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Fibrosis is significantly associated with a wide variety of diseases and is involved in
their progression. Fibrosis activated under the influence of different combinations
of factors is considered a double-edged sword. Although there has been much
research on organ fibrosis in recent years, a variety of organ fibrosis diseases and
cancers are not well controlled in terms of prevention, treatment, and prognosis.
Clinical studies still lack exploration and discovery of effective targets for the
pathogenesis of organ fibrosis. Prolyl 4-hydroxylase subunit alpha 1 (P4HA1) is a
protein kinase and the synthesis and secretion of collagen are related to the
sustained activation of P4HA1. As further studies are being conducted, the
potential role of P4HA1 in the development of fibrosis-associated diseases
and cancer is becoming clear. Consequently, we conducted a systematic
review and discussion on the role of P4HA1 in the pathogenesis of various
fibrosis-related diseases and cancers. We reviewed the possible strategies of
P4HA1 in the diagnosis and treatment of fibrosis-related diseases and cancers,
and analyzed its potential relevance as a biomarker in the diagnosis and treatment
of fibrosis-related diseases and cancer.
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1 Introduction

Fibrosis is the result of tissue repair responses following multiple organ injury. Several
cell types, including epithelial cells, vascular endothelial cells, and cells of the innate or
acquired immune system, participate in fibrosis by secreting factors that recruit and activate
fibroblasts to produce extracellular matrix proteins. After tissue damage, local tissue
fibroblasts are activated, and the proliferative capacity and extracellular matrix (ECM)
synthesis of fibroblasts increase, providing structural support for tissue repair and resulting
in repair effects (Henderson et al., 2020; Antar et al., 2023; Yasuma and Gabazza, 2024).
Under chronic injury and persistent inflammatory stimuli, the fibrosis process is often
uncontrollable, and uncontrolled fibrosis leads to the continued accumulation of ECM
components, which may cause tissue structural damage, organ dysfunction, and ultimately
organ failure (Henderson et al., 2020; Antar et al., 2023; Yasuma and Gabazza, 2024;
Weiskirchen et al., 2019). At present, treatment for organ fibrosis is still in the stage of
actively controlling the primary disease (Ngu et al., 2023; Naehrig et al., 2017). Therefore,
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there is an urgent need to explore the pathogenesis and regulatory
network of fibrosis-related diseases, identify effective intervention
targets, and develop drugs with targeted precision.

Several studies have shown that P4HA1, a key protein
involved in collagen synthesis, is a promising therapeutic
target for fibrosis-related diseases (Chen et al., 2018; Lou
et al., 2017). P4HA1 is composed of two identical alpha
subunits and two beta subunits (Zhu et al., 2021; Zou et al.,
2017) and plays a central role in the formation and stability of
collagen triple helix domains (Kivirikko and Pihlajaniemi, 1998).
It plays important roles in various cancers (Table 1), liver
diseases, and cardiovascular diseases. P4HA1 is widely
distributed in various tissues. For example, P4HA1 mRNA is
highly expressed in body parts such as the muscle tissue, kidney,
liver, and female tissues, and P4HA1 protein is highly expressed
in body parts such as the cerebral cortex, nasopharynx, and bronx
(Figure 1). This phenomenon may be attributed to post-
transcriptional modifications of RNA (Delaunay et al., 2024),
including N6-methyladenosine (m6A) and N5-methylcytosine
(m5C), as well as post-translational modifications of proteins
(Lee et al., 2023), such as phosphorylation and ubiquitination.
Splicing, capping, and tailing processes after transcription of
RNA may affect the stability of mRNA, potentially leading to
elevated transcription levels of mRNA and diminished protein
expression (Hao et al., 2024; Gilbert and Nachtergaele, 2023).
Post-translational modifications of proteins affect a number of
key biological processes, including expression, localization, and
enzyme activity (Wang et al., 2023). Consequently, an increase in
protein stability and a reduction in the degradation rate may
result in a reduction in mRNA transcription levels, while protein
expression levels remain elevated. A deeper study on the role of
P4HA1 in fibrosis will broaden the perspective of potential
targets for treatment. In this article, we discuss the regulatory
factors of P4HA1 expression and the signaling pathways involved
in diseases caused by P4HA1.

2 P4HA1 and cancer

Cancer is driven by genetic changes that disrupt the survival,
proliferation, and spread of cancer cells (Kiri and Ryba, 2024). In
2020, there were a total of 4,546,400 new cases of cancer and
2,992,600 deaths in China, accounting for 25.1% and 30.2% of
global cases, respectively (He et al., 2024). The noncancerous
components of tumor tissues (including fibroblasts, inflammatory
cells, and ECM) play a crucial role in tumorigenesis and cancer
progression. This provides a mutagenic environment that allows
cancer cells to develop, facilitating their survival, expansion, and
invasiveness (Landolt et al., 2022; Mallikarjuna et al., 2022; Nicolini
et al., 2023). This presents serious difficulties in the treatment of
cancers, such as the emergence of immunotherapy and medication
resistance (Naik and Leask, 2023; Xiao and Yu, 2021). Collagen
promotes the infiltration, invasion, migration, and angiogenesis of
malignant tumors by reshaping the ECM and influencing the tumor
microenvironment (Xu et al., 2019; Su and Karin, 2023; Necula et al.,
2022). P4HA1 is responsible for producing 4-hydroxyproline at the
Yaa position of the Gly Xaa Yaa repeat sequence in collagen, which is
necessary for the formation of the collagen triple helix structure
(Taga et al., 2014). Previous studies have shown that increased
P4HA1 expression is associated with poor prognosis in some solid
cancers, such as pancreatic cancer, colon cancer, high-grade glioma,
breast cancer, prostate cancer, and lung cancer (Zhou et al., 2023;
Zhao and Liu, 2021; Li et al., 2020; Chen et al., 2021).

2.1 Colon cancer

Colorectal cancer (CRC) is the third most common malignant
tumor of new cancer cases worldwide (Ionescu et al., 2023; Aljama
et al., 2023). The metastasis of CRC is significantly correlated with
matrix deposition and remodeling (Shin et al., 2023), indicating that
P4HA1 may also have carcinogenic effects in CRC. Tanaka et al.

TABLE 1 Studies reporting P4HA1 in cancer.

Disease model P4HA1 expression Main function References

Colorectal Cancer ↑ P4HA1 knockdown inhibits colon cancer cell proliferation and
reduces stemness

Xu et al. (2019); Li et al. (2020); Chen et al. (2021)

Gliomas ↑ P4HA1 promotes GBM cell migration and invasion Shin et al. (2023); Tanaka et al. (2020): Gawel et al.
(2019)

Lung Cancer ↑ P4HA1 promotes lung adenocarcinoma cell invasion and
metastasis

Yang et al. (2024)

Prostate Cancer ↑ P4HA1 promotes prostate cancer cell growth, tumor progression,
and cancer cell stemness

Zhou et al. (2020); Yang et al. (2023)

Pancreatic Cancer ↑ P4HA1 promotes PDAC cell proliferation, drug resistance, and
stemness

Zhang et al. (2023); Chakravarthi et al. (2014);
Walenta et al. (2004)

Breast Cancer ↑ P4HA1 promotes breast cancer cell metastasis, invasiveness and
stemness

Hu et al. (2020); Cao et al. (2019); Li et al. (2023)

Esophageal Cancer ↑ P4HA1 promotes esophageal cancer progression Hollern et al. (2014)

Hepatocellular
Carcinoma

↑ P4HA1 promotes the proliferation of liver cancer cells Polley et al. (2021)

Ovarian Cancer ↑ P4HA1 promotes ovarian cancer cell migration and invasion Li et al. (2022); Gou et al. (2023a)

↑: GDF11 expression increased.
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(2020) found through tissue analysis of clinical cases of 599 patients
with stage I or II CRC that P4HA1 is mainly expressed in the
malignant epithelial components of CRC. In addition, Gawel
et al. (2019) found that the combination of
P4HA1 with tripartite motif-containing 28 (TRIM28),
procollagen-lysine, 2-oxoglutarate 5-dioxygenase 1 (PLOD1) and
carcinoembryonic antigen-related cell adhesion molecule 5
(CEACAM5) proteins in the plasma of 80 newly diagnosed CRC
patients and 80 healthy controls can serve as potential biomarkers
for early diagnosis of colorectal cancer. This indicates that
P4HA1 plays an important role in the occurrence, development,
and diagnosis of CRC. However, the mechanism of action of
P4HA1 in CRC is still unclear.

Zhang et al. (2021) found that P4HA1 expression can stabilize
hypoxia inducible factor-1 alpha (HIF1α) and activate the Wnt
signaling pathway, promoting the proliferation of CRC cells. Chen
et al. found through gene expression profiling analysis using the Cancer
Genome Atlas (TCGA) that the risk signal of P4HA1 related genes in
CRC consists of 11 genes, including MIR210HG, solute carrier family
4 member 7 (SLC4A7), cell division cycle associated 2 (CDCA2), death

associated protein kinase 1 (DAPK1), homeobox C6 (HOXC6),
Troponin T 1 (TNNT1), UL16 binding protein 2 (ULBP2), serine
protease inhibitor clade E member 1 (SERPINE1), WFDC21P, and
forkhead box D1 (FOXD1) (Chen et al., 2021). In addition, Agarwal
et al. found that P4HA1 is highly expressed in CRC tissues and
promotes tumor cell proliferation, invasion, migration, and tumor
growth. And diethyl pyhidc can inhibit the progression of invasive
CRC by acting on P4HA1 (Agarwal et al., 2020) (Figure 2). The above
research progress suggests that P4HA1may serve as an early diagnostic
biomarker and therapeutic target for CRC, but its pathogenic
mechanism in CRC is still unknown.

