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The versatile role of Serpina3c

in physiological and pathological
processes: a review of

recent studies
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Metabolic Health, Shanghai University of Sport, Shanghai, China

Murine Serpina3c belongs to the family of serine protease inhibitors (Serpins),
clade "A" and its human homologue is SerpinA3. Serpina3c is involved in some
physiological processes, including insulin secretion and adipogenesis. In the
pathophysiological process, the deletion of Serpina3c leads to more severe
metabolic disorders, such as aggravated non-alcoholic fatty liver disease
(NAFLD), insulin resistance and obesity. In addition, Serpina3c can improve
atherosclerosis and regulate cardiac remodeling after myocardial infarction.
Many of these processes are directly or indirectly mediated by its inhibition of
serine protease activity. Although its function has not been fully revealed, recent
studies have shown its potential research value. Here, we aimed to summarize
recent studies to provide a clearer view of the biological roles and the underlying
mechanisms of Serpina3c.
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1 Introduction

Murine Serpina3c, whose full name is serine (or cysteine) peptidase inhibitor, clade A,
member 3C, consists of 417 amino acids with a molecular weight of 46~54KDa and is a serine
protease inhibitor (Serpin). Its gene is located on chromosome 12 of mice. And the human
homolog of Serpina3c is SerpinA3 (1, 2). In mice, Serpina3c is a secretory protein located
outside the cells, which is mainly expressed in white adipose tissue (WAT), brown adipose
tissue (BAT), heart, brain, pancreas and lung, but low in the liver, skeletal muscle, spleen, and
kidney (3, 4). Recent studies have shown that Serpina3c is involved in some physiological
processes, including insulin secretion, adipocyte differentiation, and also plays an important
role in various pathologies (5, 6). However, the action mechanism of Serpina3c needs further
study. The specificity and function of Serpin are defined by its reaction center loop (RCL),
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which extends from the main body of the peptide and guides the
binding of inhibitors to target proteases (7). Under physiological
conditions, Serpina3c, like its human homologue SerpinA3, can
inhibit the activity of Cathepsin G and participate in the cascade of
protein hydrolysis. In recent years, Serpina3c has been studied as a
secretory factor of fat tissues in organisms. Through transcriptome
analysis, it is shown that Serpina3c is a key factor in the signal
network during adipogenesis. Researchers confirmed in vitro that
Serpina3c is necessary for extracellular signal-regulated kinase (ERK)
activation and glycogen synthase kinase-33 (GSK-3P) nuclear
translocation, both of which are necessary for CCAAT/enhancer-
binding protein B (C/EBPP) phosphorylation and adipogenesis (6).
In addition, it has been shown that Serpina3c can inhibit the turnover
of a5/P1 integrin-mediated by cathepsin G, and the integrity of o5/
B1 integrin signal transduction activates protein kinase B (AKT) to
reduce the phosphorylation of c-Jun N-terminal kinase (JNK), thus
inhibiting adipose tissue inflammation induced by high-fat diet
(HFD) feeding in mice (3). However, the role of Serpina3c as a
secretory factor of fat has not been fully revealed. Therefore, this
paper reviews the role and mechanism of Serpina3c in various
physiological and pathological processes, compares and analyzes it
with its human homologue SerpinA3. This contributes to a better
understanding of the biological similarities between mouse Serpina3c
and human SerpinA3, as well as their roles in diseases. These findings
may provide a deeper understanding of the role and mechanism of
the Serpin family in physiological and pathological processes.

2 Homology and molecule features of

Serpina3c

When attempting to isolate o-1 antitrypsin (SerpinAl) from
mouse serum, researchers discovered two active ingredients, one of
which was tentatively named Contrapsin (8, 9). Hill et al. found
that murine Contrapsin shares homology with human o-1
antichymotrypsin (SerpinA3), a member of the clustered multigene
family Spi-2 (10). Subsequently, mouse genes obtained from Mouse
Genome Sequencing Consortium showed that a total 14 members of
the Spi-2 gene family were located at murine chromosome 12F1, and
a high degree of sequence homology indicated that these genes were
all derived from the common ancestor of humans, namely SerpinA3,
a single-copy gene on human chromosome 14q32.1. And Serpina3c is
one of 14 members of the Spi-2 gene family (2). The first exon of the
Serpina3c gene does not encode amino acid sequence, and the second,
third, fourth, and fifth exons of the Serpina3c gene encode 212, 92, 50
and 63 amino acid residues, respectively (Figure 1A). Serpina3c and
SerpinA3 share a high degree of sequence and structural similarity.
According to the NCBI HomoloGene database (https://
www.ncbi.nlm.nih.gov/homologene/111129), the nucleotide
homology between Serpina3c and SERPINA3 is approximately
57%, while the protein homology is approximately 59%
(Figure 1B), and both belong to the serpin family of proteins. In
addition to their structural similarity, Serpina3c and SerpinA3 also
have similar biological functions. For example, both proteins have
been shown to play roles in blunting inflammation by inhibiting the
activity of Cathepsin G (3, 11). Serpina3c and SerpinA3 can alleviate
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FIGURE 1

Molecular features of Serpina3c (A) The Serpina3c gene contains
five exons, The first exon of the Serpina3c gene does not encode
amino acid residues, and the second, third, fourth, and fifth exons of
the Serpina3c gene encode 212, 92, 50 and 63 amino acid residues,
respectively. (B) Comparison and alignment of murine Serpina3c
protein sequences with human SerpinA3 protein. Two identical
residues are represented in dark blue. A homology of 59% is
detected between the murine Serpina3c protein and human
SerpinA3 protein. The red box represents the P1-P1" bond, which is
conserved between Serpina3c and SerpinA3. (C) Prediction 3D
structure of Serpina3c protein. The amino acid sequences were
derived from UniProt (https://www.uniprot.org/uniprotkb/P29621),
and the 3D structure was predicted by AlphaFold (https://alphafold.
ebi.ac.uk/entry/P29621). AlphaFold produces a per-residue
confidence score (pLDDT) between 0 and 100. Some regions below
50 pLDDT may be unstructured in isolation.

inflammatory response and prevent abnormal blood clotting by
inhibiting the activity of serine proteases (12). Therefore, SerpinA3
is the human homologue of mouse Serpina3c.

Serpins have a highly conserved secondary structure, consisting
of three B-sheets (A, B, and C), seven to nine o-helices, and a
reaction center loop (RCL), which consists of about 17 amino acids
connected to A and C B-sheets (7, 13). The Serpina3c protein
consists of 417 amino acids, of which 1-22 is its potential signal
peptide and 23-417 is its main chain. It can be glycosylated on its 38,
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104, 184, 269 and 390 amino acid residues, but the effect of
glycosylation on Serpina3c function is not clear. Its RCL is 367-
392 of the amino acid sequence. The 3D protein structure
prediction diagram of Serpina3c was generated by AlphaFold (14,
15) (Figure 1C). The specificity and function of Serpins are defined
by their RCL, which extends outward from the main body of the
protein and guides the binding with the target protease (16). RCL
also acts as a pseudosubstrate and cleavage site for the cognate
protease, and is the most variable portion of the molecule. The RCL
residue is numbered relative to the cleavage point of the protease,
which is defined as the P1-P1’ bond. The N-terminal residue of the
cleavage point is P residue (P1, P2... Pn, moving away from the
cleavage point), and the C-terminal residue of the cleavage point is
P’ residue (P1’, P2’... Pn’) (17). Because the residues in the RCL
match amino acids in the active site of the protease, it determines
which proteases can be recognized, and the most critical residue is
called P1, which determines the specificity of the RCL. P1 is flanked
by a recognition residue called P4-P4’, which contributes to
protease recognition by enhancing the affinity of the interaction
(18, 19). The reaction site of protease in RCL cleaves the serine
protease inhibitor and establishes a covalent bond between the
reaction site of serine protease inhibitor and protease. The inactive
serine protease inhibitor complex was highly stable and made serine
protease inactive. Thus, the Serpins inhibition mechanism is
“suicide,” and each serpin molecule is “single-use.” (20) Serpina3c
has leucine at the P1 position flanked by phenylalanine and
threonine at P4-P4’. The scissile bond is formed between leucine
and serine at position P1-P1’, which is consistent with the structure
of SerpinA3 at this site (21)(Figure 1B). This determines that the
target protease of Serpina3c has a high degree of consistency with
SerpinA3. Therefore, based on the molecular features, murine
Serpina3c has a high homology to human SerpinA3.

3 Regulation of Serpina3c expression

There are few reports on the regulatory mechanism of Serpina3c
expression. In the existing studies, we can find that the protein level of
Serpina3c is down-regulated in adipose tissue, pancreas and blood
vessels during obesity, pancreatic dysfunction and atherosclerosis
induced by HFD feeding in mice (3, 5, 22).In addition, the protein
level of Serpina3c was also down-regulated during the cardiac fibrosis
induced by transforming growth factor-B (TGF-B) or hypoxia in
mice (23) (Figure 2). However, the regulatory mechanism of
Serpina3c expression has not been reported. We can refer to the
regulatory mechanism of its human homolog SerpinA3.

It has been reported that SerpinA3 is one of the proteins
secreted by the liver in response to acute inflammation, which is
stimulated by tumor necrosis factor-o. (TNF-a), interleukin-1B(IL-
1B), and interleukin-6 (IL-6) (24, 25). Recombinant IL-6 (rhIL-6)
treatment can stimulate SerpinA3 synthesis in human hepatoma
cell lines. It is known that IL-6 can activate the janus kinase (JAK)/
signal transducer and activator of transcription 3 (STAT3) pathway,
and SerpinA3 has been identified as a direct transcriptional target of
STATS3. Therefore, IL-6/STAT3 axis may regulate SerpinA3 during
inflammatory responses (26). There is a TNF-a/IL-1 response
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FIGURE 2

Serpina3c expression change in different tissues under
cardiometabolic stress. Serpina3c protein expression is down-
regulated in white adipose tissue (WAT) of obese mice induced by
high-fat diet (HFD) feeding. Serpina3c protein levels were reduced in
the pancreas of HFD-fed or Apoe™” mice compared with normal

mice. Compared with normal mice, the mRNA and protein levels of

Serpina3c in the aorta of mice in the Apoe'/' group were down-

regulated; and the mRNA and protein levels of Serpina3c were
further down-regulated in Apoe'/' mice fed with HFD compared
with the ones fed with chow diet (CD). Serpina3c protein expression
is down-regulated in primary mouse cardiac fibroblasts treated with
transforming growth factor-B1(TGF-B1) or hypoxia for 24 h. (Created
with BioRender.com).

enhancer in the distal enhancer region of -13kb upstream of the
transcriptional initiation site of the SerpinA3 gene, which contains
three elements: two binds to nuclear factor-kappa B (NF-xB) and
one bind to activator protein 1 (AP-1) (27). IL-1B and TNF-o
induce the expression of the SerpinA3 gene by activating NF-kB.
However, inhibitor of NF-kB (IkB) could inhibit the activation of
SerpinA3 by IL-1f and TNF-o. TGF-f can induce the expression of
SerpinA3 in hepatocyte lines in synergy with IL-6 or TNF-o (28,
29). In addition, transcription factors (TFs) such as hepatocyte
nuclear factor 4 (HNF4), zinc-finger TF ZBTB7B, Sp1 transcription
factor (SP1), and myeloid zinc finger 1(MZF1) have also been
reported to induce SerpinA3 expression (30, 31). At the same time,
previous studies have shown that SerpinA3 is a target gene of
nuclear receptor subfamily 4 group A member 1 (NR4A1). NR4Al
usually plays a role by binding with the NR4A1 response element
(NBRE) in the promoter region of its target gene. The NBRE in the
promoter region of SerpinA3 (-182 to -175) is a NR4A1-dependent
functional DNA sequence. And subsequent NR4A1 overexpression
and siRNA interference-mediated NR4A1 gene knockdown analysis
verified that SerpinA3 is indeed regulated by NR4A1 (32).
Elucidating the regulatory mechanism of SerpinA3 expression
may play a guiding role in the study of the regulatory mechanism of
Serpina3c expression, and may help better understand the regulatory
networks and functions of Serpina3c in physiology and pathology.

