pulmonary hypertension and with TGF-beta
treatment. Sci Rep, 2020. 10(1): p. 413.

Zhuang, W., et al., CPT1 regulates the proliferation of pulmonary artery smooth muscle
cells through the AMPK-p53-p21 pathway in pulmonary arterial hypertension. Mol Cell
Biochem, 2019. 455(1-2): p. 169-183.

Zhao, Y., et al., Metabolomic heterogeneity of pulmonary arterial hypertension. PLoS
One, 2014. 9(2): p. e88727.

Flavin, R., et al., Fatty acid synthase as a potential therapeutic target in cancer. Future
Oncol, 2010. 6(4): p. 551-62.

Singh, N., et al., Inhibition of fatty acid synthase is protective in pulmonary hypertension.
Br J Pharmacol, 2016. 173(12): p. 2030-45.




466  60. Jiang, L., et al., Akt-Dependent Glycolysis-Driven Lipogenesis Supports Proliferation and
467 Survival of Human Pulmonary Arterial Smooth Muscle Cells in Pulmonary Hypertension.
468 Front Med (Lausanne), 2022. 9: p. 886868.

469 61. Singh, N., et al., Fatty acid synthase modulates proliferation, metabolic functions and
470 angiogenesis in hypoxic pulmonary artery endothelial cells. Eur J Pharmacol, 2017. 815:
471 p. 462-469.

472  62. Singh, N., et al., Involvement of fatly acid synthase in right ventricle dysfunction in

473 pulmonary hypertension. Exp Cell Res, 2019. 383(2): p. 111569.

474

475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505  Figure 1. SLC39AS8 expression was downregulated in PH patients and mouse PH models.
506  (A) The volcano plots of DEGs in the merged datasets (153 PH and 71 NC, merged from these
507  four datasets), in which 3031 DEGs were downregulated (log2FC > 0, FDR <0.05) and 2197
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DEGs upregulated (log2FC> 0, FDR < 0.05). (B) Heatmap of DEGs in the merged datasets (C)
GSEA analysis shows enriched KEGG pathways. (D) GSEA analysis shows enriched Reactome
pathways. (E) Expression levels of SLC39A8 in PH and NC groups in the merged datasets. ( F)
Expression levels of Slc39a8 in the lungs of normoxia and Su/Hx treated PH mice (n=10). Data
were presented as mean+SEM. *#*P<(0.001.

Figure 2. Correlation analysis of all DEGs and SLC39A8. (A) Heatmap of the top 20 genes
positively or negatively correlated with SLC39A8. Red represents positive correlation and blue
represents negative correlation. (B) Top 5 genes positively correlated with SLC39A8 were
displayed. (C) Top 5 genes negatively correlated with SLC39A8 were displayed.

Figure 3. The GSEA analysis of SLC39A8-correlated DEGs between PH and NC. (A)
GSEA classical plots generated based on NES score in canonical Wikipathways. (B) The top 3
WikiPathways are listed respectively. (C) GSEA classical plots generated based on NES score in
canonical Reactome pathways. (D) GSEA classical plots generated based on NES score in
canonical KEGG pathways. P.adj<0.05 and false discovery rate (FDR, qvalue)<0.25 were used
to indicate significant enrichment score.

Figure 4. 1dentification of hub genes SL.C39A8-correlated metabolic DEGS between PH
and NC. (A) Venn diagram of common genes in three groups (1600 transcripts of metabolic
genes, 6083 SLC39A8-correlated DEGs, and 5228 DEGs). (B) PPI network was constructed by
the STRING database and visualized by cytoscape software (v3.9.1), and each blue filled node
represents a SLC39A8-related gene; (C-E) The top 15 Hub genes were identified via cytoscape
software (cytohubba) using MCC (C), Degree (D), and Closeness (E). (F) Venn diagram of
common genes in these three hub gene sets.

Figure 5. Verification of hub genes expression at the mRNA level. (A) The expression of 7
key SLC39A8-correlated metabolic DEGs in the merged dataset. (B) The correlations between 7
key SLC39A8-correlated metabolic DEGs and SLC39A8 were presented independently. (C) RT-
PCR analysis of the expression of Acat2, Nsdhl, Acly and Fasn in lungs of normoxia and Su/Hx
treated PH mice. n=10 for each group. Data are shown as mean + SEM; *P<0.05, ** P<0.01,
*#%P<0.001; ns, no significance.
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