2.2 Gliomas

Glioma is the most common malignant tumor of the central
nervous system in adults and is divided into different subtypes.
Among them, glioblastoma multiforme (GBM) has the highest
number and the strongest lethality (Uddin et al., 2022). The
ECM is significantly correlated with the stemness and invasion of

FIGURE 1
P4HA1 is widely distributed in different tissues. P4HA1 protein is highly expressed in cerebral cortex, nasopharynrynx, and broncius. The expression
levels of P4HA1 mRNA are relatively high in muscle tissues, kidney tissues, liver tissues, and female tissues. (https://www.proteinatlas.org/
ENSG00000122884-P4HA1/tissue).
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glioma cells. Cescon et al. (2023) found that collagen VI is involved
in maintaining the stem cell-like properties of GBM cells and
promoting invasive transcriptional programs for cancer cell
proliferation and survival. P4HA1 is a key rate limiting protein
in the process of collagen synthesis. Hu et al. found that
P4HA1 expression is upregulated in gliomas. The high expression
of P4HA1 is associated with the malignancy of glioma and can serve
as a prognostic indicator for high-grade glioma patients (Hu et al.,
2017). The hypoxic microenvironment affects the invasiveness of
cancer cells., Hypoxia promotes cancer cell migration and invasion
through the L-Arg/P4HA1 axis in GBM (Zhu et al., 2021). In
addition, Yang et al. (2024) found that in GBM cells,
P4HA1 enhances PK1 succinylation by affecting succinate
concentration, and succinylation inhibits proteasomal
degradation of phosphoglycerate kinase 1 (PGK1), significantly
increasing aerobic glycolysis to produce lactate. Overexpression
of activating transcription factor 3 (ATF3) inhibits the binding of

HIF1α to the P4HA1 promoter region under hypoxic conditions,
suppressing immune response and tumor growth (Figure 2).
Chitosan gelatin microspheres loaded with P4HA1 siRNA can
significantly inhibit the proliferation, metastasis, glial layer
formation, and protein levels of stromal markers (N-cadherin,
vimentin) and epithelial mesenchymal transition (EMT)
transcription factors (Snail, Slug, Twist1) in glioma cells (Zhou
et al., 2024). The above research suggests that P4HA1 correlates
significantly with the expression of transcription factor HIF1α in
GBM. Developing therapeutics targeting P4HA1 and HIF1αmay be
the way to go for treating GBM in the future.

2.3 Lung cancer

Lung cancer is the leading cause of cancer-related death worldwide.
Histologically, lung cancer can be divided into small-cell lung cancer

FIGURE 2
The mechanism of action of P4HA1 in various cancers. P4HA1 is involved in regulating the proliferation, migration, and invasion of various cancer
cells. The figure summarizes the mechanism by which P4HA1 contributes to the occurrence and progression of cancers in the manuscript.
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(SCLC) and non-small cell lung cancer (NSCLC) (Jha et al., 2024). At
present, themain treatment strategies for lung cancer includemolecular
targeted therapy, photothermal therapy, and immunotherapy (Feng
and Zhang, 2023; Alduais et al., 2023; Lahiri et al., 2023). Research has
shown that P4HA1 is essential for the growth and invasion of lung
cancer cells, indicating that P4HA1 may be an effective therapeutic
target for lung adenocarcinoma (Zhao and Liu, 2021). Zhou et al. (2020)
found that the expression of P4HA1 was upregulated by 40% in tumor
tissues compared to normal tissues of lung adenocarcinoma. In
addition, both P4HA1 mRNA and protein are upregulated in
NSCLC. Further research has found that P4HA1 promotes the
invasion and metastasis of lung adenocarcinoma tumor cells by
affecting EMT and matrix metalloproteinases (MMPs) expression
(Ning et al., 2021). MicroRNAs (miRNAs) are a class of non-coding
RNAs with a length of approximately 21 nucleotides, and studies have
shown that the expression of some miRNAs is dysregulated in NSCLC
(Yang et al., 2023; Lobera et al., 2023; Rajakumar et al., 2023). Robinson
et al. found that overexpression of miR-124 can significantly inhibit the
expression of P4HA1 protein in lung cancer cells, resulting in tumor-
suppressive effects (Robinson et al., 2021).

The above studies indicate that P4HA1 plays an important role
in the disease progression of lung cancer (Figure 2). Li et al. (2020)
found through survival analysis that lung cancer patients with high
P4HA1 have a poorer clinical prognosis. Targeting P4HA1 is a
promising strategy for treating lung cancer. Therefore, there is an
urgent need to develop small molecule inhibitors targeting lung
cancer cell P4HA1. Robinson et al. discovered that the small
molecule inhibitor PythiDC of P4HA1 can significantly inhibit
the cell viability and invasion ability of lung cancer cells
(Robinson et al., 2021). The above research indicates that
P4HA1 plays a key role in the pathogenesis and prognosis of
lung cancer. Furthermore, P4HA1 inhibitors have the potential to
become a treatment for lung cancer. However, P4HA1 has not been
reported in lung fibrosis, such as idiopathic pulmonary fibrosis. This
suggests that research on P4HA1 in pulmonary fibrosis-related
diseases is still lacking and that in-depth studies are highly valuable.

2.4 Prostate cancer

Prostate cancer (PCa) is a widespread cancer, which mainly
affects men, with a high incidence rate and mortality. It is the second
most common cancer in men, after lung cancer (Zhang et al., 2023).
In general, there are no typical symptoms in the early stages of PCa,
and most newly diagnosed PCa patients are often in the advanced
stage. In addition, prostate biopsy is considered the gold standard for
the diagnosis of PCa. Currently, there is a lack of relevant
biomarkers for the diagnosis and prognosis of PCa. ECM is a
major component of the tumor environment, promoting the
establishment of pre-invasive behavior. A number of studies have
shown that P4HA1 expression is associated with the progression of
PCa. Chakravarthi et al. (2014) found that P4HA1 expression was
significantly increased in metastatic prostate cancer tissues. Further
mechanistic studies have shown that miR-124 regulates prostate
cancer cell growth and tumor progression by acting on the
expression of P4HA1 and MMP1. Lactic acid is one of the most
abundant environmental metabolites in tumors, and its levels are
significantly correlated with cancer metastasis in cancer patients

(Walenta et al., 2004). Ippolito et al. (2024) found that lactate
secreted by cancer-associated fibroblasts promotes an increase in
alpha-ketoglutarate (α-KG) in prostate cancer cells, activating α-KG
dependent P4HA1 to increase collagen hydroxylation, thereby
inducing stemness and invasive features of prostate cancer cells.
The above research progress indicates a significant correlation
between P4HA1 and cancer metastasis in PCa.

2.5 Pancreatic cancer

Pancreatic cancer is the leading cause of cancer-related death
worldwide. At present, clinical treatment for pancreatic cancer is
mainly divided into surgery and chemotherapy (Kolbeinsson et al.,
2023; Wood et al., 2022; Milella et al., 2022). However, there is still a
lack of specific therapeutic targets and biomarkers for pancreatic
cancer. Hu et al. (2020) analyzed tumor and normal samples in
different datasets and showed that P4HA1 was significantly
overexpressed in multiple pancreatic cancer datasets. Ductal
adenocarcinoma of the pancreas (PDAC) is the main type of
pancreatic cancer. After overexpression of P4HA1, KEGG
pathway enrichment analysis showed a significant correlation
with the HIF-1 signaling pathway. Research has found that
P4HA1 enhances the stability of HIF1α, promotes glycolytic
activity in PDAC cells, induces cancer cell proliferation, drug
resistance, and stemness (Cao et al., 2019). Cao X. et al. (2023)
found that ectopic expression of P4HA1 increased the levels of
cancer stem cell-associated proteins [sex-determining region
(SOX2), octamer-binding transcription factor 4 (OCT4), and
nanog homeobox (NANOG)] in pancreatic ductal
adenocarcinoma cells. However, the specific mechanism and key
proteins of P4HA1 in the occurrence and malignant progression of
pancreatic cancer are still unclear, which deserve further discussion.
Hu et al. found that LINC01503/miR-335-5p is the most promising
upstream regulation axis that affects P4HA1 in pancreatic cancer
through correlation analysis (Hu et al., 2020). Previous studies have
demonstrated that P4HA1 plays a significant role in the
pathogenesis of pancreatic cancer. However, further investigation
is required to elucidate the disease mechanisms and to develop
targeted therapeutic agents.