4 Molecular function of Serpina3c

Serpins represent the largest and most versatile family of
protease inhibitors, and its name comes from the function that
the family was first described, which is serine protease inhibitor.
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Most serine protease inhibitors inhibit serine proteases (such as
chymotrypsin, trypsin, and elastase), thus inhibiting the cascade of
proteolysis and participating in physiological processes such as
coagulation, inflammation, complement activation, and
fibrinolysis (20, 33, 34). At present, it has been shown that the
molecular function of Serpina3c is to act as a serine protease
inhibitor, and is capable of binding to and inhibiting the activity
of a wide range of serine proteases, including Cathepsin G and
thrombin. In addition to its role as a protease inhibitor, Serpina3c
has also been suggested to have other functions, such as playing a
role in regulation of the secretory function of the pancreas and
promotion of adipogenesis. Similarly, its human homolog SerpinA3
can also inhibit various serine proteases, including chymotrypsin,
Cathepsin G, mast cell chymase, human glandular kallikrein 2,
kallikrein 3, and lung serum proteases (35). Among these proteases,
Cathepsin G is the main target of mouse Serpina3c and human
SerpinA3. In addition, a special feature of SerpinA3 is that it can
bind to DNA, but the physiological significance of this binding is
not clear (36). Through the above targets, Serpina3c/SerpinA3 is
involved in various biological processes such as cell proliferation,
cell death, inflammation and so on.

Serpins exert its inhibitory effect by interacting with protease in
two ways: inhibition pathway and substrate pathway, which are not
mutually exclusive, and lead to protease inhibition through suicide
mechanism (7). Thus, Serpins inhibits protease to make it lose its
function through irreversible structural changes. In the inhibitory
pathway, RCL binds to the protease, breaks at the P1-P1’ bond, and
then slides into the A-f sheet, bringing the protease into the bottom
of the Serpin protein to form a covalent complex, which irreversibly
connects the Serpins with the protease, making the protease lose its
solubility. In the substrate pathway, Serpin acts as the substrate of
protease, and its structure is not modified and binds to protease,
which hinders its function. Some Serpins require the presence of
cofactors to function and are activated when and where they are
needed. For example, heparin is a cofactor of SerpinA4 (37).
SerpinA3, like other serpins, can inhibit proteases through both the
inhibition pathway and substrate pathway. These two pathways are
not mutually exclusive and can lead to protease inhibition through a
suicide mechanism. The specific mechanism of protease inhibition
for SerpinA3 may vary depending on the protease being targeted. The
current research has not yet confirmed which way Serpina3c exerts its
inhibitory function, and whether there is a cofactor for Serpina3c. We
speculate that Serpina3c, like SerpinA3, can exert its inhibitory effect
through both the inhibition pathway and substrate pathway.
However, further research is needed to determine the specific
mechanism of Serpina3c-mediated inhibition of target proteases.

5 Physiological roles of Serpina3c
5.1 Insulin secretion

The pancreas plays a key role in regulating metabolic/energy
homeostasis through the release of various digestive enzymes and

pancreatic hormones (38). In prediabetes, insulin secretion
increases to compensate for the emergence of insulin resistance.
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HFD destroys normal pancreas structure and affects insulin
sensitivity, thereby inducing prediabetes. The main stimulus for
insulin secretion is the rise in blood glucose levels after a meal. In
addition to glucose, free fatty acids (FFAs) can regulate insulin
release through fatty acid metabolism. The researchers constructed
Apoe and Serpina3c double-knockout mice to study the regulation
of Serpina3c on insulin secretion from pancreatic 3 cells. Compared
to Apoe”” mice, Apoe” Serpina3c”” mice had significantly higher
blood lipid levels and higher serum FFAs after HFD feeding. Acute
exposure to FFAs can stimulate insulin secretion, but when 3 cells
are exposed to FFAs for a long time, it will reduce glucose-
stimulated insulin secretion and damage B-cell function (39).
With the prolongation of HFD feeding, the insulin secretion of -
cells in the Apoe” Serpina3c”™ mice increased at first and then
decreased. This study confirmed for the first time that Serpina3c can
regulate insulin secretion of pancreatic 3 cells (5). At the same time,
after Apoe” Serpina3c”™ mice were fed with HED, compared with
Apoe”” mice, the level of phosphorylated AKT (p-AKT) and
phosphorylated forkhead box protein Ol (p-Foxol) in the
pancreas decreased, and the expression of pancreatic and
duodenal homeobox 1 (PDX-1) also decreased (5) (Figure 3).
Previous studies have shown that PDX-1 can promote pancreatic
B-cell proliferation and inhibit B-cell apoptosis (40). Moreover,
PDX-1 promotes insulin secretion and maintains the normal
function of pancreatic B-cells by regulating the expression of
insulin and insulin-related genes such as glucokinase (GCK) and
solute carrier family 2 member 2 (GLUT?2), etc (41).

If B cells were chronically exposed to a high-glucose and high-
fat environment, the expression of the insulin gene decreased and
was accompanied by a decrease in the expression of PDX-1 in the
nucleus. When AKT signaling in 3-cells is blocked, insulin secretion
decreases under glucose stimulation (41, 42). Dephosphorylation of
Foxol is increased upon inactivation of phosphatidylinositol 3-
kinase (PI3K)/AKT signaling in pancreas. However, PDX-1 is a
canonical promoter of insulin transcription, and its increased
expression can be upregulated by increasing Foxol
phosphorylation in pancreatic B-cells. In the absence of
Serpina3c, B-cell function is inhibited due to the dysregulated
AKT/Foxol/PDX-1 signaling, leading to reduced insulin
secretion. And the study also showed that compared with Apoe””
mice, Apoe” Serpina3c”” mice fed HFD had increased p-JNK levels,
significantly increased matrix metallopeptidase 2 (MMP2)
expression, and significantly decreased TIMP metallopeptidase
inhibitor 2 (TIMP2) expression in the pancreas. JNK is a key
molecule in the classic inflammatory signaling pathway. Their
research also proved that Serpoina3c knockout can increase the
number of F4/80 positive macrophages in the pancreas, and
promote the levels of inflammation. JNK activation increases
under oxidative stress and induces Foxol nuclear localization.
Activated JNK pathway reduces Akt activity in [ cell line HIT-
T15 cells, resulting in reduced Foxol phosphorylation and its
increased nuclear localization. Adenovirus-mediated
overexpression of Foxol can reduce the nuclear expression of
PDX-1, leading to pancreatic cell dysfunction (40, 43). This study
also showed that Foxo-1 promotes PDX-1 nucleocytoplasmic
translocation mediated by JNK pathway. This is consistent with
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FIGURE 3

The role and mechanism of Serpina3c in the pancreatic B cells.
Serpina3c can protect against pancreatic dysfunction induced by HFD
feeding. Under HFD feeding in Apoe'/' mice, the expression of
phosphorylated JNK in the pancreas increased, which inhibited the
phosphorylation of AKT, thus reducing the inhibition of
phosphorylation of forkhead box protein O1 (Foxol) and increasing
the entry of Foxol into the nucleus. Overexpression of JNK can also
promote the entry of Foxol into the nucleus. Foxol inhibits the
activity of pancreatic transcription factor pancreatic and duodenal
homeobox 1 (PDX-1) and the transcription of insulin and PDX-1 genes
in the nucleus. And Foxo-1 is involved in the nucleocytoplasmic
translocation of PDX-1, which promotes the transfer of PDX-1 from
the nucleus to cytoplasm. However, the mechanism of Foxo-1-
mediated nucleocytoplasmic translocation of PDX-1 needs to be
further studied. Serpina3c can facilitate insulin secretion by inhibiting
JINK/AKT/Foxol/PDX-1 signal pathway in the pancreatic B cells of
HFD-fed Apoe™” mice. (Created with BioRender.com).

the results found in mouse B cells after Serpina3c knockout, so it can
be speculated that Serpina3c may protect the function of B cells
through inhibiting the JNK pathway under the condition of HFD
feeding. Current studies have not confirmed whether
overexpression of Serpina3c can protect 3 cell function, and what
is the mechanism of Serpina3c-mediated inhibiton of JNK. The
protective effect of Serpina3c on [ cell function needs to be further
studied. SerpinA3 also has a high expression level in the pancreas
(12), but little is known about the function of SerpinA3 in the
human pancreas. These findings of Serpina3c may help us to gain
deeper insights into the role of SerpinA3 in the human pancreas and
explore its role in pancreatic diseases. Therefore, research in
Serpina3c in mice is crucial for understanding the role of
SerpinA3 in the human pancreas.

5.2 Adipogenesis

Adipose tissue is a dynamic organ that plays an important role
in physiological functions such as fat storage, energy homeostasis,
and insulin sensitivity. Adipose tissue is divided into WAT, BAT
and beige adipose tissue. Adipose tissue contains a variety of cell
types, including mature adipocytes. White and brown adipocytes
can be differentiated from different preadipocytes (44, 45). The
complex molecular processes regulating adipocyte differentiation
have not been fully determined (46). The current research has
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confirmed that the differentiation and generation of adipocytes is
not only regulated by a variety of endocrine hormones, but also
requires key transcription factors, including peroxisome
proliferator-activated receptor y (PPARY) (47, 48), CCAAT/
enhancer-binding proteins (C/EBPs) (49), signal transducers and
activators of transcription (STATs) and Kruppel-like factor (KLF)
proteins (50-52). 3T3-L1 is a preadipocyte line widely used in
adipocyte differentiation research because the mature 3T3-L1
adipocytes are very similar to in situ adipocytes in morphology
and biochemistry (53). It was shown that Serpina3c is a regulator of
adipogenesis (4, 6). Serpina3c is a secretory protein that can reduce
the degradation of integrin o5 by inhibiting Cathepsin G.
Knockdown of Serpina3c interferes with insulin like growth factor
1 (IGF-1) signal transduction and disturbs the activation of ERK
and AKT. The activation of the IGF-1 signaling pathway in 3T3-L1
cells requires the formation of a complex between the IGF-1
receptor and integrin o5-B3 heterodimer (53, 54). The binding of
IGF-1 and its receptor can activate downstream targets such as ERK
by phosphorylating integrin B3 to bind Src (55). The deletion of
Serpina3c cannot prevent the degradation of integrin a5 by serine
proteases such as cathepsin G and inhibit the activation of ERK
mediated by Src. Due to the degradation of integrin 05, the integrin
complex is absent, and IGF-1 signals through insulin receptor
substrate 1 (IRS-1), resulting in sustained AKT signaling and the
phosphorylation and nuclear export of GSK-3f (Figure 4A).
Therefore, Serpina3c is necessary for ERK activation and GSK-33
nuclear translocation, while ERK activation and GSK-3 nuclear
translocation are necessary for C/EBPB phosphorylation and
adipogenesis (4).

