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Background and Objective: Atherosclerosis (AS), is characterized by the subintima lipid accumulation 
and chronic inflammation inside the arterial wall, causing much mortality and morbidity worldwide. 
Activating transcription factor 3 (ATF3) is a member of ATF/cAMP-responsive element-binding (CREB) 
family of transcription factors, which acts as a master regulator of adaptive response. Recent studies have 
indicated the implicated role of ATF3 in atherogenesis and AS progression due to its impact on metabolic 
disorder, vascular injury, plaque formation, and stability. In this review, we summarize the current advances 
in the mechanism of ATF3 activation and the contribution of ATF3 in AS, highlighting vascular intrinsic and 
extrinsic mechanisms of how ATF3 influences the pathology of AS.
Methods: The relevant literature (from origin to March 2022) was retrieved through PubMed research to 
explore the regulatory mechanism of ATF3 and the specific role of ATF3 in AS. Only English publications 
were reviewed in this paper.
Key Content and Findings: ATF3 acts as a key regulator of AS progression, which not only directly 
affects atherosclerotic lesions by regulating vascular homeostasis, but also gets involved in AS through 
systemic glucolipid metabolism and inflammatory response. The two different promoters, transcript variants, 
and post-translational modification in distinct cell types partly contribute to the regulatory diversity of ATF3 
in AS. 
Conclusions: ATF3 is a crucial transcription regulatory factor during atherogenesis and AS progression. 
Gaining a better understanding of how ATF3 affects vascular, metabolic, and immune homeostasis would 
advance the progress of ATF3-targeted therapy in AS.
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Introduction

Cardiovascular disease, such as ischemic heart disease 
and stroke, is the most common single cause of death 
worldwide, and its morbidity and mortality rates continue 
to increase (1). Atherosclerosis (AS) is one of the main 
types of arteriosclerotic vascular disease, and carries a 
considerable risk of ischemic diseases including ischemic 
stroke, myocardial infarction and disabling peripheral 
artery disease (2). Characteristically in AS, the barrier of 
endothelium becomes impaired, resulting in subintima lipid 
accumulation, macrophage infiltration, and the proliferation 
of vascular smooth muscle cel ls  (VSMCs),  which 
subsequently cause foam cell transformation and plaque 
formation (3). The major risk factors of AS regulator of the 
cellular include being overweight, physical inactivity, type 2 
diabetes mellitus (T2DM), hyperlipidemia, tobacco use and 
hypertension (4). Traditionally, AS was defined as chronic 
vascular inflammation caused by the abnormal retention 
of lipoproteins, especially the low-density lipoprotein 
(LDL) cholesterol. In recent years, research has shown 
that the development of AS comprises a series of intricate 
pathological processes, that are affected by both vascular 
intrinsic factors and many other risk factors extrinsic to the 
vasculature (5). Additionally, multiple lines of evidence have 
shown that transcriptional factors, which play a critical role 
in vascular homeostasis and metabolic regulation, represent 
promising therapeutic targets for the prevention and 
treatment of AS (6). 

As a pivotal transcriptional factor belonging to the 
activating transcription factor (ATF)/cyclic adenosine 
monophosphate response element binding protein (CREB) 
family family, ATF3 is considered a master in glioma 
cells adaptive-response network (7,8). The function 
and expression of ATF3 is governed by transcriptional 
regulation, post transcriptional control and post-
translational modification (PTM). In the context of 
the stress response, ATF3 is stimulated and produces 
transcriptional inhibitory or stimulatory effects by forming 
homodimers or heterodimers with other ATF/CREB 
members (9,10). Under physiological conditions, ATF3 
expression is always transient but crucial to cell-cycle 
regulation and metabolic homeostasis (11). The sustained 
overexpression or deficiency of ATF3 may contribute to 
the occurrence of disease. For example, ATF3 deletion 
has been shown to exacerbate ischemia/reperfusion injury 
in the liver due to its promotion of mammalian target of 
rapamycin (mTOR) and phosphoprotein 70 ribosomal 