2.6 Breast cancer

Breast cancer (BC) is a common malignant tumor in women
globally. Collagen deposition is significantly related to the progress
and metastasis of BC (Herrera-Quintana et al., 2024; Papanicolaou
et al., 2022; Li et al., 2023). However, at present, the specific
mechanism of BC is still unclear. Further clarification of new and
more specific biomarkers for the diagnosis, prognosis, and risk
prediction of BC is of great significance to achieve personalized
treatment, improve treatment, and prevent overtreatment,
undertreatment, and incorrect treatment. The regulation of
P4HA1 has a significant impact on the prognosis of BC patients
(Li et al., 2020; Murugesan and Premkumar, 2021). Hollern et al.
(2014) found that E2F transcription factors promote the metastasis
of breast cancer, while E2F downstream target genes include Vegfa,
Bmp4, Cyr61, and P4HA1, suggesting that P4HA1 may regulate
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collagen deposition and participates in the regulation of cancer
metastasis and invasion. In addition, ubiquitin-specific peptidase 5
(USP5) is highly expressed in breast cancer. USP5 deubiquitination
modifies HIF2α, and protects HIF2α from ubiquitin-proteasome
degradation, thus promoting the transcription of HIF2α target
genes, such as P4HA1, solute carrier family 2 member 1
(SLC2A1), PLOD2 and vascular endothelial growth factor A
(VEGFA), providing a potential therapeutic target for BC (Huang
et al., 2022) (Figure 2). Triple-negative breast cancer (TNBC) is the
most aggressive and heterogeneous of all BC subtypes (Polley et al.,
2021; Vagia et al., 2020; Rigiracciolo et al., 2020). The activation of
the HIF-1 pathway in TNBC is at least partially regulated by P4HA1,
promoting the stemness of cancer cells. In addition, elevated
expression of P4HA1 is associated with poor prognosis and
chemotherapy resistance in TNBC patients. The combination of
P4Hi and chemotherapy drug doxorubicin can overcome TNBC
chemotherapy resistance (Xiong et al., 2018).

2.7 Other cancers

Previous studies have elucidated the function and operational
process of P4HA1 in colon cancer, gliomas, lung cancer, prostate
cancer, and pancreatic cancer. What is the function of P4HA1 in
other types of cancers? The ECM is the main component of the
tumor microenvironment. Collagen can promote the invasion
and migration of malignant tumors, and P4HA1 is a key enzyme
of collagen. Li et al. (2022) inferred that P4HA1 may play an
important role in the tumorigenesis of clear cell renal cell
carcinoma (RCC) and may be a prognostic biomarker and
therapeutic target for various malignancies, including RCC.
Gou et al. (2023a) found that the expression of P4HA1 is
related to the differentiation degree, location, lymph node
metastasis, and tumor lymph node metastasis staging of
esophageal squamous cell carcinoma. And it was discovered
that P4HA1 is activated by STAT1 transcription, thereby
promoting the progression of esophageal cancer (EC) (Gou
et al., 2023b). Hepatocellular carcinoma (HCC) is the leading
cause of cancer-related deaths around the world, particularly in
populations in Asia and Africa. The expression level of miR-30e
is reduced in liver cancer tissues. Further research has found that
miR-30e can reduce the expression of P4HA1 at both mRNA and
protein levels, inhibiting the proliferation of liver cancer cells
(Feng et al., 2016).

Ovarian cancer is an invasive disease, and the deposition of
collagen is significantly correlated with the invasion, prognosis, and
metastasis of ovarian cancer (Akinjiyan et al., 2024; Lyu and Feng,
2021; Ho et al., 2021). Platinum-based chemotherapy is the
cornerstone of ovarian cancer treatment, but the resistance of
ovarian cancer cells to platinum-based chemotherapy seriously
affects the prognosis and survival of ovarian cancer patients.
Song et al. observed that hypoxia can significantly upregulate the
mRNA and protein expression of P4HA1/2, while knocking down
P4HA1/2 can significantly inhibit collagen secretion, migration, and
metastasis of ovarian cancer cells (Song et al., 2023). In addition,
miR-122 has tumor-suppressive effects on various cancers. Duan
et al. (2018) found that miR-122 inhibited the migration, invasion,
and EMT of ovarian cancer cells by downregulating P4HA1. MiR-

122 and P4HA1 may be potential diagnostic markers and
therapeutic targets in ovarian cancer.

Levofloxacin has broad-spectrum anticancer activity, and its
combination with cisplatin further enhances the cytotoxicity of
cancer cells by promoting apoptosis (He et al., 2022a). Levofloxacin
prevents DNA replication in bacteria by inhibiting the activity of DNA
helicase. He et al. (2022b) found that levofloxacin significantly inhibited
cancer cell proliferation, colony formation, and xenograft tumor growth
by blocking the G2/M cell cycle and promoting cell apoptosis.
Additionally, P4HA1 is enriched in differentially downregulated
genes. P4HA1 mediated high collagen deposition plays a crucial role
in the tumor microenvironment and progression, and new therapeutic
strategies or small-molecule inhibitors targeting collagen synthesis are
being developed, which will be an important direction for future
cancer research.

3 P4HA1 and cardiovascular diseases

Cardiovascular disease is the leading cause of morbidity and
mortality worldwide. Fibrosis is a common feature of cardiovascular
diseases. Cardiovascular fibrosis represents the activation of repair
mechanisms for damaged organs. However, prolonged and
uncontrolled activation of these repair mechanisms can result in
excessive remodeling and hardening of the ECM, leading to
impaired cardiac function and ultimately heart failure (Poe A
et al., 2023; Ravassa Set al., 2023). The following section will
further discuss the role and specific mechanisms of P4HA1 in
the context of cardiovascular disease fibrosis.

3.1 Atherosclerosis

Atherosclerosis is the main cause of cardiovascular disease,
which is characterized by the accumulation of lipids and fiber
elements in the great arteries. Collagen synthesis by vascular
smooth muscle cells (VSMCs) is very important in
atherosclerosis because it affects plaque stability (Grootaert and
Bennett, 2021; Miano et al., 2021; Zhai et al., 2022). miRNAs play an
important role in cardiovascular diseases (Han et al., 2021; Bian
et al., 2021; Gao et al., 2022). Chen et al. (2018) found a negative
correlation between collagen and VSMC content in plaques and
miR-124-3p levels. MiR-124-3p inhibits VSMC collagen synthesis
by directly targeting P4HA1, which may reduce the stability of
atherosclerotic plaques. Low shear stress and oscillatory shear stress
can affect the size and phenotype of coronary atherosclerotic lesions.
P4HA1 overexpression increases the fiber cap thickness and collagen
content of carotid plaques induced by low shear stress and
oscillatory shear stress, leading to a significant increase in the
size of atherosclerotic plaques (Cao et al., 2016). Plaque rupture
is the most common cause of coronary artery occlusion, which can
lead to acute coronary syndrome. IL-6 significantly increased the
phosphorylation of RAF, mitogen-activated protein kinase (MEK)1/
2 and extracellular signal-regulated kinase (ERK) 1/2, and the
transcription factor c-Jun mediated the reduction of
P4HA1 transcription, downregulated the expression of P4HA1,
thereby destroying the stability of mouse atherosclerotic plaques
(Zhang et al., 2012). Melatonin is an endogenous neurohormone
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primarily secreted by the pineal gland, with multiple physiological
functions. Li et al. (2019) found that melatonin increased Akt
phosphorylation and transcription activation of specific protein 1
(Sp1), which binds to P4HA1 promoter, induces P4HA1 expression,
and enhances the stability of atherosclerotic plaques in
ApoE −/− mice.

3.2 Myocardial infarction

Myocardial infarction (MI) is the main cause of global incidence
rate and mortality, and also the main cause of heart failure (HF)
(Groenewegen et al., 2020; Frantz et al., 2022). The significant loss of
myocardial cells and excessive deposition and arrangement of ECM
after myocardial infarction leads to serious consequences such as
cardiac fibrosis (Yin et al., 2023). Fischer et al. (2024) found that
cellular communication network factor (CCN)1 plays a crucial role
in scar formation after myocardial infarction, guiding the
appropriate arrangement of extracellular matrix collagen
components in mature scars - shaping the mechanical properties
that support their structural stability. Further research has found
that the absence of CCN1 reduces the expression of collagen

processing and stabilizing enzymes (i.e., P4HA1, Procollagen-
lysine 2-oxyglutarate 5-dioxygenase (PLOD)1, and PLOD2).
CCN1 gene knockout mice showed higher ECM structural
complexity in the scar area after myocardial infarction, including
reduced local arrangement and increased curvature of collagen
fibers, as well as a 90% decrease in tissue consistency, packaging,
and size of collagen fibrils. The above studies indicate that
P4HA1 plays an important role in the synthesis and arrangement
of collagen during the fibrosis process after myocardial infarction.

3.3 Diabetic cardiomyopathy

Diabetic cardiomyopathy (DCM) is a serious complication of
diabetes (Shao et al., 2022), leading to cardiac fibrosis, even heart
failure and other serious consequences (Nakamura et al., 2022).
Zhao et al. found that liraglutide can upregulate the expression levels
of CD36 and p-JNK, enhance the DNA-binding activity of activator
protein (AP)-1 to P4HA1, thereby downregulating
P4HA1 expression and reducing myocardial fibrosis (Zhao et al.,
2019). This provides a new therapeutic target for heart fibrosis
caused by diabetic cardiomyopathy.

FIGURE 3
The mechanism of action of P4HA1 in various cardiovascular diseases. P4HA1 is involved in regulating the proliferation of fibroblasts and the
synthesis of collagen in various cardiovascular diseases. The molecular processes of P4HA1 involvement in cardiovascular disease discussed in the text
are summarized in this figure.
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The above results indicate that P4HA1 mediates the synthesis
and secretion of collagen, which influences the stability of
atherosclerotic arterial plaques and the process of cardiac fibrosis
in myocardial infarction and diabetic cardiomyopathy (Figure 3).