In the study of negative factors related to adipogenesis, it was
shown that the Wnt signaling pathway inhibited adipogenesis by
reducing the expression of PPARyand C/EBPa.in 3T3-L1 cells (56).
Wnhts signals are sent through Frizzled receptors and low-density
lipoprotein receptor-related proteins in an autocrine or paracrine
manner (57). When Wnt binds to its Frizzled receptor, it activates
the typical pathway that inhibits GSK3, resulting in the increase of
[-catenin in the cytoplasm, and then it translocates to the nucleus.
B-catenin binds to T-cell factor/lymphoid enhancing factor(TCF/
LEF) transcription factors in the nucleus to regulate the expression
of Wnt target genes (58). Serpina3c knockout in female mice was
associated with a reduction in the weight of visceral and
subcutaneous adipose tissue, indicating impaired preadipocyte
adipogenic differentiation capacity (6).. The impaired adipocyte
differentiation ability is due to the increased expression of 3-catenin
in the Wnt signal pathway in visceral adipocytes after Serpina3c
deletion. It was also confirmed in the 3T3-L1 cell line that after
Serpina3c knockdown, the expression of B-catenin increased, and
nuclear translocation occurred. It is proved that Serpina3c
knockout may inhibit adipogenesis by activating the Wnt/f-
catenin pathway to inhibit PPARYy (Figure 4B). SerpinA3 has also
been reported to inhibit the Wnt signal pathway (12, 59), suggesting
that SerpinA3 could also play a positive role in promoting
adipogenesis. When it comes to the role of Serpina3c in
adipogenesis, current research is mainly based on in vitro cell
experiments, with a lack of in vivo studies. In addition, the
regulatory effect of SerpinA3 on adipogenesis remains unclear,
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FIGURE 4

The role and mechanism of Serpina3c in preadipocytes and adipose tissue. (A) In preadipocytes, Serpina3c inhibits Cathepsin G, reduces the
degradation of integrin a5, and promotes complex formation between insulin-like growth factors-1 receptor (IGF-1R) and integrin 0.5/B3
heterodimer. In the case of ligand binding, integrin B3 phosphorylates and binds to Src to activate extracellular regulated protein kinases (ERK).
Insulin receptor substrate-1 (IRS-1) can instantly induce protein kinase B (AKT) signal transduction, reduce the phosphorylation of glycogen synthase
kinase-3pB (GSK-3p) to promote its nuclei entry, thereby facilitating adipogenesis. (B) In preadipocytes, Serpina3c can promote adipogenesis by
inhibiting Wnt/B-catenin signal pathway, reducing the accumulation of B-catenin in the cytoplasm and its nuclei entry, and reducing the p-catenin-
mediated transcriptional inhibition of peroxisome proliferators-activated receptor y(PPARY). (C) In adipocytes, Serpina3c maintained the integrity of
integrin 05/B1 by inhibiting the activity of Cathepsin G and reducing the degradation of integrin o5. The increased integrity of integrin a5/f1 activates
AKT, thereby reducing c-Jun N-terminal kinase (JNK) phosphorylation. This will lead to reduced release of inflammatory factors tumor necrosis
factor-o (TNF-o) and macrophage chemoattractant protein-1 (MCP-1) from adipocytes, thereby inhibiting the inflammation of adipose tissue and
cell death of adipocytes. (D) When Serpina3c is lacking in white adipose tissue, it cannot inhibit the degradation of integrin a5 by cathepsin G,
resulting in a decrease in intracellular AKT phosphorylation and a failure to inhibit INK phosphorylation, thereby promoting the release of
inflammatory factors TNF-o and MCP-1 in adipose tissue, resulting in increased cell death. This eventually leads to insulin resistance and obesity in

mice. (Created with BioRender.com).

and further research is needed to confirm the precise role and
mechanism of Serpina3c/SerpinA3 in adipocyte differentiation.

6 Pathophysiological roles of
Serpina3c

6.1 Obesity and related metabolic disorders
There is growing evidence that obesity is associated with

chronic inflammation, and inflammation in WAT promotes the
development of morbid obesity and metabolic disorders (60, 61). In
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the case of excess calories, the expansion of adipose tissue can cause
chronic inflammation and adipocyte death, and eventually lead to
insulin resistance (62). Adipose tissue can secrete adipose factors
and regulate adipose tissue and whole-body metabolism (63, 64).
HFD-induced stress signals can affect the conversion rate and
protein stability of some adipose factors, thus promoting diet-
induced metabolic disorders (64). HFD decreased the expression
of Serpina3c protein in mouse inguinal white adipose tissue (iWAT)
and epididymal white adipose tissue (eWAT) (3). Of interest, a
clinical study revealed that the serum levels of SerpinA3 were lower
in prediabetic individuals with abdominal obesity when compared
to non-obese prediabetic ones (65). The decrease of Serpina3c
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expression caused by HFD feeding further impairs insulin
sensitivity and oxygen consumption in BAT, liver and muscle,
and eventually led to obesity in mice. The study also showed that
Serpina3c can improve insulin sensitivity and oxygen consumption
of adipose tissue by inhibiting adipocyte inflammation (Figure 4C).
Adipose tissue is an important metabolic tissue that regulates the
dynamic balance of blood glucose. The lack of Serpina3c leads to the
decrease of insulin sensitivity of adipose tissue, which further leads
to the imbalance of glucose metabolism in the whole body, thus
increasing the blood glucose intolerance (Figure 4D). Chronic low-
grade inflammation caused by HFD feeding will affect the dynamic
balance of lipid metabolism in adipose tissue, thus changing the
content of lipids in circulation. A long-term increase in blood
glucose levels and a combination of lipid metabolic disorders will
lead to insulin resistance and systemic metabolic disorders. The
local overexpression of Serpina3c in iWAT can promote the
metabolic dynamic balance of adipose tissue by reducing the
release of TNF-o. and macrophage chemoattractant protein-1
(MCP-1) to blunt inflammatory response of adipose tissue, thus
improving the metabolic disorder related to obesity (3) (Figure 4C).

The researchers further explored the mechanism of Serpina3c
regulating adipose tissue inflammation and found that Cathepsin G
activity increased in adipose tissue of obese mice. Knockout of
Serpina3c in adipocytes leads to increased Cathepsin G activity (4),
and in Serpina3c knockout mice, adipose tissue inflammation
increased with the increase of Cathepsin G activity.
Overexpression of Serpina3c in iWAT decreased adipose tissue
inflammation and inhibited Cathepsin G activity. This study shows
that adipose tissue Serpina3c/Cathepsin G axis plays an important
role in regulating adipose tissue inflammation and metabolic
dynamic balance. The researchers then explored how Serpina3c
regulates inflammation through Cathepsin G. They found that o5
and P1 integrin levels decreased when Serpina3c was deleted, but
increased after overexpression of Serpina3c. Previous studies have
shown that integrins are heterodimers containing transmembrane o
and B subunits that play an important role in regulating
development, immunity and inflammation (66). In the above
study, integrin was found to be an intermediate molecule between
extracellular Cathepsin G inhibition mediated by Serpina3c and
intracellular AKT activation and JNK inhibition. Serpina3c inhibits
Cathepsin G through its serine protease inhibitor activity, and
maintains the integrity of a5/B1 integrin by inhibiting Cathepsin
G. Then the increased integrity of 0.5/B1 integrin signal activates
AKT and reduces the phosphorylation of JNK, thus inhibiting
inflammation and promoting insulin sensitivity of adipocytes (3)
(Figure 4C). Moreover, the expression of Serpina3c in mouse iWAT
and eWAT was inhibited upon HFD feeding, and this inhibition
occurred only at the protein level, not at the mRNA level. It is
suggested that HFD feeding may inhibit the expression of Serpina3c
through post-transcriptional action, such as promoting the
degradation of Serpina3c protein, which needs further study.
Because human SerpinA3 can also inhibit Cathepsin G (67),
whether SerpinA3 can inhibit chronic adipose inflammation to
ameliorate obesity and metabolic disorders by targeting Cathepsin
G in humans merits further investigation.
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6.2 Non-alcoholic fatty liver disease
(NAFLD)

Nonalcoholic fatty liver disease (NAFLD) is the most common
chronic liver disease characterized by excessive accumulation of
triglycerides (TG) in hepatocytes without drinking alcohol (68-70).
NAFLD includes simple steatosis to more serious diseases such as
non-alcoholic steatohepatitis (NASH) (70, 71). NASH is
characterized by steatosis, hepatocyte swelling, inflammation, and
fibrosis (72, 73).And NASH can progress to cirrhosis, which is a liver
disease characterized by fibrosis and structural remodeling due to
chronic liver disease, leading to impaired liver function. Ultimately,
hepatocellular carcinoma (HCC) may occur on the basis of cirrhosis
(74, 75). Some studies have shown that compared with Apoe
knockout group, Apoe and Serpina3c double knockout significantly
promoted liver steatosis in HFD-fed mice, which further led to liver
inflammation and liver fibrosis, and significantly aggravated liver
injury (76). They found that Seprina3c deficiency also increased the
expression of genes related to lipogenesis (SrebfI and Scdl) in the
livers of HFD-fed mice, suggesting that Serpina3c may block the
development of NAFLD. The accumulation of lipids and the increase
of FFA levels in the liver lead to lipotoxicity and cell death in
hepatocytes. More and more studies have shown that hepatocyte
necroptosis plays a key role in promoting liver fibrosis and NAFLD
progression (77). Receptor-interacting protein kinase 1 (RIPK1),
RIPK3, and mixed pedigree kinase structure-like protein (MLKL)
are the main molecules involved in necroptosis (78). RIPK1 recruits
and phosphorylates RIPK3 to form a complex during necroptosis.
The complex can then recruit and phosphorylate MLKL, leading to
the oligomerization of p-MLKL. The translocation of p-MLKL to the
plasma membrane causes an increase in membrane permeability and
subsequent cell destruction by interacting with phosphatidylinositol
(79). Many studies have proved that the typical RIP3-MLKL signal
plays an important role in the pathogenesis of NASH (80-82).
Serpina3c knockout promoted the expression of RIPK3 and p-
MLKL in mouse liver. In vitro, Serpina3c inhibited palmitic acid
(PA)-induced necroptosis (76), suggesting that Serpina3c can inhibit
necroptosis under lipotoxic conditions, while Serpina3c deficiency
increased the sensitivity of the liver to lipotoxicity and promoted
necroptosis. Previous studies have shown that Toll-like receptor 4
(TLR4) can regulate necroptosis (83, 84). TLR4 can directly connect
with RIP3 through TIR domain containing adaptor molecule 1
(TRIF) to activate and induce necroptosis (84, 85). TLR4 is the
downstream target gene of transcription factor Foxol, and its
expression is regulated by Foxol (86). It has been shown that
Serpina3c can inhibit the Wnt/B-catenin signal pathway and keep
the intracellular B-catenin at a low level. The lack of Serpina3c makes
the activated B-catenin enter the nucleus to bind to Foxol and
activate it, and the activated Foxol increases the transcription of
TLR4 (76). Therefore, as a Wnt inhibitor, Serpina3c can inhibit
hepatocyte necroptosis by blunting the B-catenin/Foxol/TLR4
pathway, which ameliorates NAFLD (Figure 5).