protein S6 kinase (p70S6K) via toll-like receptor 4 (TLR4)-
driven inflammatory responses and T cell development (12).  
However, the overexpression of ATF3 has also been 
found to participate in particulate matter-induced airway 
inflammation in mouse lung tissues by promoting 
inflammatory cytokine expression such as interleukin (IL)-
6 through the nuclear factor kappa B (NF-κB) and activator 
protein 1 (AP-1) pathways. Additionally, the alleviation of 
neutrophil infiltration and decreased expression of IL-6 and 
CXCL2 has been observed in the lung of ATF3-/- mice (13).  
Interestingly, the functional complexity of ATF3 has 
also been observed in various pathological stages of AS. 
It has been well established that ATF3 is associated with 
the pathogenesis of AS, however, the specific effect of 
ATF3 activation in AS remains controversial. Qin et al. 
conducted a bioinformatics analysis and identified ATF3 
as a novel biomarker for the prognosis of AS. Compared 
with the ruptured atherosclerotic plaques, lower expression 
levels of ATF3 were found in macrophages from stable 
atherosclerotic plaques, which indicates ATF3 expression in 
macrophages is correlated with the stability of atherosclerotic  
plaques (14). Further, the induction of CREB/ATF3 signaling 
via uremic toxin dramatically aggravates VSMC proliferation 
and neointimal formation (15). The expression of ATF3 
was also observed to be increased in the atherosclerotic 
plaques of uremic apolipoprotein E (ApoE)-/- mice and 
iliac arteries of uremic patients (15). There is extensive 
evidence that ATF3 also participates in atherogenesis by 
affecting vascular homeostasis when hepatocyte-specific 
ATF3 overexpression significantly reduces the development 
of AS through its improvement of lipid metabolism (16,17). 
Given the crucial role of ATF3 in the pathology of AS, it is 
of great significance to examine the precise impact of ATF3 
dysfunction in various stages of AS.

Although further research which aims to elucidate 
the role of ATF3 in vascular pathology and metabolic 
regulation remains to be conducted, research on its 
involvement in atherogenesis, plaque progression, and 
plaque stability has recently led to a series of breakthroughs. 
Given the importance and complexity of the ATF3-related 
mechanism in AS, we sought to summarize the current 
advances in the specific mechanism of ATF3 activation and 
the main contribution to ATF3 in AS, highlighting the 
vascular intrinsic and extrinsic mechanisms of how ATF3 
affects the pathology of AS. We present the following 
article in accordance with the Narrative Review reporting 
checklist (available at https://cdt.amegroups.com/article/
view/10.21037/cdt-22-206/rc). 

https://cdt.amegroups.com/article/view/10.21037/cdt-22-206/rc
https://cdt.amegroups.com/article/view/10.21037/cdt-22-206/rc
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Methods

In this paper, the literature retrieval was performed in 
the PubMed database to search the English publication 
correlated to the regulatory mechanism of ATF3 and the 
specific role of ATF3 in AS from origin to March 2022. 
The major of search terms and search strategy summary are 
shown in Table 1 and Table 2, respectively.

Basic structure and function of ATF3

As a member of the ATF/CREB family of transcription 

factors, ATF3 consists of 181 amino acid residues with a 
molecular mass of 22 kD (18). When the heterodimers of 
ATF3 form with other ATF/CREB members and show 
the effects of transcriptional inhibition or activation, 
ATF3 acts as a transcriptional repressor by forming a 
homodimer, depending on the cell type and promoter. The 
known binding sequences of ATF3 on the target promoters 
include the cyclic AMP response element (TGACGTCA), 
IL-12p40 (TCGACGTCT), cyclin D1 (TAACGTCA), 
Growth Arrest And DNA Damage-Inducible Protein 
GADD153 (TTGCATCA) and macrophage inflammatory 

Table 1 Search term used

“Activating Transcription Factor 3”[MeSH]