4 P4HA1 and other diseases

Non-alcoholic fatty liver disease (NAFLD) is currently the most
common liver disease and a global disease that threatens human
health. The progression of NAFLD may ultimately result in fibrosis
and cirrhosis (Pouwels et al., 2022). In multiple studies, it has been
found that P4HA1 is a hub gene in NAFLD, and its expression is
downregulated by 95% in NAFLD (Jiang H. et al., 2023a). Cao J. et al.
(2023) found a significant correlation between P4HA1 and
neutrophils. The above research suggests that P4HA1 may
participate in the disease progression of NAFLD by participating
in cellular metabolism and inflammatory responses. In addition,
P4HA1 is also involved in the process of liver fibrosis. Li et al. found
that overexpression of miR-122 in hepatic stellate cells significantly
reduced the expression of P4HA1 by targeting the binding site of
P4HA1 mRNA 30-UTR, leading to decreased collagen maturation
and ECM generation, and inhibited liver fibrosis (Li et al., 2013; Lou
et al., 2017).

Periodontal disease is a multifactorial chronic disease. It is
usually accompanied by a hypoxic environment, which affects
metabolic activation and exacerbates pathological and
physiological conditions (Gou et al., 2022). The extracellular
matrix of periodontal connective tissue comprises a substantial
proportion of type I collagen. Morimoto et al. found that
hypoxia culture stimulates upregulation of P4HA1 expression in

periodontal ligament cells, increasing collagen levels (Morimoto
et al., 2021).

The airway remodeling in asthma airway inflammation is caused
by the deposition of collagen on the airway wall. Chelidoniummajus
may alleviate airway remodeling induced by ovalbumin in asthmatic
rats by affecting the expression of P4HA1 (Wang et al., 2024). The
above research results indicate that P4HA1 could be used as one of
the targets for developing therapeutic drugs for airway
inflammation.

Osteoarthritis (OA) is the most common type of arthritis. In OA,
the composition and viscoelasticity of the ECM produced by
chondrocytes undergo alterations (Hodgkinson et al., 2022).
According to reports, P4HA1 disrupts the structure of the
vascular basement membrane by inhibiting collagen synthesis
(Zhou et al., 2017). Jiang P. et al. (2023) found that miRNA-1
treatment led to a decrease in the expression levels of P4HA1 and
aggrecan (ACAN), delaying articular cartilage degeneration
(Figure 4).

5 Summary

According to existing research, the role of P4HA1 in pancreatic
cancer, colon cancer, high-grade glioma, breast cancer, prostate
cancer, lung cancer and other cancers has been preliminarily
verified. However, the role of P4HA1 in cardiovascular diseases
such as myocardial infarction, ischemia-reperfusion, and heart
failure with preserved ejection fraction remains to be explored.
Therefore, it is necessary to further expand the research scope
and explore the specific roles and mechanisms of P4HA1 in
different types of cardiovascular diseases. P4HA1 is expressed in

FIGURE 4
P4HA1 is significantly correlated with osteoporosis, asthma, periodontal disease, and NAFLD.
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various organs. This explains its relationship with cancer and
cardiovascular disease. Overall, research on the role of screening
small-molecule drugs targeting P4HA1 in organ fibrosis diseases
and cancer is limited. Therefore, based on current research results,
more evidence is needed to apply strategies for treating organ
fibrosis by inhibiting the expression of P4HA1 gene and protein.
In addition, due to the limitations of research on the mechanism of
P4HA1 fibrosis in cardiovascular diseases. Therefore, future
research should explore the mechanism of action of
P4HA1 through various methods such as cell experiments,
animal models, clinical cases, and comprehensively analyze other
related genes and signals to understand the role of P4HA1 in fibrosis
in cardiovascular diseases. We hope that with the continuous
advancement of technology and the continuous development of
research, the potential of P4HA1 in treating cardiovascular and
cerebrovascular diseases will gradually be discovered and realized.

Author contributions

XY: Writing–original draft. DZ: Writing–original draft. ML:
Writing–review and editing. YS: Writing–review and editing. XZ:
Writing–review and editing. YX: Writing–review and editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. The study
was supported by the National Natural Science Foundation of China

(Nos 81460567 and 82160709); the Inner Mongolia Natural Science
Foundation of China (Nos 2023MS08066 and 2019MS08198);
National Natural Science Foundation of China Youth Science
Fund Project (82300310); Natural Science Foundation of
Heilongjiang Province (LH2023H075).

Acknowledgments

Thanks to the researchers who published relevant papers.
We would like to thank the academic editor and reviewers for
their important contributions that improved the quality of
this article.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References

Agarwal, S., Behring, M., Kim, H. G., Bajpai, P., Chakravarthi, B. V. S. K., Gupta, N.,
et al. (2020). Targeting P4HA1 with a small molecule inhibitor in a colorectal cancer
PDX model. Transl. Oncol. 13 (4), 100754. doi:10.1016/j.tranon.2020.100754

Akinjiyan, F. A., Ibitoye, Z., Zhao, P., Shriver, L. P., Patti, G. J., Longmore, G. D., et al.
(2024). DDR2-regulated arginase activity in ovarian cancer-associated fibroblasts
promotes collagen production and tumor progression. Oncogene 43 (3), 189–201.
doi:10.1038/s41388-023-02884-3

Alduais, Y., Zhang, H., Fan, F., Chen, J., and Chen, B. (2023). Non-small cell lung
cancer (NSCLC): a review of risk factors, diagnosis, and treatment.Med. Baltim. 102 (8),
e32899. doi:10.1097/MD.0000000000032899

Aljama, S., Lago, E. P., Zafra, O., Sierra, J., Simón, D., Santos, C., et al. (2023).
Dichotomous colorectal cancer behaviour. Crit. Rev. Oncol. Hematol. 189, 104067.
doi:10.1016/j.critrevonc.2023.104067

Antar, S. A., Ashour, N. A., Marawan, M. E., and Al-Karmalawy, A. A. (2023).
Fibrosis: types, effects, markers, mechanisms for disease progression, and its relation
with oxidative stress, immunity, and inflammation. Int. J. Mol. Sci. 24 (4), 4004. doi:10.
3390/ijms24044004

Bian, Y., Pang, P., Li, X., Yu, S., Wang, X., Liu, K., et al. (2021). CircHelz activates
NLRP3 inflammasome to promote myocardial injury by sponging miR-133a-3p in
mouse ischemic heart. J. Mol. Cell Cardiol. 158, 128–139. doi:10.1016/j.yjmcc.2021.
05.010

Cao, J., Zhong, Q., Huang, Y., Zhu,M.,Wang, Z., and Xiong, Z. (2023b). Identification
and validation of INHBE and P4HA1 as hub genes in non-alcoholic fatty liver disease.
Biochem. Biophys. Res. Commun. 686, 149180. doi:10.1016/j.bbrc.2023.149180

Cao, X., Cao, Y., Zhao, H., Wang, P., and Zhu, Z. (2023a). Prolyl 4-hydroxylase
P4HA1 mediates the interplay between glucose metabolism and stemness in pancreatic
cancer cells. Curr. Stem Cell Res. Ther. 18 (5), 712–719. doi:10.2174/
1574888X17666220827113434

Cao, X. P., Cao, Y., Li, W. J., Zhang, H. H., and Zhu, Z. M. (2019). P4HA1/HIF1α
feedback loop drives the glycolytic and malignant phenotypes of pancreatic cancer.
Biochem. Biophys. Res. Commun. 516 (3), 606–612. doi:10.1016/j.bbrc.2019.06.096

Cao, X. Q., Liu, X. X., Li, M. M., Zhang, Y., Chen, L., Wang, L., et al. (2016).
Overexpression of prolyl-4-hydroxylase-α1 stabilizes but increases shear stress-induced
atherosclerotic plaque in apolipoprotein E-deficient mice. Dis. Markers 2016, 1701637.
doi:10.1155/2016/1701637

Cescon, M., Rampazzo, E., Bresolin, S., Da Ros, F., Manfreda, L., Cani, A., et al. (2023).
Collagen VI sustains cell stemness and chemotherapy resistance in glioblastoma. Cell
Mol. Life Sci. 80 (8), 233. doi:10.1007/s00018-023-04887-5

Chakravarthi, B. V., Pathi, S. S., Goswami, M. T., Cieślik, M., Zheng, H., Nallasivam,
S., et al. (2014). ThemiR-124-prolyl hydroxylase P4HA1-MMP1 axis plays a critical role
in prostate cancer progression. Oncotarget 5 (16), 6654–6669. doi:10.18632/oncotarget.
2208

Chen, W., Yu, F., Di, M., Li, M., Chen, Y., Zhang, Y., et al. (2018). MicroRNA-124-3p
inhibits collagen synthesis in atherosclerotic plaques by targeting prolyl 4-hydroxylase
subunit alpha-1 (P4HA1) in vascular smooth muscle cells. Atherosclerosis 277, 98–107.
doi:10.1016/j.atherosclerosis.2018.08.034

Chen, Z., Chen, M., Xue, Z., and Zhu, X. (2021). Comprehensive analysis of gene
expression profiles identifies a P4HA1-related gene panel as a prognostic model in
colorectal cancer patients. Cancer Biother Radiopharm. 36 (8), 693–704. doi:10.1089/
cbr.2021.0242

Delaunay, S., Helm, M., and Frye, M. (2024). RNA modifications in physiology and
disease: towards clinical applications. Nat. Rev. Genet. 25 (2), 104–122. doi:10.1038/
s41576-023-00645-2