Many studies have confirmed that hepatocyte cell death can
promote inflammation and fibrosis of NASH (87). JNK/NF-kB
signal pathway is one of the important pathways related to the
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inflammatory response. It is reported that Serpina3c knockout
greatly promotes the activation of JNK/NF-kB signal pathway
and increases the expression of downstream target genes TNF-,
IL-18, and C-C motif chemokine ligand 2 (CCL2) in mice livers (76).
In addition, Serpina3c knockout caused the expression of adhesion
molecule intercellular adhesion molecule 1 (ICAM-1) in the liver
(76), which indicated that Serpina3c knockout increased the
infiltration of inflammatory cells in the liver. Fibrosis is another
feature of NASH. Infiltrating inflammatory cells can release various
cytokines and activate cells to secrete a large amount of extracellular
matrix (ECM). It was found that the expression of TGF-f3, the main
regulator of fibrosis initiation, was up-regulated after Serpina3c
knockout, which increased the deposition of collagen fibers in liver.
Thus, Serpina3c deficiency promotes inflammation by activating
JNK/NF-xB signaling pathway, leading to liver fibrosis. To sum up,
Serpina3c can inhibit necrotizing apoptosis of hepatocytes, reduce
liver inflammation and fibrosis, and prevent NAFLD from
developing into more serious NASH (Figure 5). As its human
homologue, SerpinA3 is mainly synthesized in the liver and
secreted into the blood. However, at present, the research on the
pathophysiological role of SerpinA3 in the liver is mainly focused
on HCC. It has been found that the expression level of SerpinA3
decreases in the progression of liver cancer, and overexpression of
SerpinA3 can inhibit the proliferation of liver cancer cells (88). And
one study has pointed that SerpinA3 can inhibit the development
and metastasis of liver cancer by targeting PTEN/PI3K/AKT/

HFD and
Apoe-/- Serpina3c-/-

—

Normal Liver

10.3389/fendo.2023.1189007

mTOR signal pathway (89). Currently the role of SerpinA3 in
chronic liver disease is not well defined (90). Some studies suggested
that SerpinA3 deficiency may be involved in the development and
progression of liver fibrosis and cirrhosis (91) Further research is
needed to better understand the mechanism of action of Serpina3c/
SerpinA3 in chronic liver disease, including NAFLD.

6.3 Atherosclerosis of arteries

Atherosclerosis is characterized by chronic inflammation, the
accumulation of lipids in plaques, and eventually leads to myocardial
infarction (MI) and stroke (92). Abnormal proliferation and
migration of vascular smooth muscle cells (VSMCs) is an
important part of the pathological process of atherosclerosis. With
the accumulation of inflammatory factors, growth factors, cytokines
and vasoactive substances to the pathological level, the expression of
cell proliferation-related proteins in VSMCs increased, resulting in
excessive proliferation of VSMCs, then neointima and plaques are
formed (92). Many studies have shown that thrombin plays an
important role in atherosclerosis caused by abnormal proliferation
and migration of VSMCs (93). It has been reported that some serpins
can be used as thrombin inhibitors to inhibit blood coagulation (94).
For example, both SerpinD1, SerpinC1 and SerpinE2 can participate
in physiological processes such as blood coagulation, fibrinolysis and
inflammation by inhibiting thrombin (13). Recently, researchers have

D
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Fibrosis
Inflammation )

Hepatocyte Necroptosis

FIGURE 5

The beneficial roles of Serpina3c in NAFLD. In normal liver, Serpina3c can inhibit Wnt/B-catenin signal pathway, promotes ubiquitination-mediated
degradation of B-catenin, inhibits INK/NF-xB signal pathway, reduces the expression of inflammatory cytokines interleukin 18 (IL-18), MCP-1, TNF-
o, and decreases the expression level of intercellular adhesion molecule 1(ICAM-1) and TGF-. These will reduce liver inflammation and fibrosis.
However, in the NAFLD livers of Apoe and Serpina3c double knockout mice fed with HFD, due to the lack of Serpina3c, Wnt/B-catenin signal
pathway could not be inhibited, making the entry of B-catenin into the nuclei, which interacts with Foxo-1 to activate TLR4 transcription. Increased
expression of TLR4, and activation of downstream receptor interaction protein 3 (RIP3) and phosphorylation mixed lineage kinase domain-like
pseudokinase (MLKL) will then induce hepatocyte necroptosis. The deletion of Serpina3c leads to the activation of INK/NF-xB signal pathway and
the increase of the expression of ICAM-1 and TGF-B. The content of extracellular matrix (ECM) will be increased. Together, these lead to more
severe inflammation and fibrosis in the liver. (Created with BioRender.com).
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found that the P1-P1” of Serpina3c has the same amino acid sequence
as SerpinD1, and they speculate that Serpina3c can be used as a
thrombin inhibitor like SerpinD1 (22). Their conjecture was verified
by protein-protein docking technique and co-immunoprecipitation,
and confirmed that Serpina3c can interact with thrombin in the liver
and aortic cusp.

The researchers then constructed Apoe and Serpina3c double
knockout mice to study the role of Serpina3c in atherosclerosis.
They found that the double knockout mice developed more severe
atherosclerosis than the Apoe single knockout mice. Their results
showed that the absence of Serpina3c led to increased neointima
formation due to increased thrombin activation and elevated
numbers of VSMCs and macrophages (22). Previous studies have
shown that thrombin is a serine protease, which can promote cell
proliferation and migration by activating protease-activated
receptor (PARs) to trigger intracellular signaling pathways.
Therefore, Serpina3c may regulate the proliferation of VSMCs
through thrombin/PAR pathway. Next, they verified that
Serpina3c reduces the activation of PAR-1 by inhibiting
thrombin, thus inhibiting the proliferation of VSMCs. Thrombin
can cleave the extracellular N-terminal domain of PAR-1, resulting
in changes in its transmembrane domain and subsequent
intracellular signal transduction. PAR-1 intracellular signal
transduction can lead to thrombin-stimulated cell proliferation
through a variety of kinases, including ERK1/2 and JNK kinases.
In addition, the researchers found that ERK1/2 and JNK
regulate the proliferation and migration of VSMCs, which are
downstream signaling pathways of thrombin-PAR-1 axis.
Serpina3c deletion stimulates the phosphorylation of ERK1/2 and
JNK, but overexpression of Serpina3c in VSMCs inhibits the
phosphorylation of ERK1/2 and JNK, and this inhibition is
mediated by blocking the thrombin/PAR-1 axis. Therefore,
Serpina3c can bind to thrombin and inhibit its activity, reduce
the binding of thrombin to PAR-1, and inhibit the phosphorylation
of intracellular signals ERK1/2 and JNK, thus reducing the
abnormal proliferation and migration of VSMCs and blocking the
progression of atherosclerosis (Figure 6A). At the same time, one
study has shown that compared to wild-type mice, transgenic mice
with human SerpinA3 overexpression had increased elastin content
in the aorta, which may be associated with a more stable aortic
phenotype. Additionally, a study revealed that the mRNA
expression of SerpinA3 was reduced by 80% in biopsy samples of
human abdominal aortic aneurysm (AAA) (95), suggesting that
SerpinA3 plays a role in maintaining the structural and functional
status of the arterial vessel wall. Overall, the studies on Serpina3c
and SerpinA3 indicate that they may play protective roles
against arterial diseases, and have significant implications for
understanding the pathogenesis and treatment of arterial diseases.

6.4 Myocardial infarction

The chronic phase of myocardial infarction is characterized by
cardiomyocyte hypertrophy and fibrosis remodeling (96). After
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FIGURE 6

The protective effects of Serpina3c against atherosclerosis and
myocardial infarction. (A) Serpina3c deficiency leads to the failure to
inhibit the cleavage and activation of protease-activated receptor-1
(PAR-1) by thrombin. PAR-1 subsequently increases the
phosphorylation of ERK and JNK, which promotes the excessive
proliferation of arterial smooth muscle cells and leads to
atherosclerosis. VSMCs, vascular smooth muscle cells. (B) In
fibroblasts, Serpina3c enters the nuclei of mouse cardiac fibroblasts
and interacts with Nr4al to promote Nr4al acetylation, which inhibits
ENOL1 transcription to prevent excessive activation of glycolysis. These
will inhibit fibroblasts proliferation and differentiation, thus alleviating
fibrosis after myocardial infarction. However, as a secretory protein,
how serpina3c enters the nuclei and how it leads to acetylation of
Nr4al remains to be studied further. (Glc, glucose; 2PG, 2-
phosphoglycerate; PEP, phosphoenolpyruvate; Pyr, enolpyruvic acid.)
(Created with BioRender.com).

moderate to severe myocardial infarction, glycolysis and fatty acid
oxidation of cardiomyocytes were accelerated, and oxidative
phosphorylation of glucose was inhibited (97). Due to myocardial
ischemia, insufficient oxygen supply leads to an increase in the
proportion of glycolysis, which will lead to excessive lactic acid
production in the heart (98). Excessive lactic acid induces the
proliferation and differentiation of myofibroblasts through pH- and
TGF-B1 pathway, which leads to the aggravation of myocardial
fibrosis (99, 100). In clinical practice, elevated circulating human
SerpinA3 levels were significantly associated with adverse
cardiovascular events after acute myocardial infarction (AMI),
suggesting that human SerpinA3 may be a potential predictive
marker for clinical manifestations of AMI (101). But the role of
SerpinA3 upregulation in AMI needs further exploration. The
researchers used a mouse model of myocardial infarction to
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explore the mechanism of Serpina3c in myocardial fibrosis after
myocardial infarction (23). It was shown that the expression of
Serpina3c protein was down-regulated in cardiac fibroblasts treated
with TGF-B1/hypoxia. After the knockout of Serpina3c, the TGF-B1-
induced proliferation ability of cardiac fibroblasts was significantly
enhanced, which was reversed by the addition of Serpina3c
recombinant protein. The myocardium of mice with Serpina3c
knockout showed more severe myocardial fibrosis after myocardial
infarction. These results indicate that Serpina3c plays an important
role in curbing fibrosis after myocardial infarction.

Some studies have shown that the over-activation of glycolysis
mediates the proliferation and differentiation of cardiac fibroblasts
and participates in the process of fibrosis after myocardial infarction
(102, 103). Enolasel (ENOL) is a key enzyme in the glycolysis
pathway, which catalyzes the reversible conversion of 2-
phosphoglyceric acid to phosphoenolpyruvate during glycolysis.
In addition, the expression of ENOI in primary fibroblasts up-
regulated the expression of pro-fibrotic genes, down-regulated the
expression of MMP-1 and MMP-3 (104), and promoted the fibrosis
phenotype in vivo and in vitro. After Serpina3c knockout, the ability
of glycolysis and the expression of ENOI increased in the
myocardium of mice. After inhibition of ENOI, the enhancement
of glycolysis caused by Serpina3c deletion was weakened and the
myocardial glucose absorption decreased. Further study showed
that Serpina3c can bind with Nr4al (also known as Nur77) in
nucleus, which leads to activation of Nr4al and subsequent
inhibition of ENO1 expression. In fibrotic disease, Nr4al
deficiency leads to persistent activation of TGF-f signaling (105).
It was shown that Serpina3c could bind to Nr4al in cardiac
fibroblasts (CFs). The interaction of Nr4al and Serpina3c may
inhibit the proliferation and differentiation of CFs. The regulation
of Nr4al activity by Serpina3c may be through the regulation of its
acetylation level. When it is acetylated, the protein stability of Nr4al
is improved (106). This study confirmed that when Serpina3c was
knocked out, the expression of histone deacetylase 1 (HDACI)
increased, meanwhile the acetylation level of Nr4al in CFs
decreased. It was found that Serpina3c could promote the
expression level and acetylation level of Nr4al in TGF-B1-treated
CFs (23). In summary, Serpina3c inhibits the transcription of ENO1
in fibroblasts through Nr4al acetylation, inhibits the excessive
activation of glycolysis and the proliferation and differentiation of
fibroblasts, which improves cardiac remodeling after myocardial
infarction (Figure 6B). A study showed that intravenous injection of
recombinant human SerpinA3 before myocardial ischemia-
reperfusion could reduce myocardial injury caused by myocardial
ischemia-reperfusion in mice. It was pointed out that this protective
effect was achieved by inhibiting the aggregation of neutrophils in
the injured site (107). This study above, together with its mouse
homologue Serpina3c studies, suggest that human SerpinA3 may
have beneficial role in the protection against myocardial and injury,
which is worthy of further investigation.