(“Activating Transcription Factor 3”[MeSH]) AND (“Alternative Splicing”[MeSH])

(“Activating Transcription Factor 3”[MeSH]) AND (“transcription”[MeSH])

(“Activating Transcription Factor 3”[MeSH]) AND (“RNA Processing, Post-Transcriptional”[MeSH])

(“Activating Transcription Factor 3”[MeSH]) AND (“Protein Processing, Post-Translational”[MeSH])

(“Activating Transcription Factor 3”[MeSH]) AND (“Atherosclerosis”[MeSH])

(“Activating Transcription Factor 3”[MeSH]) AND (“Endothelial Cells”[MeSH])

(“Activating Transcription Factor 3”[MeSH]) AND (“Macrophage”[MeSH])

(“Activating Transcription Factor 3”[MeSH]) AND (“Vascular Remodeling”[MeSH])

(“Activating Transcription Factor 3”[MeSH]) AND (“Foam Cells”[MeSH])

(“Activating Transcription Factor 3”[MeSH]) AND (“Plaque, Atherosclerotic”[MeSH])

(“Activating Transcription Factor 3”[MeSH]) AND (“Hyperglycemia”[MeSH])

(“Activating Transcription Factor 3”[MeSH]) AND (“Dyslipidemias”[MeSH])

(“Activating Transcription Factor 3”[MeSH]) AND (“Immunity”[MeSH])

Table 2 The search strategy summary

Item Specification

Date of search 2022/02/11–2022/03/07

Databases and other sources searched PubMed

Search terms used As mentioned in Table 1

Timeframe 1994–2022

Inclusion and exclusion criteria Inclusion criteria: original article and reviews in English about the regulatory mechanism of 
ATF3 and the specific role of ATF3 in AS

Exclusion criteria: article or review which are not related with ATF3 nor AS

Selection process Selection was conducted independently by Huang Yifan and Wu Jingyi. the data of search 
were discussed with other authors and checked by Yang Jian

AS, atherosclerosis.
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protein-1 beta (TGACATCA) (19-23). Further, ATF3 
can also modulates cell function by interacting with other 
proteins independently of its transcriptional activity. For 
example, ATF3 directly binds to the C-terminus of protein 
53 (P53) directly and prevent it from murine double minute 
2 (MDM2)-mediated ubiquitination through competitive 
inhibition, thereby acting as a tumor suppressor of DNA 
damage (24). 

Multiple transcript variants of ATF3 have been reported 
to participate in the regulation of cell function, including 
mitochondrial oxidative stress-induced transcript variants 
(ATF3-T4 and ATF3-T5) and alternative splicing 
variants such as ATF3Δzip, ATF3Δzip2 (ATF3Δzip2a 
and ATF3Δzip2b), ATF3Δzip2c, ATF3Δzip3, and ATF3b 
(Figure 1) (25,26). Both ATF3-T4 and ATF3-T5 have been 
identified as key contributors of endothelial inflammation 
and lipotoxic brain microvascular injury (25). ATF3Δzip2 

is a promoter of apoptotic cell death, and has recently 
been found to be involved in rat skeletal muscle energy 
metabolism (27,28). ATF3deltaZip2c and ATF3deltaZip3 
are stimulated by amino acid deprivation and may 
have a potential role in nutrient metabolism of human 
hepatocellular carcinomas (HepG2) cells, And ATF3b has 
been identified in the alpha cells of the pancreatic islets, 
which are involved in glucose modulation by positively 
regulating the synthesis and secretion of glucagon (29,30). 