Duan, Y., Dong, Y., Dang, R., Hu, Z., Yang, Y., Hu, Y., et al. (2018). MiR-122 inhibits
epithelial mesenchymal transition by regulating P4HA1 in ovarian cancer cells. Cell
Biol. Int. 42 (11), 1564–1574. doi:10.1002/cbin.11052

Feng, G., Shi, H., Li, J., Yang, Z., Fang, R., Ye, L., et al. (2016). MiR-30e suppresses
proliferation of hepatoma cells via targeting prolyl 4-hydroxylase subunit alpha-1
(P4HA1) mRNA. Biochem. Biophys. Res. Commun. 472 (3), 516–522. doi:10.1016/j.
bbrc.2016.03.008

Feng, J., and Zhang, Y. (2023). The potential benefits of polyphenols for corneal
diseases. Biomed. Pharmacother. 169, 115862. doi:10.1016/j.biopha.2023.115862

Frontiers in Pharmacology frontiersin.org09

Yang et al. 10.3389/fphar.2024.1493420

https://doi.org/10.1016/j.tranon.2020.100754
https://doi.org/10.1038/s41388-023-02884-3
https://doi.org/10.1097/MD.0000000000032899
https://doi.org/10.1016/j.critrevonc.2023.104067
https://doi.org/10.3390/ijms24044004
https://doi.org/10.3390/ijms24044004
https://doi.org/10.1016/j.yjmcc.2021.05.010
https://doi.org/10.1016/j.yjmcc.2021.05.010
https://doi.org/10.1016/j.bbrc.2023.149180
https://doi.org/10.2174/1574888X17666220827113434
https://doi.org/10.2174/1574888X17666220827113434
https://doi.org/10.1016/j.bbrc.2019.06.096
https://doi.org/10.1155/2016/1701637
https://doi.org/10.1007/s00018-023-04887-5
https://doi.org/10.18632/oncotarget.2208
https://doi.org/10.18632/oncotarget.2208
https://doi.org/10.1016/j.atherosclerosis.2018.08.034
https://doi.org/10.1089/cbr.2021.0242
https://doi.org/10.1089/cbr.2021.0242
https://doi.org/10.1038/s41576-023-00645-2
https://doi.org/10.1038/s41576-023-00645-2
https://doi.org/10.1002/cbin.11052
https://doi.org/10.1016/j.bbrc.2016.03.008
https://doi.org/10.1016/j.bbrc.2016.03.008
https://doi.org/10.1016/j.biopha.2023.115862
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1493420


Fischer, A. G., Elliott, E. M., Brittian, K. R., Garrett, L., Sadri, G., Aebersold, J., et al.
(2024). Matricellular protein CCN1 promotes collagen alignment and scar integrity
after myocardial infarction.Matrix Biol. S0945-053X (24), 14–32. doi:10.1016/j.matbio.
2024.08.001

Frantz, S., Hundertmark, M. J., Schulz-Menger, J., Bengel, F. M., and Bauersachs, J.
(2022). Left ventricular remodelling post-myocardial infarction: pathophysiology,
imaging, and novel therapies. Eur. Heart J. 43 (27), 2549–2561. doi:10.1093/
eurheartj/ehac223

Gao, X., Li, H., Zhang, W., Wang, X., Sun, H., Cao, Y., et al. (2022).
Photobiomodulation drives MiR-136-5p expression to promote injury repair after
myocardial infarction. Int. J. Biol. Sci. 18 (7), 2980–2993. doi:10.7150/ijbs.71440

Gawel, D. R., Lee, E. J., Li, X., Lilja, S., Matussek, A., Schäfer, S., et al. (2019). An
algorithm-based meta-analysis of genome- and proteome-wide data identifies a
combination of potential plasma biomarkers for colorectal cancer. Sci. Rep. 9 (1),
15575. doi:10.1038/s41598-019-51999-9

Gilbert, W. V., and Nachtergaele, S. (2023). mRNA regulation by RNAmodifications.
Annu. Rev. Biochem. 92, 175–198. doi:10.1146/annurev-biochem-052521-035949

Gou, H., Chen, X., Zhu, X., Li, L., Hou, L., Zhou, Y., et al. (2022). Sequestered
SQSTM1/p62 crosstalk with Keap1/NRF2 axis in hPDLCs promotes oxidative stress
injury induced by periodontitis. Free Radic. Biol. Med. 190, 62–74. doi:10.1016/j.
freeradbiomed.2022.08.001

Gou, W., Song, B., and Yang, Y. (2023a). P4HA1 expression and function in
esophageal squamous cell carcinoma. Med. Baltim. 102 (51), e36800. doi:10.1097/
MD.0000000000036800

Gou, W., Yang, Y., Shan, Q., Xia, S., and Ma, Y. (2023b). P4HA1, transcriptionally
activated by STAT1, promotes esophageal cancer progression. Pathol. Int. 73 (4),
147–158. doi:10.1111/pin.13310

Groenewegen, A., Rutten, F. H., Mosterd, A., and Hoes, A. W. (2020). Epidemiology
of heart failure. Eur. J. Heart Fail 22 (8), 1342–1356. doi:10.1002/ejhf.1858

Grootaert, M. O. J., and Bennett, M. R. (2021). Vascular smooth muscle cells in
atherosclerosis: time for a re-assessment. Cardiovasc Res. 117 (11), 2326–2339. doi:10.
1093/cvr/cvab046

Han, X., Wang, H., Li, Y., Liu, L., and Gao, S. (2021). A 2 miRNAs-based signature for
the diagnosis of atherosclerosis. BMC Cardiovasc Disord. 21 (1), 150. doi:10.1186/
s12872-021-01960-4

Hao, J. D., Liu, Q. L., Liu, M. X., Yang, X., Wang, L. M., Su, S. Y., et al. (2024).
DDX21 mediates co-transcriptional RNA m6A modification to promote transcription
termination and genome stability.Mol. Cell 84 (9), 1711–1726.e11. doi:10.1016/j.molcel.
2024.03.006

He, S., Xia, C., Li, H., Cao, M., Yang, F., Yan, X., et al. (2024). Cancer profiles in China
and comparisons with the USA: a comprehensive analysis in the incidence, mortality,
survival, staging, and attribution to risk factors. Sci. China Life Sci. 67 (1), 122–131.
doi:10.1007/s11427-023-2423-1

He, X., Yao, Q., Fan, D., You, Y., Lian, W., Zhou, Z., et al. (2022a). Combination of
levofloxacin and cisplatin enhances anticancer efficacy via co-regulation of eight cancer-
associated genes. Discov. Oncol. 13 (1), 76. doi:10.1007/s12672-022-00541-x

He, X., Yao, Q., Hall, D. D., Song, Z., Fan, D., You, Y., et al. (2022b). Levofloxacin
exerts broad-spectrum anticancer activity via regulation of THBS1, LAPTM5, SRD5A3,
MFAP5 and P4HA1. Anticancer Drugs 33 (1), e235–e246. doi:10.1097/CAD.
0000000000001194

Henderson, N. C., Rieder, F., and Wynn, T. A. (2020). Fibrosis: from mechanisms to
medicines. Nature 587, 555–566. doi:10.1038/s41586-020-2938-9

Herrera-Quintana, L., Vázquez-Lorente, H., and Plaza-Diaz, J. (2024). Breast cancer:
extracellular matrix and microbiome interactions. Int. J. Mol. Sci. 25 (13), 7226. doi:10.
3390/ijms25137226

Ho, C. M., Chang, T. H., Yen, T. L., Hong, K. J., and Huang, S. H. (2021). Collagen
type VI regulates the CDK4/6-p-Rb signaling pathway and promotes ovarian cancer
invasiveness, stemness, and metastasis. Am. J. Cancer Res. 11 (3), 668–690.

Hodgkinson, T., Kelly, D. C., Curtin, C. M., and O’Brien, F. J. (2022).
Mechanosignalling in cartilage: an emerging target for the treatment of
osteoarthritis. Nat. Rev. Rheumatol. 18 (2), 67–84. doi:10.1038/s41584-021-00724-w

Hollern, D. P., Honeysett, J., Cardiff, R. D., and Andrechek, E. R. (2014). The E2F
transcription factors regulate tumor development and metastasis in a mouse model of
metastatic breast cancer.Mol. Cell Biol. 34 (17), 3229–3243. doi:10.1128/MCB.00737-14

Hu, W. M., Zhang, J., Sun, S. X., Xi, S. Y., Chen, Z. J., Jiang, X. B., et al. (2017).
Identification of P4HA1 as a prognostic biomarker for high-grade gliomas. Pathol. Res.
Pract. 213 (11), 1365–1369. doi:10.1016/j.prp.2017.09.017

Hu, Z., Song, F., Hu, Y., and Liao, T. (2020). Systematic analysis of the expression and
prognostic significance of P4HA1 in pancreatic cancer and construction of a lncRNA-
miRNA-P4HA1 regulatory Axis. Biomed. Res. Int. 2020, 8877334. doi:10.1155/2020/
8877334

Huang, W., Liu, X., Zhang, Y., Deng, M., Li, G., Chen, G., et al. (2022). USP5 promotes
breast cancer cell proliferation and metastasis by stabilizing HIF2α. J. Cell Physiol. 237
(4), 2211–2219. doi:10.1002/jcp.30686