7 Conclusion and prospection

Murine Serpina3c is a member of serine protease inhibitor
superfamily, clade “A”, mainly expressed in adipose tissue,
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pancreas, and the heart, but low in the lung, liver, skeletal muscle,
spleen, and kidney. Because of its serine protease inhibitory activity,
Serpina3c can target a variety of serine proteases, such as Cathepsin
G and thrombin (3, 22), thus participating in a variety of biological
processes. For example, Serpina3c can facilitate insulin secretion
and promote pancreas function in high-fat diet feeding condition
through inhibiting JNK-related pathways (5). As the murine
homologue, human SerpinA3 is also highly expressed in pancreas,
and its potential role in human pancreas deserves further studies.
Serpina3c is also involved in adipogenesis which can inhibit
Cathepsin G to regulate integrin/IGF-1-mediated ERK/AKT
signal to promote adipogenesis (4). In addition, it can also
promote adipogenesis and maintain normal adipose function by
inhibiting Wnt/B-catenin pathway (6). Some studies reported that
SerpinA3 can inhibit Wnt signal pathway by combining with LRP6
(59, 108). Thus, human SerpinA3 could also facilitate adipogenesis,
which awaits further investigation. Under physiological conditions,
the mechanism underlying the regulation of Serpina3c activity and
expression is not clear, which is worthy of further exploration.
Identifying the pathways and key factors that regulate the activity,
expression, and stability of Serpina3c genes and proteins may help
to better understand the physiological processes mediated
by Serpina3c.

Under pathophysiological conditions, the expression of
Serpina3c protein in different tissues (adipose tissue, pancreas,
aorta, liver) will be down-regulated under high-fat diet feeding or
Apoe knockout condition, and its deficiency would result in a more
serious disease phenotype in mice. However, the molecular
mechanism leading to the down-regulation of Serpina3c protein
is unclear. The absence of Serpina3c induces necroptosis of
hepatocytes and promotes the progression of NAFLD (76).
Because SerpinA3 is reported to inhibit the progression of fibrosis
and HCGC, the role of SerpinA3 in preventing the pathogenesis of
chronic liver diseases, including NAFLD, merits in-depth studies.
Besides NAFLD, Serpina3c deficiency may also lead to other
metabolic disorders, such as increased obesity and insulin
resistance. Serpina3c can improve the metabolic phenotype by
inhibiting Cathepsin G to blunt adipose tissue inflammation (3).
As a potent inhibitor of Cathepsin G, the role of SerpinA3 in
ameliorating adipose tissue inflammation remains to be confirmed.
In addition, lack of Serpina3c leads to more severe atherosclerosis.
Serpina3c can inhibit the excessive proliferation of VSMCs and
alleviate the progression of atherosclerosis by inhibiting thrombin
and reducing the phosphorylation of ERK1/2 and JNK (22).
Furthermore, Seprina3c can inhibit the proliferation of cardiac
fibroblasts (CFs) by suppressing the transcription of ENOlwhich
alleviates cardiac fibrosis after myocardial infarction (23). Similarly,
SerpinA3 also appears to play a protective role in cardiovascular
disease (107). In addition, how Serpina3c is transported into the
nucleus in CFs and how Serpina3c mediates the acetylation of
Nr4al remains to be determined. Interestingly, SerpinA3 was also
found to enter the nucleus to function as a possible transcriptional
regulator (88). In general, Serpina3c could have a protective role in
multiple diseases (Figure 7). The mechanism underlying the
different roles of Serpina3c in various diseases awaits to be further
elucidated. Importantly, as a homologue of human SerpinA3,
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FIGURE 7

Summary of the protective roles and mechanisms of Serpina3c in pathophysiological processes. Serpina3c inhibits adipose tissue inflammation by
inhibiting Cathepsin G, maintaining integrin a5/B1 integrity, activating AKT and inhibiting JINK phosphorylation. Serpina3c can inhibit non-alcoholic fatty
liver disease (NAFLD) by inhibiting Wnt/B-catenin signal pathway in hepatocyte, reducing the transcription of Toll-like receptor 4 (TLR4) by Foxo-1, and
inhibiting hepatic necroptosis. Seprina3c can bind and inhibit thrombin activity, prevent its cleavage and activation of protease-activated receptor-1
(PAR-1), weaken its downstream ERK and JNK phosphorylation, and inhibit the excessive proliferation of vascular smooth muscle cells (VSMCs), thus
inhibiting atherosclerosis. Serpina3c can bind to nuclear receptor subfamily 4 group A member 1 (Nr4al) in the mice cardiac fibroblasts nuclei and
promote its acetylation, inhibits the transcription of enolase 1 (ENO1) and suppresses the excessive activation of glycolysis, thus alleviating cardiac fibrosis

after myocardial infarction. (Created with BioRender.com).

studying the functions of Serpina3c in different physiological and
pathological conditions can help us better understand the
functional role of SerpinA3 in various biological processes and
diseases in humans.

Author contributions

The search and collection of literatures was performed by YL
and LG. The first draft of the manuscript was written by YL and LG
co-wrote the manuscript. All authors commented on previous
versions of the manuscript. All authors contributed to the article
and approved the submitted version.

Funding

This work was supported by The Program for Overseas High-
level Talents at Shanghai Institutions of Higher Learning (China)

References

1. Forsyth S, Horvath A, Coughlin P. A review and comparison of the murine
alphal-antitrypsin and alphal-antichymotrypsin multigene clusters with the human
clade a serpins. Genomics (2003) 81(3):336-45. doi: 10.1016/S0888-7543(02)00041-1

Frontiers in Endocrinology

11

(No. 2022100 to LG) and the National Natural Science Foundation
of China (No. 32070751and 31871435 to LG).

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.

2. Inglis JD, Hill RE. The murine spi-2 proteinase inhibitor locus: a multigene family
with a hypervariable reactive site domain. EMBO ] (1991) 10(2):255-61. doi: 10.1002/
j.1460-2075.1991.tb07945.x

frontiersin.org


https://doi.org/10.1016/S0888-7543(02)00041-1
https://doi.org/10.1002/j.1460-2075.1991.tb07945.x
https://doi.org/10.1002/j.1460-2075.1991.tb07945.x
https://www.biorender.com
https://doi.org/10.3389/fendo.2023.1189007
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Li and Guo

3. LiBY, Guo YY, Xiao G, Guo L, Tang QQ. SERPINA3C ameliorates adipose tissue
inflammation through the cathepsin G/Integrin/AKT pathway. Mol Metab (2022)
61:101500. doi: 10.1016/j.molmet.2022.101500

4. Choi Y, Choi H, Yoon BK, Lee H, Seok JW, Kim H]J, et al. Serpina3c regulates
adipogenesis by modulating insulin growth factor 1 and integrin signaling. iScience
(2020) 23(3):100961. doi: 10.1016/j.is¢i.2020.100961

5. JiJJ, Qian LL, Zhu Y, Wu YP, Guo JQ, Ma GS, et al. Serpina3c protects against
high-fat diet-induced pancreatic dysfunction through the JNK-related pathway. Cell
Signal (2020) 75:109745. doi: 10.1016/j.cellsig.2020.109745

6. Guo J, Qian L, Ji ], Ji Z, Jiang Y, Wu Y, et al. Serpina3c regulates adipose
differentiation. via Wnt/B-catenin-PPARY pathway. Cell Signal (2022) 93:110299. doi:
10.1016/j.cellsig.2022.110299

7. Huntington JA. Serpin structure, function and dysfunction. J Thromb
haemostasis: JTH (2011) 9(Suppl 1):26-34. doi: 10.1111/j.1538-7836.2011.04360.x

8. Myerowitz RL, Chrambach A, Rodbard D, Robbins JB. Isolation and
characterization of mouse serum alpha 1-antitrypsins. Anal Biochem (1972) 48
(2):394-409. doi: 10.1016/0003-2697(72)90092-9

9. Takahara H, Sinohara H. Mouse plasma trypsin inhibitors. isolation and
characterization of alpha-1-antitrypsin and contrapsin, a novel trypsin inhibitor. J
Biol Chem (1982) 257(5):2438-46.

10. Hill RE, Shaw PH, Barth RK, Hastie ND. A genetic locus closely linked to a
protease inhibitor gene complex controls the level of multiple RNA transcripts. Mol
Cell Biol (1985) 5(8):2114-22. doi: 10.1128/mcb.5.8.2114-2122.1985

11. de Mezer M, Rogalinski J. Przewozny, s.; chojnicki, m.; niepolski, L; sobieska, m.;
przystanska, a., SERPINA3: stimulator or inhibitor of pathological changes.
Biomedicines (2023) 11(1). doi: 10.3390/biomedicines11010156

12. Sanchez-Navarro A, Gonzalez-Soria I, Caldifio-Bohn R, Bobadilla NA. An
integrative view of serpins in health and disease: the contribution of SerpinA3.
Am ] Physiol Cell Physiol (2021) 320(1):C106-c118. doi: 10.1152/ajpcell.
00366.2020

13. Huntington JA, Read RJ, Carrell RW. Structure of a serpin-protease complex
shows inhibition by deformation. Nature (2000) 407(6806):923-6. doi: 10.1038/
35038119

14. Jumper J, Evans R, Pritzel A, Green T, Figurnov M, Ronneberger O, et al. Highly
accurate protein structure prediction with AlphaFold. Nature (2021) 596(7873):583-9.
doi: 10.1038/s41586-021-03819-2

15. Varadi M, Anyango S, Deshpande M, Nair S, Natassia C, Yordanova G, et al.
AlphaFold protein structure database: massively expanding the structural coverage of
protein-sequence space with high-accuracy models. Nucleic Acids Res (2022) 50(D1):
D439-d444. doi: 10.1093/nar/gkab1061

16. Law RH, Zhang Q, McGowan S, Buckle AM, Silverman GA, Wong W, et al. An
overview of the serpin superfamily. Genome Biol (2006) 7(5):216. doi: 10.1146/
annurev-pathol-052016-100247

17. Schechter I, Berger A. On the size of the active site in proteases. i. papain.
Biochem Biophys Res Commun (1967) 27(2):157-62. doi: 10.1016/S0006-291X(67)
80055-X

18. Kaiserman D, Bird PI. Control of granzymes by serpins. Cell Death
differentiation (2010) 17(4):586-95. doi: 10.1038/cdd.2009.169

19. Sun J, Whisstock JC, Harriott P, Walker B, Novak A, Thompson PE, et al.
Importance of the P4’ residue in human granzyme b inhibitors and substrates revealed
by scanning mutagenesis of the proteinase inhibitor 9 reactive center loop. ] Biol Chem
(2001) 276(18):15177-84. doi: 10.1074/jbc.M006645200

20. Kryvalap Y, Czyzyk J. The role of proteases and serpin protease inhibitors in -
cell biology and diabetes. Biomolecules (2022) 12(1). doi: 10.3390/biom12010067

21. Baker C, Belbin O, Kalsheker N, Morgan K. SERPINA3 (aka alpha-1-
antichymotrypsin). Front biosci: J virtual library (2007) 12:2821-35. doi: 10.2741/2275

22. Qian LL, JiJJ, Guo JQ, Wu YP, Ma GS, Yao YY. Protective role of serpina3c as a
novel thrombin inhibitor against atherosclerosis in mice. Clin Sci (Lond) (2021) 135
(3):447-63. doi: 10.1042/CS20201235