Ionescu, V. A., Gheorghe, G., Bacalbasa, N., Chiotoroiu, A. L., and Diaconu, C. (2023).
Colorectal cancer: from risk factors to oncogenesis. Med. Kaunas. 59 (9), 1646. doi:10.
3390/medicina59091646

Ippolito, L., Duatti, A., Iozzo, M., Comito, G., Pardella, E., Lorito, N., et al. (2024).
Lactate supports cell-autonomous ECM production to sustain metastatic behavior in
prostate cancer. EMBO Rep. 25 (8), 3506–3531. doi:10.1038/s44319-024-00180-z

Jha, S. K., De Rubis, G., Devkota, S. R., Zhang, Y., Adhikari, R., Jha, L. A., et al. (2024).
Cellular senescence in lung cancer: molecular mechanisms and therapeutic
interventions. Ageing Res. Rev. 97, 102315. doi:10.1016/j.arr.2024.102315

Jiang, H., Hu, Y., Zhang, Z., Chen, X., and Gao, J. (2023a). Identification of metabolic
biomarkers associated with nonalcoholic fatty liver disease. Lipids Health Dis. 22 (1),
150. doi:10.1186/s12944-023-01911-2

Jiang, P., Liang, D., Wang, H., Zhou, R., Che, X., Cong, L., et al. (2023b). TMT
quantitative proteomics reveals key proteins relevant to microRNA-1-mediated
regulation in osteoarthritis. Proteome Sci. 21 (1), 21. doi:10.1186/s12953-023-00223-8

Kiri, S., and Ryba, T. (2024). Cancer, metastasis, and the epigenome. Mol. Cancer 23
(1), 154. doi:10.1186/s12943-024-02069-w

Kivirikko, K. I., and Pihlajaniemi, T. (1998). Collagen hydroxylases and the protein
disulfide isomerase subunit of prolyl 4-hydroxylases. Adv. Enzymol. Relat. Areas Mol.
Biol. 72, 325–398. doi:10.1002/9780470123188.ch9

Kolbeinsson, H. M., Chandana, S., Wright, G. P., and Chung, M. (2023). Pancreatic
cancer: a review of current treatment and novel therapies. J. Invest Surg. 36 (1), 2129884.
doi:10.1080/08941939.2022.2129884

Lahiri, A., Maji, A., Potdar, P. D., Singh, N., Parikh, P., Bisht, B., et al. (2023). Lung
cancer immunotherapy: progress, pitfalls, and promises. Mol. Cancer 22 (1), 40. doi:10.
1186/s12943-023-01740-y

Landolt, L., Spagnoli, G. C., Hertig, A., Brocheriou, I., andMarti, H. P. (2022). Fibrosis
and cancer: shared features and mechanisms suggest common targeted therapeutic
approaches. Nephrol. Dial. Transpl. 37 (6), 1024–1032. doi:10.1093/ndt/gfaa301

Lee, J. M., Hammarén, H. M., Savitski, M. M., and Baek, S. H. (2023). Control of
protein stability by post-translational modifications. Nat. Commun. 14 (1), 201. doi:10.
1038/s41467-023-35795-8

Li, H., Li, J., Jiang, X., Liu, S., Liu, Y., Chen, W., et al. (2019). Melatonin enhances
atherosclerotic plaque stability by inducing prolyl-4-hydroxylase α1 expression.
J. Hypertens. 37 (5), 964–971. doi:10.1097/HJH.0000000000001979

Li, J., Ghazwani, M., Zhang, Y., Lu, J., Li, J., Fan, J., et al. (2013). miR-122 regulates
collagen production via targeting hepatic stellate cells and suppressing
P4HA1 expression. J. Hepatol. 58 (3), 522–528. doi:10.1016/j.jhep.2012.11.011

Li, M., Wu, F., Zheng, Q., Wu, Y., and Wu, Y. (2020). Identification of potential
diagnostic and prognostic values of P4HA1 expression in lung cancer, breast cancer, and
head and neck cancer. DNA Cell Biol. 39 (5), 909–917. doi:10.1089/dna.2019.5170

Li, Y., Ge, Y. Z., Qian, Y., Chen, K., Zhao, F., Qin, Z., et al. (2022). The role of
P4HA1 in multiple cancer types and its potential as a target in renal cell carcinoma.
Front. Genet. 13, 848456. doi:10.3389/fgene.2022.848456

Li, Y., Wang, C., Huang, T., Yu, X., and Tian, B. (2023). The role of cancer-associated
fibroblasts in breast cancer metastasis. Front. Oncol. 13, 1194835. doi:10.3389/fonc.
2023.1194835

Lobera, E. S., Varela, M. A., Jimenez, R. L., and Moreno, R. B. (2023). miRNA as
biomarker in lung cancer. Mol. Biol. Rep. 50 (11), 9521–9527. doi:10.1007/s11033-023-
08695-9

Lou, G., Yang, Y., Liu, F., Ye, B., Chen, Z., Zheng, M., et al. (2017). MiR-122
modification enhances the therapeutic efficacy of adipose tissue-derived mesenchymal
stem cells against liver fibrosis. J. Cell Mol. Med. 21 (11), 2963–2973. doi:10.1111/jcmm.
13208

Lyu, Y., and Feng, C. (2021). Collagen synthesis and gap junctions: the highway for
metastasis of ovarian cancer. Lab. Invest 101 (5), 540–542. doi:10.1038/s41374-021-
00546-0

Mallikarjuna, P., Zhou, Y., and Landström, M. (2022). The synergistic cooperation
between TGF-β and hypoxia in cancer and fibrosis. Biomolecules 12 (5), 635. doi:10.
3390/biom12050635

Miano, J. M., Fisher, E. A., and Majesky, M. W. (2021). Fate and state of vascular
smooth muscle cells in atherosclerosis. Circulation 143 (21), 2110–2116. doi:10.1161/
CIRCULATIONAHA.120.049922

Milella, M., Bassi, C., Boggi, U., Brunetti, O., Cavaliere, A., Crippa, S., et al. (2022).
Evolving pancreatic cancer treatment: from diagnosis to healthcare management. Crit.
Rev. Oncol. Hematol. 169, 103571. doi:10.1016/j.critrevonc.2021.103571

Morimoto, C., Takedachi, M., Kawasaki, K., Shimomura, J., Murata, M., Hirai, A.,
et al. (2021). Hypoxia stimulates collagen hydroxylation in gingival fibroblasts and
periodontal ligament cells. J. Periodontol. 92 (11), 1635–1645. doi:10.1002/JPER.20-
0670

Murugesan, M., and Premkumar, K. (2021). Systemic multi-omics analysis reveals
amplified P4HA1 gene associated with prognostic and hypoxic regulation in breast
cancer. Front. Genet. 12, 632626. doi:10.3389/fgene.2021.632626

Frontiers in Pharmacology frontiersin.org10

Yang et al. 10.3389/fphar.2024.1493420

https://doi.org/10.1016/j.matbio.2024.08.001
https://doi.org/10.1016/j.matbio.2024.08.001
https://doi.org/10.1093/eurheartj/ehac223
https://doi.org/10.1093/eurheartj/ehac223
https://doi.org/10.7150/ijbs.71440
https://doi.org/10.1038/s41598-019-51999-9
https://doi.org/10.1146/annurev-biochem-052521-035949
https://doi.org/10.1016/j.freeradbiomed.2022.08.001
https://doi.org/10.1016/j.freeradbiomed.2022.08.001
https://doi.org/10.1097/MD.0000000000036800
https://doi.org/10.1097/MD.0000000000036800
https://doi.org/10.1111/pin.13310
https://doi.org/10.1002/ejhf.1858
https://doi.org/10.1093/cvr/cvab046
https://doi.org/10.1093/cvr/cvab046
https://doi.org/10.1186/s12872-021-01960-4
https://doi.org/10.1186/s12872-021-01960-4
https://doi.org/10.1016/j.molcel.2024.03.006
https://doi.org/10.1016/j.molcel.2024.03.006
https://doi.org/10.1007/s11427-023-2423-1
https://doi.org/10.1007/s12672-022-00541-x
https://doi.org/10.1097/CAD.0000000000001194
https://doi.org/10.1097/CAD.0000000000001194
https://doi.org/10.1038/s41586-020-2938-9
https://doi.org/10.3390/ijms25137226
https://doi.org/10.3390/ijms25137226
https://doi.org/10.1038/s41584-021-00724-w
https://doi.org/10.1128/MCB.00737-14
https://doi.org/10.1016/j.prp.2017.09.017
https://doi.org/10.1155/2020/8877334
https://doi.org/10.1155/2020/8877334
https://doi.org/10.1002/jcp.30686
https://doi.org/10.3390/medicina59091646
https://doi.org/10.3390/medicina59091646
https://doi.org/10.1038/s44319-024-00180-z
https://doi.org/10.1016/j.arr.2024.102315
https://doi.org/10.1186/s12944-023-01911-2
https://doi.org/10.1186/s12953-023-00223-8
https://doi.org/10.1186/s12943-024-02069-w
https://doi.org/10.1002/9780470123188.ch9
https://doi.org/10.1080/08941939.2022.2129884
https://doi.org/10.1186/s12943-023-01740-y
https://doi.org/10.1186/s12943-023-01740-y
https://doi.org/10.1093/ndt/gfaa301
https://doi.org/10.1038/s41467-023-35795-8
https://doi.org/10.1038/s41467-023-35795-8
https://doi.org/10.1097/HJH.0000000000001979
https://doi.org/10.1016/j.jhep.2012.11.011
https://doi.org/10.1089/dna.2019.5170
https://doi.org/10.3389/fgene.2022.848456
https://doi.org/10.3389/fonc.2023.1194835
https://doi.org/10.3389/fonc.2023.1194835
https://doi.org/10.1007/s11033-023-08695-9
https://doi.org/10.1007/s11033-023-08695-9
https://doi.org/10.1111/jcmm.13208
https://doi.org/10.1111/jcmm.13208
https://doi.org/10.1038/s41374-021-00546-0
https://doi.org/10.1038/s41374-021-00546-0
https://doi.org/10.3390/biom12050635
https://doi.org/10.3390/biom12050635
https://doi.org/10.1161/CIRCULATIONAHA.120.049922
https://doi.org/10.1161/CIRCULATIONAHA.120.049922
https://doi.org/10.1016/j.critrevonc.2021.103571
https://doi.org/10.1002/JPER.20-0670
https://doi.org/10.1002/JPER.20-0670
https://doi.org/10.3389/fgene.2021.632626
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1493420