23. Ji]J], Qian LL, Zhu Y, Jiang Y, Guo JQ, Wu Y, et al. Kallistatin/Serpina3c inhibits
cardiac fibrosis after myocardial infarction by regulating glycolysis via Nr4al
activation. Biochim Biophys Acta Mol Basis Dis (2022) 1868(9):166441. doi: 10.1016/
j.bbadis.2022.166441

24. Kordula T, Bugno M, Rydel RE, Travis J. Mechanism of interleukin-1- and
tumor necrosis factor alpha-dependent regulation of the alpha 1-antichymotrypsin
gene in human astrocytes. J Neurosci (2000) 20(20):7510-6. doi: 10.1523/
JNEUROSCI.20-20-07510.2000

25. Lieb K, Fiebich BL, Schaller H, Berger M, Bauer J. Interleukin-1B and tumor
necrosis factor-o. induce expression of ol-antichymotrypsin in human astrocytoma
cells by activation of nuclear factor-xB. ] Neurochem (1996) 67(5):2039-44. doi:
10.1046/j.1471-4159.1996.67052039.x

26. Kulesza DW, Ramji K, Maleszewska M, Mieczkowski J, Dabrowski M, Chouaib
S, et al. Search for novel STAT3-dependent genes reveals SERPINA3 as a new STAT3
target that regulates invasion of human melanoma cells. Lab investig ] Tech Methods
Pathol (2019) 99(11):1607-21. doi: 10.1038/s41374-019-0288-8

27. Kalsheker N, Morley S, Morgan K. Gene regulation of the serine proteinase
inhibitors alphal-antitrypsin and alphal-antichymotrypsin. Biochem Soc Trans (2002)
30(2):93-8. doi: 10.1042/bst0300093

Frontiers in Endocrinology

12

10.3389/fendo.2023.1189007

28. Bereta J, Szuba K, Fiers W, Gauldie J, Koj A. Transforming growth factor-beta
and epidermal growth factor modulate basal and interleukin-6-induced amino acid
uptake and acute phase protein synthesis in cultured rat hepatocytes. FEBS Lett (1990)
266(1-2):48-50. doi: 10.1016/0014-5793(90)81503-G

29. Saito A, Suzuki HI, Horie M, Ohshima M, Morishita Y, Abiko Y, et al. An
integrated expression profiling reveals target genes of TGF-B and TNF-a possibly
mediated by microRNAs in lung cancer cells. PloS One (2013) 8(2):e56587. doi:
10.1371/journal.pone.0056587

30. Lim L, Zhou H, Costa RH. The winged helix transcription factor HFH-4 is
expressed during choroid plexus epithelial development in the mouse embryo. Proc
Natl Acad Sci U.S.A. (1997) 94(7):3094-9. doi: 10.1073/pnas.94.7.3094

31. Chelbi ST, Wilson ML, Veillard AC, Ingles SA, Zhang J, Mondon F, et al.
Genetic and epigenetic mechanisms collaborate to control SERPINA3 expression and
its association with placental diseases. Hum Mol Genet (2012) 21(9):1968-78. doi:
10.1093/hmg/dds006

32. ZhaoY, Liu Y, Zheng D. Alpha 1-antichymotrypsin/SerpinA3 is a novel target of
orphan nuclear receptor Nur77. FEBS ] (2008) 275(5):1025-38. doi: 10.1111/j.1742-
4658.2008.06269.x

33. Bots M, Medema JP. Serpins in T cell immunity. ] leukoc Biol (2008) 84(5):1238-
47. doi: 10.1189/j1b.0208140

34. Gatto M, Iaccarino L, Ghirardello A, Bassi N, Pontisso P, Punzi L, et al. Serpins,
immunity and autoimmunity: old molecules, new functions. Clin Rev Allergy Immunol
(2013) 45(2):267-80. doi: 10.1007/s12016-013-8353-3

35. Askew DJ, Silverman GA. Intracellular and extracellular serpins modulate lung
disease. ] perinatol: Off ] California Perinatal Assoc (2008) 28(Suppl 3):S127-35. doi:
10.1038/jp.2008.150

36. Naidoo N, Cooperman BS, Wang ZM, Liu XZ, Rubin H. Identification of lysines
within alpha 1-antichymotrypsin important for DNA binding. an unusual combination
of DNA-binding elements. J Biol Chem (1995) 270(24):14548-55. doi: 10.1074/
jbc.270.24.14548

37. Ma L, Wu ], Zheng Y, Shu Z, Wei Z, Sun Y, et al. Heparin blocks the inhibition
of tissue kallikrein 1 by kallistatin through electrostatic repulsion. Biomolecules (2020)
10(6). doi: 10.3390/biom10060828

38. Rdder PV, Wu B, Liu Y, Han W. Pancreatic regulation of glucose homeostasis.
Exp Mol Med (2016) 48(3):e219. doi: 10.1038/emm.2016.6

39. Carpentier A, Mittelman SD, Lamarche B, Bergman RN, Giacca A, Lewis GF.
Acute enhancement of insulin secretion by FFA in humans is lost with prolonged FFA
elevation. Am J Physiol (1999) 276(6):E1055-66. doi: 10.1152/ajpendo.1999.276.6.E1055

40. Kawamori D, Kajimoto Y, Kaneto H, Umayahara Y, Fujitani Y, Miyatsuka T,
et al. Oxidative stress induces nucleo-cytoplasmic translocation of pancreatic
transcription factor PDX-1 through activation of c-jun NH(2)-terminal kinase.
Diabetes (2003) 52(12):2896-904. doi: 10.2337/diabetes.52.12.2896

41. Kaneto H, Matsuoka TA, Miyatsuka T, Kawamori D, Katakami N, Yamasaki Y,
et al. PDX-1 functions as a master factor in the pancreas. Front biosci: J virtual library
(2008) 13:6406-20. doi: 10.2741/3162

42. Huang X, Liu G, Guo J, Su Z. The PI3K/AKT pathway in obesity and type 2
diabetes. Int J Biol Sci (2018) 14(11):1483-96. doi: 10.7150/ijbs.27173

43. Kawamori D, Kaneto H, Nakatani Y, Matsuoka TA, Matsuhisa M, Hori M, et al.
The forkhead transcription factor Foxol bridges the JNK pathway and the transcription
factor PDX-1 through its intracellular translocation. J Biol Chemn (2006) 281(2):1091-8.
doi: 10.1074/jbc.M508510200

44. Peng WQ, Xiao G, Li BY, Guo YY, Guo L, Tang QQ. L-theanine activates the
browning of white adipose tissue through the AMPK/o.-Ketoglutarate/Prdm16 axis and
ameliorates diet-induced obesity in mice. Diabetes (2021) 70(7):1458-72. doi: 10.2337/
db20-1210

45. Mu WJ, Zhu JY, Chen M, Guo L. Exercise-mediated browning of white adipose
tissue: its significance, mechanism and effectiveness. Int ] Mol Sci (2021) 22(21). doi:
10.3390/ijms222111512

46. Tang QQ, Lane MD. Adipogenesis: from stem cell to adipocyte. Annu Rev
Biochem (2012) 81:715-36. doi: 10.1146/annurev-biochem-052110-115718

47. Guo YY, Li BY, Xiao G, Liu Y, Guo L, Tang QQ. Cdol promotes PPARY-
mediated adipose tissue lipolysis in male mice. Nat Metab (2022) 4(10):1352-68. doi:
10.1038/542255-022-00644-3

48. Chen M, Zhu J-Y, Mu W-J, Guo L. Cysteine dioxygenase type 1 (CDO1): its
functional role in physiological and pathophysiological processes. Genes Dis (2022).
doi: 10.1016/j.gendis.2021.12.023

49. Guo L, Guo YY, Li BY, Peng WQ, Tang QQ. Histone demethylase KDM5A is
transactivated by the transcription factor C/EBPB and promotes preadipocyte
differentiation by inhibiting wnt/B-catenin signaling. J Biol Chem (2019) 294
(24):9642-54. doi: 10.1074/jbc.RA119.008419

50. Sarjeant K, Stephens JM. Adipogenesis. Cold Spring Harbor Perspect Biol (2012)
4(9):a008417. doi: 10.1101/cshperspect.a008417

51. Luo H-Y, ZhuJ-Y, Chen M, Mu W-J, Guo L. Kriippel-like factor 10 (KLF10) as a
critical signaling mediator: versatile functions in physiological and pathophysiological
processes. Genes Dis (2022). doi: 10.1016/j.gendis.2022.06.005

52. Liu Y, Peng WQ, Guo YY, Liu Y, Tang QQ, Guo L. Kriippel-like factor 10
(KLF10) is transactivated by the transcription factor C/EBPB and involved in early
3T3-L1 preadipocyte differentiation. J Biol Chem (2018) 293(36):14012-21. doi:
10.1074/jbc.RA118.004401

frontiersin.org


https://doi.org/10.1016/j.molmet.2022.101500
https://doi.org/10.1016/j.isci.2020.100961
https://doi.org/10.1016/j.cellsig.2020.109745
https://doi.org/10.1016/j.cellsig.2022.110299
https://doi.org/10.1111/j.1538-7836.2011.04360.x
https://doi.org/10.1016/0003-2697(72)90092-9
https://doi.org/10.1128/mcb.5.8.2114-2122.1985
https://doi.org/10.3390/biomedicines11010156
https://doi.org/10.1152/ajpcell.00366.2020
https://doi.org/10.1152/ajpcell.00366.2020
https://doi.org/10.1038/35038119
https://doi.org/10.1038/35038119
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1093/nar/gkab1061
https://doi.org/10.1146/annurev-pathol-052016-100247
https://doi.org/10.1146/annurev-pathol-052016-100247
https://doi.org/10.1016/S0006-291X(67)80055-X
https://doi.org/10.1016/S0006-291X(67)80055-X
https://doi.org/10.1038/cdd.2009.169
https://doi.org/10.1074/jbc.M006645200
https://doi.org/10.3390/biom12010067
https://doi.org/10.2741/2275
https://doi.org/10.1042/CS20201235
https://doi.org/10.1016/j.bbadis.2022.166441
https://doi.org/10.1016/j.bbadis.2022.166441
https://doi.org/10.1523/JNEUROSCI.20-20-07510.2000
https://doi.org/10.1523/JNEUROSCI.20-20-07510.2000
https://doi.org/10.1046/j.1471-4159.1996.67052039.x
https://doi.org/10.1038/s41374-019-0288-8
https://doi.org/10.1042/bst0300093
https://doi.org/10.1016/0014-5793(90)81503-G
https://doi.org/10.1371/journal.pone.0056587
https://doi.org/10.1073/pnas.94.7.3094
https://doi.org/10.1093/hmg/dds006
https://doi.org/10.1111/j.1742-4658.2008.06269.x
https://doi.org/10.1111/j.1742-4658.2008.06269.x
https://doi.org/10.1189/jlb.0208140
https://doi.org/10.1007/s12016-013-8353-3
https://doi.org/10.1038/jp.2008.150
https://doi.org/10.1074/jbc.270.24.14548
https://doi.org/10.1074/jbc.270.24.14548
https://doi.org/10.3390/biom10060828
https://doi.org/10.1038/emm.2016.6
https://doi.org/10.1152/ajpendo.1999.276.6.E1055
https://doi.org/10.2337/diabetes.52.12.2896
https://doi.org/10.2741/3162
https://doi.org/10.7150/ijbs.27173
https://doi.org/10.1074/jbc.M508510200
https://doi.org/10.2337/db20-1210
https://doi.org/10.2337/db20-1210
https://doi.org/10.3390/ijms222111512
https://doi.org/10.1146/annurev-biochem-052110-115718
https://doi.org/10.1038/s42255-022-00644-3
https://doi.org/10.1016/j.gendis.2021.12.023
https://doi.org/10.1074/jbc.RA119.008419
https://doi.org/10.1101/cshperspect.a008417
https://doi.org/10.1016/j.gendis.2022.06.005
https://doi.org/10.1074/jbc.RA118.004401
https://doi.org/10.3389/fendo.2023.1189007
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Li and Guo