Naehrig, S., Chao, C. M., and Naehrlich, L. (2017). Cystic fibrosis. Dtsch. Arztebl Int.
114 (33-34), 564–574. doi:10.3238/arztebl.2017.0564

Naik, A., and Leask, A. (2023). Tumor-associated fibrosis impairs the response to
immunotherapy. Matrix Biol. 119, 125–140. doi:10.1016/j.matbio.2023.04.002

Nakamura, K., Miyoshi, T., Yoshida, M., Akagi, S., Saito, Y., Ejiri, K., et al. (2022).
Pathophysiology and treatment of diabetic cardiomyopathy and heart failure in patients
with diabetes mellitus. Int. J. Mol. Sci. 23 (7), 3587. doi:10.3390/ijms23073587

Necula, L., Matei, L., Dragu, D., Pitica, I., Neagu, A., Bleotu, C., et al. (2022). Collagen
family as promising biomarkers and therapeutic targets in cancer. Int. J. Mol. Sci. 23
(20), 12415. doi:10.3390/ijms232012415

Ngu, N. L. Y., Flanagan, E., Bell, S., and Le, S. T. (2023). Acute-on-chronic liver failure:
controversies and consensus. World J. Gastroenterol. 29 (2), 232–240. doi:10.3748/wjg.
v29.i2.232

Nicolini, G., Balzan, S., and Forini, F. (2023). Activated fibroblasts in cardiac and
cancer fibrosis: an overview of analogies and new potential therapeutic options. Life Sci.
321, 121575. doi:10.1016/j.lfs.2023.121575

Ning, Y., Zheng, H., Zhan, Y., Liu, S., Yang, Y., Zang, H., et al. (2021). Overexpression
of P4HA1 associates with poor prognosis and promotes cell proliferation and metastasis
of lung adenocarcinoma. J. Cancer 12 (22), 6685–6694. doi:10.7150/jca.63147

Papanicolaou, M., Parker, A. L., Yam, M., Filipe, E. C., Wu, S. Z., Chitty, J. L., et al.
(2022). Temporal profiling of the breast tumour microenvironment reveals collagen XII
as a driver of metastasis. Nat. Commun. 13 (1), 4587. doi:10.1038/s41467-022-32255-7

Poe, A., Martinez Yus, M., Wang, H., and Santhanam, L. (2023). Lysyl oxidase like-2
in fibrosis and cardiovascular disease. Am. J. Physiol. Cell Physiol. 325 (3), C694–C707.
doi:10.1152/ajpcell.00176.2023

Polley, M. C., Leon-Ferre, R. A., Leung, S., Cheng, A., Gao, D., Sinnwell, J., et al. (2021). A
clinical calculator to predict disease outcomes in women with triple-negative breast cancer.
Breast Cancer Res. Treat. 185 (3), 557–566. doi:10.1007/s10549-020-06030-5

Pouwels, S., Sakran, N., Graham, Y., Leal, A., Pintar, T., Yang, W., et al. (2022). Non-
alcoholic fatty liver disease (NAFLD): a review of pathophysiology, clinical management
and effects of weight loss. BMC Endocr. Disord. 22 (1), 63. doi:10.1186/s12902-022-
00980-1

Rajakumar, S., Jamespaulraj, S., Shah, Y., Kejamurthy, P., Jaganathan, M. K.,
Mahalingam, G., et al. (2023). Long non-coding RNAs: an overview on miRNA
sponging and its co-regulation in lung cancer. Mol. Biol. Rep. 50 (2), 1727–1741.
doi:10.1007/s11033-022-07995-w

Ravassa, S., López, B., Treibel, T. A., San José, G., Losada-Fuentenebro, B., Tapia, L.,
et al. (2023). Cardiac Fibrosis in heart failure: focus on non-invasive diagnosis and
emerging therapeutic strategies. Mol. Asp. Med. 93, 101194. doi:10.1016/j.mam.2023.
101194

Rigiracciolo, D. C., Nohata, N., Lappano, R., Cirillo, F., Talia, M., Scordamaglia, D.,
et al. (2020). IGF-1/IGF-1R/FAK/YAP transduction signaling prompts growth effects in
triple-negative breast cancer (TNBC) cells. Cells 9 (4), 1010. doi:10.3390/cells9041010

Robinson, A. D., Chakravarthi, B. V. S. K., Agarwal, S., Chandrashekar, D. S.,
Davenport, M. L., Chen, G., et al. (2021). Collagen modifying enzyme P4HA1 is
overexpressed and plays a role in lung adenocarcinoma. Transl. Oncol. 14 (8), 101128.
doi:10.1016/j.tranon.2021.101128

Shao, Y., Li, M., Yu, Q., Gong, M., Wang, Y., Yang, X., et al. (2022). CircRNA CDR1as
promotes cardiomyocyte apoptosis through activating hippo signaling pathway in
diabetic cardiomyopathy. Eur. J. Pharmacol. 922, 174915. doi:10.1016/j.ejphar.2022.
174915

Shin, A. E., Giancotti, F. G., and Rustgi, A. K. (2023). Metastatic colorectal cancer:
mechanisms and emerging therapeutics. Trends Pharmacol. Sci. 44 (4), 222–236. doi:10.
1016/j.tips.2023.01.003

Song, M., Schnettler, E., Venkatachalam, A., Wang, Y., Feldman, L., Argenta, P., et al.
(2023). Increased expression of collagen prolyl hydroxylases in ovarian cancer is
associated with cancer growth and metastasis. Am. J. Cancer Res. 13 (12), 6051–6062.

Su, H., and Karin, M. (2023). Collagen architecture and signaling orchestrate cancer
development. Trends Cancer 9 (9), 764–773. doi:10.1016/j.trecan.2023.06.002

Taga, Y., Kusubata, M., Ogawa-Goto, K., and Hattori, S. (2014). Stable isotope-labeled
collagen: a novel and versatile tool for quantitative collagen analyses using mass
spectrometry. J. Proteome Res. 13 (8), 3671–3678. doi:10.1021/pr500213a

Tanaka, A., Zhou, Y., Shia, J., Ginty, F., Ogawa, M., Klimstra, D. S., et al. (2020). Prolyl
4-hydroxylase alpha 1 protein expression risk-stratifies early stage colorectal cancer.
Oncotarget 11 (8), 813–824. doi:10.18632/oncotarget.27491

Uddin, M. S., Mamun, A. A., Alghamdi, B. S., Tewari, D., Jeandet, P., Sarwar, M. S.,
et al. (2022). Epigenetics of glioblastoma multiforme: from molecular mechanisms to
therapeutic approaches. Semin. Cancer Biol. 83, 100–120. doi:10.1016/j.semcancer.2020.
12.015

Vagia, E., Mahalingam, D., and Cristofanilli, M. (2020). The landscape of targeted
therapies in TNBC. Cancers (Basel) 12 (4), 916. doi:10.3390/cancers12040916

Walenta, S., Schroeder, T., and Mueller-Klieser, W. (2004). Lactate in solid malignant
tumors: potential basis of a metabolic classification in clinical oncology. Curr. Med.
Chem. 11 (16), 2195–2204. doi:10.2174/0929867043364711

Wang, H., Yang, L., Liu, M., and Luo, J. (2023). Protein post-translational
modifications in the regulation of cancer hallmarks. Cancer Gene Ther. 30 (4),
529–547. doi:10.1038/s41417-022-00464-3

Wang, R., Sui, X., Dong, X., Hu, L., Li, Z., Yu, H., et al. (2024). Integration of
metabolomics and transcriptomics reveals the therapeutic mechanism underlying
Chelidonium majus L. in the treatment of allergic asthma. Chin. Med. 19 (1), 65.
doi:10.1186/s13020-024-00932-y

Weiskirchen, R., Weiskirchen, S., and Tacke, F. (2019). Organ and tissue fibrosis:
molecular signals, cellular mechanisms and translational implications. Mol. Asp. Med.
65, 2–15. doi:10.1016/j.mam.2018.06.003

Wood, L. D., Canto, M. I., Jaffee, E. M., and Simeone, D. M. (2022). Pancreatic cancer:
pathogenesis, screening, diagnosis, and treatment. Gastroenterology 163 (2),
386–402.e1. doi:10.1053/j.gastro.2022.03.056

Xiao, Y., and Yu, D. (2021). Tumor microenvironment as a therapeutic target in
cancer. Pharmacol. Ther. 221, 107753. doi:10.1016/j.pharmthera.2020.107753

Xiong, G., Stewart, R. L., Chen, J., Gao, T., Scott, T. L., Samayoa, L. M., et al. (2018).
Collagen prolyl 4-hydroxylase 1 is essential for HIF-1α stabilization and TNBC
chemoresistance. Nat. Commun. 9 (1), 4456. doi:10.1038/s41467-018-06893-9

Xu, S., Xu, H., Wang, W., Li, S., Li, H., Li, T., et al. (2019). The role of collagen in
cancer: from bench to bedside. J. Transl. Med. 17 (1), 309. doi:10.1186/s12967-019-
2058-1

Yang, H., Liu, Y., Chen, L., Zhao, J., Guo, M., Zhao, X., et al. (2023). MiRNA-based
therapies for lung cancer: opportunities and challenges? Biomolecules 13 (6), 877. doi:10.
3390/biom13060877

Yang, S., Zhan, Q., Su, D., Cui, X., Zhao, J., Wang, Q., et al. (2024). HIF1α/
ATF3 partake in PGK1 K191/K192 succinylation by modulating P4HA1/succinate
signaling in glioblastoma. Neuro Oncol. 26 (8), 1405–1420. doi:10.1093/neuonc/
noae040

Yasuma, T., and Gabazza, E. C. (2024). Cell death in acute organ injury and fibrosis.
Int. J. Mol. Sci. 25 (7), 3930. doi:10.3390/ijms25073930

Yin, X., Yin, X., Pan, X., Zhang, J., Fan, X., Li, J., et al. (2023). Post-myocardial
infarction fibrosis: pathophysiology, examination, and intervention. Front. Pharmacol.
14, 1070973. doi:10.3389/fphar.2023.1070973

Zhai, M., Gong, S., Luan, P., Shi, Y., Kou, W., Zeng, Y., et al. (2022). Extracellular traps
from activated vascular smooth muscle cells drive the progression of atherosclerosis.
Nat. Commun. 13 (1), 7500. doi:10.1038/s41467-022-35330-1

Zhang, J. Y., Zhao, L. J., and Wang, Y. T. (2023). Synthesis and clinical application of
small-molecule drugs approved to treat prostatic cancer. Eur. J. Med. Chem. 262,
115925. doi:10.1016/j.ejmech.2023.115925

Zhang, K., Huang, X. Z., Li, X. N., Feng, M., Li, L., Cai, X. J., et al. (2012). Interleukin
6 destabilizes atherosclerotic plaques by downregulating prolyl-4-hydroxylase α1 via a
mitogen-activated protein kinase and c-Jun pathway. Arch. Biochem. Biophys. 528 (2),
127–133. doi:10.1016/j.abb.2012.09.007

Zhang, Q., Yin, Y., Zhao, H., Shi, Y., Zhang, W., Yang, Z., et al. (2021).
P4HA1 regulates human colorectal cancer cells through HIF1α-mediated Wnt
signaling. Oncol. Lett. 21 (2), 145. doi:10.3892/ol.2020.12406

Zhao, Q., and Liu, J. (2021). P4HA1, a prognostic biomarker that correlates with
immune infiltrates in lung adenocarcinoma and pan-cancer. Front. Cell Dev. Biol. 9,
754580. doi:10.3389/fcell.2021.754580

Zhao, T., Chen, H., Cheng, C., Zhang, J., Yan, Z., Kuang, J., et al. (2019). Liraglutide
protects high-glucose-stimulated fibroblasts by activating the CD36-JNK-AP1 pathway
to downregulate P4HA1. Biomed. Pharmacother. 118, 109224. doi:10.1016/j.biopha.
2019.109224

Zhou, H., He, Y., Li, L., Wu, C., and Hu, G. (2020). Overexpression of P4HA1 is
correlated with poor survival and immune infiltrates in lung adenocarcinoma. Biomed.
Res. Int. 2020, 8024138. doi:10.1155/2020/8024138

Zhou, R., Qiu, L., Zhou, L., Geng, R., Yang, S., and Wu, J. (2023). P4HA1 activates
HMGCS1 to promote nasopharyngeal carcinoma ferroptosis resistance and
progression. Cell Signal 105, 110609. doi:10.1016/j.cellsig.2023.110609

Zhou, Y., Jin, G., Mi, R., Zhang, J., Zhang, J., Xu, H., et al. (2017). Knockdown of
P4HA1 inhibits neovascularization via targeting glioma stem cell-endothelial cell
transdifferentiation and disrupting vascular basement membrane. Oncotarget 8 (22),
35877–35889. doi:10.18632/oncotarget.16270

Zhou, Y., Tian, J., Zhu, Y., Zhang, Y., and Zhao, X. (2024). Multilevel chitosan-gelatin
particles loaded with P4HA1 siRNA suppress glioma development. Drug Deliv. Transl.
Res. 14 (3), 665–677. doi:10.1007/s13346-023-01422-8

Zhu, X., Liu, S., Yang, X., Wang, W., Shao, W., and Ji, T. (2021). P4HA1 as an
unfavorable prognostic marker promotes cell migration and invasion of glioblastoma
via inducing EMT process under hypoxia microenvironment. Am. J. Cancer Res. 11 (2),
590–617.

Zou, Y., Donkervoort, S., Salo, A. M., Foley, A. R., Barnes, A. M., Hu, Y., et al. (2017).
P4HA1 mutations cause a unique congenital disorder of connective tissue involving
tendon, bone, muscle and the eye. Hum. Mol. Genet. 26 (12), 2207–2217. doi:10.1093/
hmg/ddx110

Frontiers in Pharmacology frontiersin.org11

Yang et al. 10.3389/fphar.2024.1493420

https://doi.org/10.3238/arztebl.2017.0564
https://doi.org/10.1016/j.matbio.2023.04.002
https://doi.org/10.3390/ijms23073587
https://doi.org/10.3390/ijms232012415
https://doi.org/10.3748/wjg.v29.i2.232
https://doi.org/10.3748/wjg.v29.i2.232
https://doi.org/10.1016/j.lfs.2023.121575
https://doi.org/10.7150/jca.63147
https://doi.org/10.1038/s41467-022-32255-7
https://doi.org/10.1152/ajpcell.00176.2023
https://doi.org/10.1007/s10549-020-06030-5
https://doi.org/10.1186/s12902-022-00980-1
https://doi.org/10.1186/s12902-022-00980-1
https://doi.org/10.1007/s11033-022-07995-w
https://doi.org/10.1016/j.mam.2023.101194
https://doi.org/10.1016/j.mam.2023.101194
https://doi.org/10.3390/cells9041010
https://doi.org/10.1016/j.tranon.2021.101128
https://doi.org/10.1016/j.ejphar.2022.174915
https://doi.org/10.1016/j.ejphar.2022.174915
https://doi.org/10.1016/j.tips.2023.01.003
https://doi.org/10.1016/j.tips.2023.01.003
https://doi.org/10.1016/j.trecan.2023.06.002
https://doi.org/10.1021/pr500213a
https://doi.org/10.18632/oncotarget.27491
https://doi.org/10.1016/j.semcancer.2020.12.015
https://doi.org/10.1016/j.semcancer.2020.12.015
https://doi.org/10.3390/cancers12040916
https://doi.org/10.2174/0929867043364711
https://doi.org/10.1038/s41417-022-00464-3
https://doi.org/10.1186/s13020-024-00932-y
https://doi.org/10.1016/j.mam.2018.06.003
https://doi.org/10.1053/j.gastro.2022.03.056
https://doi.org/10.1016/j.pharmthera.2020.107753
https://doi.org/10.1038/s41467-018-06893-9
https://doi.org/10.1186/s12967-019-2058-1
https://doi.org/10.1186/s12967-019-2058-1
https://doi.org/10.3390/biom13060877
https://doi.org/10.3390/biom13060877
https://doi.org/10.1093/neuonc/noae040
https://doi.org/10.1093/neuonc/noae040
https://doi.org/10.3390/ijms25073930
https://doi.org/10.3389/fphar.2023.1070973
https://doi.org/10.1038/s41467-022-35330-1
https://doi.org/10.1016/j.ejmech.2023.115925
https://doi.org/10.1016/j.abb.2012.09.007
https://doi.org/10.3892/ol.2020.12406
https://doi.org/10.3389/fcell.2021.754580
https://doi.org/10.1016/j.biopha.2019.109224
https://doi.org/10.1016/j.biopha.2019.109224
https://doi.org/10.1155/2020/8024138
https://doi.org/10.1016/j.cellsig.2023.110609
https://doi.org/10.18632/oncotarget.16270
https://doi.org/10.1007/s13346-023-01422-8
https://doi.org/10.1093/hmg/ddx110
https://doi.org/10.1093/hmg/ddx110
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1493420

	P4HA1: an important target for treating fibrosis related diseases and cancer
	1 Introduction
	2 P4HA1 and cancer
	2.1 Colon cancer
	2.2 Gliomas
	2.3 Lung cancer
	2.4 Prostate cancer
	2.5 Pancreatic cancer
	2.6 Breast cancer
	2.7 Other cancers

	3 P4HA1 and cardiovascular diseases
	3.1 Atherosclerosis
	3.2 Myocardial infarction
	3.3 Diabetic cardiomyopathy

	4 P4HA1 and other diseases
	5 Summary
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