53. MacDougald OA, Lane MD. Transcriptional regulation of gene expression
during adipocyte differentiation. Annu Rev Biochem (1995) 64:345-73. doi: 10.1146/
annurev.bi.64.070195.002021

54. Laviola L, Natalicchio A, Giorgino F. The IGF-I signaling pathway. Curr Pharm
design (2007) 13(7):663-9. doi: 10.2174/138161207780249146

55. Sekimoto H, Eipper-Mains J, Pond-Tor S, Boney CM. (alpha)v(beta)3 integrins
and Pyk2 mediate insulin-like growth factor I activation of src and mitogen-activated
protein kinase in 3T3-L1 cells. Mol Endocrinol (Baltimore Md.) (2005) 19(7):1859-67.
doi: 10.1210/me.2004-0481

56. de Winter TJJ, Nusse R. Running against the wnt: how wnt/B-catenin suppresses
adipogenesis. Front Cell Dev Biol (2021) 9:627429. doi: 10.3389/fcell.2021.627429

57. Reis M, Liebner S. Wnt signaling in the vasculature. Exp Cell Res (2013) 319
(9):1317-23. doi: 10.1016/j.yexcr.2012.12.023

58. Prestwich TC, Macdougald OA. Wnt/beta-catenin signaling in adipogenesis and
metabolism. Curr Opin Cell Biol (2007) 19(6):612-7. doi: 10.1016/j.ceb.2007.09.014

59. Zhang B, Abreu JG, Zhou K, Chen Y, Hu Y, Zhou T, et al. Blocking the wnt
pathway, a unifying mechanism for an angiogenic inhibitor in the serine proteinase
inhibitor family. Proc Natl Acad Sci U.S.A. (2010) 107(15):6900-5. doi: 10.1073/
pnas.0906764107

60. Ng ACT, Delgado V, Borlaug BA, Bax J]. Diabesity: the combined burden of
obesity and diabetes on heart disease and the role of imaging. Nat Rev Cardiol (2021) 18
(4):291-304. doi: 10.1038/s41569-020-00465-5

61. Guo YY, Li BY, Peng WQ, Guo L, Tang QQ. Taurine-mediated browning of
white adipose tissue is involved in its anti-obesity effect in mice. J Biol Chem (2019) 294
(41):15014-24. doi: 10.1074/jbc.RA119.009936

62. Luk CT, Shi SY, Cai EP, Sivasubramaniyam T, Krishnamurthy M, Brunt J], et al.
FAK signalling controls insulin sensitivity through regulation of adipocyte survival. Nat
Commun (2017) 8:14360. doi: 10.1038/ncomms14360

63. Kershaw EE, Flier JS. Adipose tissue as an endocrine organ. J Clin Endocrinol
Metab (2004) 89(6):2548-56. doi: 10.1210/jc.2004-0395

64. Scheja L, Heeren J. The endocrine function of adipose tissues in health and
cardiometabolic disease. Nat Rev Endocrinol (2019) 15(9):507-24. doi: 10.1038/s41574-
019-0230-6

65. Kim SW, Choi JW, Yun JW, Chung IS, Cho HC, Song SE, et al. Proteomics
approach to identify serum biomarkers associated with the progression of diabetes in
Korean patients with abdominal obesity. PloS One (2019) 14(9):e0222032. doi: 10.1371/
journal.pone.0222032

66. Shattil SJ, Kim C, Ginsberg MH. The final steps of integrin activation: the end
game. Nat Rev Mol Cell Biol (2010) 11(4):288-300. doi: 10.1038/nrm2871

67. LiB, Lei Z, Wu Y, Li B, Zhai M, Zhong Y, et al. The association and pathogenesis
of SERPINA3 in coronary artery disease. Front Cardiovasc Med (2021) 8:756889. doi:
10.3389/fcvm.2021.756889

68. Guo L, Guo YY, Li BY, Peng WQ, Chang XX, Gao X, et al. Enhanced acetylation
of ATP-citrate lyase promotes the progression of nonalcoholic fatty liver disease. J Biol
Chem (2019) 294(31):11805-16. doi: 10.1074/jbc.RA119.008708

69. Guo L, Zhou SR, Wei XB, Liu Y, Chang XX, Liu Y, et al. Acetylation of
mitochondrial trifunctional protein a-subunit enhances its stability to promote fatty
acid oxidation and is decreased in nonalcoholic fatty liver disease. Mol Cell Biol (2016)
36(20):2553-67. doi: 10.1128/MCB.00227-16

70. ZhuJY, Chen M, Mu WJ, Luo HY, Guo L. Higdla facilitates exercise-mediated
alleviation of fatty liver in diet-induced obese mice. Metab: Clin Exp (2022) 134:155241.
doi: 10.1016/j.metabol.2022.155241

71. Younossi ZM, Koenig AB, Abdelatif D, Fazel Y, Henry L, Wymer M. Global
epidemiology of nonalcoholic fatty liver disease-meta-analytic assessment of
prevalence, incidence, and outcomes. Hepatol (Baltimore Md.) (2016) 64(1):73-84.
doi: 10.1002/hep.28431

72. Sheka AC, Adeyi O, Thompson J, Hameed B, Crawford PA, Tkramuddin S.
Nonalcoholic steatohepatitis: a review. Jama (2020) 323(12):1175-83. doi: 10.1001/
jama.2020.2298

73. Guo L, Zhang P, Chen Z, Xia H, Li S, Zhang Y, et al. Hepatic neuregulin 4
signaling defines an endocrine checkpoint for steatosis-to-NASH progression. J Clin
Invest (2017) 127(12):4449-61. doi: 10.1172/JCI96324

74. Forner A, Reig M, Bruix J. Hepatocellular carcinoma. Lancet (2018) 391
(10127):1301-14. doi: 10.1016/S0140-6736(18)30010-2

75. Chen M, Zhu ], Luo H, Mu W, Guo L. The journey towards physiology and
pathology: tracing the path of neuregulin 4. Genes Dis (2023). doi: 10.1016/
j.gendis.2023.03.021

76. Qian LL, Ji JJ, Jiang Y, Guo JQ, Wu Y, Yang Z, et al. Serpina3c deficiency

induced necroptosis promotes non-alcoholic fatty liver disease through B-catenin/
Foxol/TLR4 signaling. FASEB J (2022) 36(5):e22316. doi: 10.1096/£].202101345RRR

77. Wu X, Poulsen KL, Sanz-Garcia C, Huang E, McMullen MR, Roychowdhury S,
et al. MLKL-dependent signaling regulates autophagic flux in a murine model of non-
alcohol-associated fatty liver and steatohepatitis. J Hepatol (2020) 73(3):616-27. doi:
10.1016/j.jhep.2020.03.023

78. Bertheloot D, Latz E, Franklin BS. Necroptosis, pyroptosis and apoptosis: an
intricate game of cell death. Cell Mol Immunol (2021) 18(5):1106-21. doi: 10.1038/
541423-020-00630-3

Frontiers in Endocrinology

13

10.3389/fendo.2023.1189007

79. Galluzzi L, Kepp O, Chan FK, Kroemer G. Necroptosis: mechanisms and
relevance to disease. Annu Rev Pathol (2017) 12:103-30. doi: 10.1146/annurev-
pathol-052016-100247

80. Mohammed S, Nicklas EH, Thadathil N, Selvarani R, Royce GH, Kinter M, et al.
Role of necroptosis in chronic hepatic inflammation and fibrosis in a mouse model of
increased oxidative stress. Free Radical Biol Med (2021) 164:315-28. doi: 10.1016/
j.freeradbiomed.2020.12.449

81. Preston SP, Stutz MD, Allison CC, Nachbur U, Gouil Q, Tran BM, et al.
Epigenetic silencing of RIPK3 in hepatocytes prevents MLKL-mediated necroptosis
from contributing to liver pathologies. Gastroenterology (2022) 163:1643-1657.e14. doi:
10.1053/j.gastro.2022.08.040

82. Afonso MB, Rodrigues PM, Carvalho T, Caridade M, Borralho P, Cortez-Pinto
H, et al. Necroptosis is a key pathogenic event in human and experimental murine
models of non-alcoholic steatohepatitis. Clin Sci (Lond) (2015) 129(8):721-39. doi:
10.1042/CS20140732

83. Hong YP, Yu J, Su YR, Mei FC, Li M, Zhao KL, et al. High-fat diet aggravates
acute pancreatitis via TLR4-mediated necroptosis and inflammation in rats. Oxid Med
Cell Longevity (2020) 2020:8172714. doi: 10.1155/2020/8172714

84. Kaiser W], Sridharan H, Huang C, Mandal P, Upton JW, Gough PJ, et al. Toll-
like receptor 3-mediated necrosis via TRIF, RIP3, and MLKL. J Biol Chem (2013) 288
(43):31268-79. doi: 10.1074/jbc.M113.462341

85. Kawai T, Akira S. Toll-like receptors and their crosstalk with other innate
receptors in infection and immunity. Immunity (2011) 34(5):637-50. doi: 10.1016/
j.immuni.2011.05.006

86. Fan W, Morinaga H, Kim JJ, Bae E, Spann NJ, Heinz S, et al. FoxO1 regulates
Tlr4 inflammatory pathway signalling in macrophages. EMBO ] (2010) 29(24):4223—
36. doi: 10.1038/emboj.2010.268

87. Meéndez-Sanchez N, Valencia-Rodriguez A, Coronel-Castillo C, Vera-Barajas A,
Contreras-Carmona J, Ponciano-Rodriguez G, et al. The cellular pathways of liver
fibrosis in non-alcoholic steatohepatitis. Ann Trans Med (2020) 8(6):400. doi:
10.21037/atm.2020.02.184

88. Santamaria M, Pardo-Saganta A, Alvarez-Asiain L, Di Scala M, Qian C, Prieto J,
et al. Nuclear ol-antichymotrypsin promotes chromatin condensation and inhibits
proliferation of human hepatocellular carcinoma cells. Gastroenterology (2013) 144
(4):818-28. doi: 10.1053/j.gastro.2012.12.029

89. Zhu H, Liu Q, Tang J, Xie Y, Xu X, Zhang Y, et al. Alphal-ACT functions as a
tumour suppressor in hepatocellular carcinoma by inhibiting the PI3K/AKT/mTOR
signalling pathway via activation of PTEN. Cell Physiol Biochem (2017) 41(6):2289-
306. doi: 10.1159/000475648

90. Lindmark B, Eriksson S. Partial deficiency of alpha 1-antichymotrypsin is
associated with chronic cryptogenic liver disease. Scandinavian ] Gastroenterol
(1991) 26(5):508-12. doi: 10.3109/00365529108998574

91. Ortega L, Balboa F, Gonzalez L. alpha(l)-antichymotrypsin deficiency
associated with liver cirrhosis. Pediatr Int (2010) 52(1):147-9. doi: 10.1111/j.1442-
200X.2009.02950.x

92. Libby P, Bornfeldt KE, Tall AR. Atherosclerosis: successes, surprises, and
future challenges. Circ Res (2016) 118(4):531-4. doi: 10.1161/CIRCRESAHA.
116.308334

93. Isenovic ER, Kedees MH, Haidara MA, Trpkovic A, Mikhailidis DP, Marche P.
Involvement of ERK1/2 kinase in insulin-and thrombin-stimulated vascular smooth muscle
cell proliferation. Angiology (2010) 61(4):357-64. doi: 10.1177/0003319709358693

94. Huntington JA. Natural inhibitors of thrombin. Thromb haemostasis (2014) 111
(4):583-9. doi: 10.1160/TH13-10-0811

95. Wigsiter D, Johansson D, Fontaine V, Vorkapic E, Biacklund A, Razuvaev A,
et al. Serine protease inhibitor A3 in atherosclerosis and aneurysm disease. Int J Mol
Med (2012) 30(2):288-94. doi: 10.3892/ijmm.2012.994

96. Humeres C, Frangogiannis NG. Fibroblasts in the infarcted, remodeling, and failing
heart. JACC. Basic to Trans Sci (2019) 4(3):449-67. doi: 10.1016/j.jacbts.2019.02.006

97. Suzuki C, Hatayama N, Ogawa T, Nanizawa E, Otsuka S, Hata K, et al.
Cardioprotection via metabolism for rat heart preservation using the high-pressure
gaseous mixture of carbon monoxide and oxygen. Int | Mol Sci (2020) 21(22). doi:
10.3390/ijms21228858

98. Jaswal JS, Keung W, Wang W, Ussher JR, Lopaschuk GD. Targeting fatty acid
and carbohydrate oxidation-a novel therapeutic intervention in the ischemic and
failing heart. Biochim Biophys Acta (2011) 1813(7):1333-50. doi: 10.1016/j.bbamcr.
2011.01.015

99. Guo Y, Gupte M, Umbarkar P, Singh AP, Sui JY, Force T, et al. Entanglement of
GSK-3p, B-catenin and TGF-B1 signaling network to regulate myocardial fibrosis. |
Mol Cell Cardiol (2017) 110:109-20. doi: 10.1016/j.yjmcc.2017.07.011

100. Frangogiannis NG. Cardiac fibrosis. Cardiovasc Res (2021) 117(6):1450-88.
doi: 10.1093/cvr/cvaa324

101. Zhao L, Zheng M, Guo Z, Li K, Liu Y, Chen M, et al. Circulating Serpina3 levels
predict the major adverse cardiac events in patients with myocardial infarction. Int |
Cardiol (2020) 300:34-8. doi: 10.1016/j.ijcard.2019.08.034

102. Terker AS, Sasaki K, Arroyo JP, Niu A, Wang S, Fan X, et al. Activation of
hypoxia-sensing pathways promotes renal ischemic preconditioning following
myocardial infarction. Am ] Physiol Renal Physiol (2021) 320(4):F569-f577. doi:
10.1152/ajprenal.00476.2020

frontiersin.org


https://doi.org/10.1146/annurev.bi.64.070195.002021
https://doi.org/10.1146/annurev.bi.64.070195.002021
https://doi.org/10.2174/138161207780249146
https://doi.org/10.1210/me.2004-0481
https://doi.org/10.3389/fcell.2021.627429
https://doi.org/10.1016/j.yexcr.2012.12.023
https://doi.org/10.1016/j.ceb.2007.09.014
https://doi.org/10.1073/pnas.0906764107
https://doi.org/10.1073/pnas.0906764107
https://doi.org/10.1038/s41569-020-00465-5
https://doi.org/10.1074/jbc.RA119.009936
https://doi.org/10.1038/ncomms14360
https://doi.org/10.1210/jc.2004-0395
https://doi.org/10.1038/s41574-019-0230-6
https://doi.org/10.1038/s41574-019-0230-6
https://doi.org/10.1371/journal.pone.0222032
https://doi.org/10.1371/journal.pone.0222032
https://doi.org/10.1038/nrm2871
https://doi.org/10.3389/fcvm.2021.756889
https://doi.org/10.1074/jbc.RA119.008708
https://doi.org/10.1128/MCB.00227-16
https://doi.org/10.1016/j.metabol.2022.155241
https://doi.org/10.1002/hep.28431
https://doi.org/10.1001/jama.2020.2298
https://doi.org/10.1001/jama.2020.2298
https://doi.org/10.1172/JCI96324
https://doi.org/10.1016/S0140-6736(18)30010-2
https://doi.org/10.1016/j.gendis.2023.03.021
https://doi.org/10.1016/j.gendis.2023.03.021
https://doi.org/10.1096/fj.202101345RRR
https://doi.org/10.1016/j.jhep.2020.03.023
https://doi.org/10.1038/s41423-020-00630-3
https://doi.org/10.1038/s41423-020-00630-3
https://doi.org/10.1146/annurev-pathol-052016-100247
https://doi.org/10.1146/annurev-pathol-052016-100247
https://doi.org/10.1016/j.freeradbiomed.2020.12.449
https://doi.org/10.1016/j.freeradbiomed.2020.12.449
https://doi.org/10.1053/j.gastro.2022.08.040
https://doi.org/10.1042/CS20140732
https://doi.org/10.1155/2020/8172714
https://doi.org/10.1074/jbc.M113.462341
https://doi.org/10.1016/j.immuni.2011.05.006
https://doi.org/10.1016/j.immuni.2011.05.006
https://doi.org/10.1038/emboj.2010.268
https://doi.org/10.21037/atm.2020.02.184
https://doi.org/10.1053/j.gastro.2012.12.029
https://doi.org/10.1159/000475648
https://doi.org/10.3109/00365529108998574
https://doi.org/10.1111/j.1442-200X.2009.02950.x
https://doi.org/10.1111/j.1442-200X.2009.02950.x
https://doi.org/10.1161/CIRCRESAHA.116.308334
https://doi.org/10.1161/CIRCRESAHA.116.308334
https://doi.org/10.1177/0003319709358693
https://doi.org/10.1160/TH13-10-0811
https://doi.org/10.3892/ijmm.2012.994
https://doi.org/10.1016/j.jacbts.2019.02.006
https://doi.org/10.3390/ijms21228858
https://doi.org/10.1016/j.bbamcr.2011.01.015
https://doi.org/10.1016/j.bbamcr.2011.01.015
https://doi.org/10.1016/j.yjmcc.2017.07.011
https://doi.org/10.1093/cvr/cvaa324
https://doi.org/10.1016/j.ijcard.2019.08.034
https://doi.org/10.1152/ajprenal.00476.2020
https://doi.org/10.3389/fendo.2023.1189007
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Li and Guo

103. Chen ZT, Gao QY, Wu MX, Wang M, Sun RL, Jiang Y, et al. Glycolysis
inhibition alleviates cardiac fibrosis after myocardial infarction by suppressing cardiac
fibroblast activation. Front Cardiovasc Med (2021) 8:701745. doi: 10.3389/
fcvm.2021.701745

104. Sharma S, Watanabe T, Nishimoto T, Takihara T, Mlakar L, Nguyen XX, et al.
E4 engages uPAR and enolase-1 and activates urokinase to exert antifibrotic effects. JCI
Insight (2021) 6(24). doi: 10.1172/jci.insight.144935

105. Palumbo-Zerr K, Zerr P, Distler A, Fliehr ], Mancuso R, Huang J, et al. Orphan
nuclear receptor NR4A1 regulates transforming growth factor-f signaling and fibrosis.
Nat Med (2015) 21(2):150-8. doi: 10.1038/nm.3777

Frontiers in Endocrinology

14

10.3389/fendo.2023.1189007

106. Kang SA, Na H, Kang HJ, Kim SH, Lee MH, Lee MO. Regulation of Nur77
protein turnover through acetylation and deacetylation induced by p300 and
HDACI1. Biochem Pharmacol (2010) 80(6):867-73. doi: 10.1016/j.bcp.
2010.04.026

107. Murohara T, Guo JP, Lefer AM. Cardioprotection by a novel recombinant
serine protease inhibitor in myocardial ischemia and reperfusion injury. ] Pharmacol
Exp Ther (1995) 274(3):1246-53.

108. Zhang B, Zhou KK, Ma JX. Inhibition of connective tissue growth factor
overexpression in diabetic retinopathy by SERPINA3K via blocking the WNT/beta-
catenin pathway. Diabetes (2010) 59(7):1809-16. doi: 10.2337/db09-1056

frontiersin.org


https://doi.org/10.3389/fcvm.2021.701745
https://doi.org/10.3389/fcvm.2021.701745
https://doi.org/10.1172/jci.insight.144935
https://doi.org/10.1038/nm.3777
https://doi.org/10.1016/j.bcp.2010.04.026
https://doi.org/10.1016/j.bcp.2010.04.026
https://doi.org/10.2337/db09-1056
https://doi.org/10.3389/fendo.2023.1189007
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Li and Guo

Glossary
AKT protein kinase B
AMI acute myocardial infarction
AP-1 activator protein 1
BAT brown adipose tissue
C/EBPs CCAAT/enhancer-binding proteins
C/EBPB CCAAT/enhancer-binding protein B
CCL2 C-C motif chemokine ligand 2
CFs cardiac fibroblasts
ECM extracellular matrix
ENO1 Enolasel
ERK extracellular signal-regulated kinase
eWAT epididymal white adipose tissue
FFAs free fatty acids
Foxol forkhead box protein O1
GCK glucokinase
GLUT2 solute carrier family 2 member 2
GPCRs G-protein coupled receptors
GSK-3B glycogen synthase kinase-3[3
HCC hepatocellular carcinoma
HDAC1 histone deacetylase 1
HFD high-fat diet
HNF4 hepatocyte nuclear factor 4
ICAM-1 intercellular adhesion molecule 1
IGF-1 insulin like growth factor 1
IL-1B interleukin-1pB
IL-6 interleukin-6
IRS-1 insulin receptor substrate 1
iWAT inguinal white adipose tissue
IxB inhibitor of NF-kB
JAK janus kinase
JNK c-Jun N-terminal kinase
KLF Kruppel-like factor
LRP6 low-density lipoprotein receptor-related protein 6
MCP-1 macrophage chemoattractant protein-1.MI, myocardial infarction
MLKL mixed pedigree kinase structure-like protein
MMP2 matrix metallopeptidase 2
MZF1 myeloid zinc finger 1
NAFLD non-alcoholic fatty liver disease
NASH non-alcoholic steatohepatitis

(Continued)
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Continued
NF-«B nuclear factor-kappa B
NR4A1 nuclear receptor subfamily 4 group A member 1
PA Palmitic acid
TLR4 Toll-like receptor 4
PARs protease-activated receptor
PDX-1 pancreatic and duodenal homeobox 1
PI3K phosphatidylinositol 3-kinase
PPARY peroxisome proliferator-activated receptor y
RCL reaction center loop
rhIL-6 Recombinant IL-6
RIPK1 Receptor-interacting protein kinase 1
Serpina3c serine (or cysteine) proteinase inhibitor, clade A, member 3C
Serpins Serine protease inhibitors
SP1 Sp1 transcription factor
STAT3 signal transducer and activator of transcription 3
STATs signal transducers and activators of transcription
TCF/LEF T-cell factor/lymphoid enhancing factor
TFs transcription factors
TG triglycerides
TGF-B transforming growth factor-
TIMP2 TIMP metallopeptidase inhibitor 2
TNF-ou tumor necrosis factor-ou
TRIF TIR domain containing adaptor molecule 1
VAT visceral adipose tissue
VEGF vascular endothelial growth factor
VSMCs vascular smooth muscle cells
WAT white adipose tissue
Wnt Wingless
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