In the maintenance of homeostasis, ATF3 functions 
as a hub of the cellular adaptive-response network, 
which plays an important role in inflammation, immune 
response, oncogenesis, and nutrient metabolism (26). The 
abnormalities of ATF3 expression and regulation have 
been observed in the pathogenesis of various diseases, 
such as cancer, cardiac remodeling, rheumatoid arthritis, 
and microvascular injury (25,31-33). Recent studies have 

Figure 1 Splice isoforms and transcript variants of ATF3: ATF3 is expressed in several splice variants and transcript variants, which 
contribute to the functional diversity of ATF3. There are five splice isoforms and two full-length variants of ATF3 that have been reported: 
ATF3Δzip, ATF3Δzip2 (ATF3Δzip2a and ATF3Δzip2b), ATF3Δzip2c, ATF3Δzip3, ATF3b, and full-length variants ATF3-T4/T5.
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Pancretic cells
Microvascular 
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shown that the upregulation and nuclear translocation of 
ATF3 promote ferroptosis, a form of regulated cell death 
characterized by iron-dependent lipid peroxidation. Lu et al.  
found that the overexpression of ATF3 and subsequent 
hydrogen peroxide (H2O2) accumulation contributes 
to brucine-induced ferroptosis in glioma cells (34). 
Additionally, Wang et al. confirmed that treatment with 
erastin in vitro induces ATF3 expression and depletion of 
the amino acid antiporter system Xc-, thus resulting in a 
decrease in the intracellular glutathione (GSH) level and 
triggers cell ferroptosis. The suppression of Xc- by ATF3 
is partly due to its transcriptional repression for solute 
carrier family 7 member 11 (SLC7A11) (35). These findings 
indicate that ATF3 plays a central role in oxidative stress 
and ferroptosis, and suggests a potential link between ATF3 
and ferroptosis-related disease, such as AS.

The specific mechanism for ATF3 regulation

As mentioned above, ATF3 performs various, or even 
opposite functions in different cells, which may be related 
to its activation pathway. Previous research has revealed that 
stress signals, such as hypoxia, cytokines, cAMP, calcium 
influx, ultraviolet (UV) irradiation, and the unfolded 
protein response, play an important role in the induction of 
ATF3 (36-38). As research on ATF3 continues, increasing 
evidence has indicated that the activity and function of 
ATF3 are regulated by a complex network involving 
transcriptional regulation, post-transcriptional control, and 
PTM (Figure 2). 

Transcriptional regulation 

The transcriptional activity of ATF3 is mainly controlled 
by its promoters, the specific binding sequence of RNA 
polymerase. A study by Miyazaki et al. revealed that 2 
promoters control transcriptional activity within the human 
ATF3 gene. Apart from the canonical promoter P2, they 
described an alternate promoter P1 localized about 43.5-
kb upstream of the P2 promoter, which is evolutionally 
conserved and has a significantly different structure to the 
P2 promoter, and comparative differences in the intensity of 
activation upon various stimuli (39). Additionally, extensive 
research has shown that stress-related pathways including 
the mitogen-activated protein kinase (MAPK), NF-κB, 
Myc proto-oncogene protein (cMyc)/extracellular signal-
related kinase (ERK), and Jun N-terminal kinase (JNK)/
stress- and mitogen-activated protein kinase (SAPK) play a 

crucial role in ATF3 activation through the direct binding 
of their downstream effectors to ATF promoter (40-43). 
Interestingly, in recent years, some transcription factors 
closely related to the pathogenesis of AS have also been 
reported to be involved in the transcriptional regulation 
of ATF3. Forkhead Box Protein P3 (FOXP3), which is a 
crucial contributor to the atheroprotective regulatory T 
cell (Treg) phenotype, represses the ATF3 transcriptional 
activity by directly binding to the −870 response element 
(RE) region on the ATF3 promoter (44,45). Nuclear 
factor E2-related factor 2 (Nrf2), which modulates both 
early atherogenesis and macrophage phenotype in late 
advanced atherosclerotic lesion, was also found to induce 
the transcriptional activation of both full length ATF3 and 
splicing variant ATF3ΔZip2 (46). Additionally, chromatin 
immunoprecipitation (ChIP) assays have revealed that 
activating NRF2 leads to the induction of the ATF3 
proximal promoter (P2 promoter described above), which 
mainly results in the up-regulation of ATF3ΔZip2 (47).

In addit ion to the transcr ipt ional  factors ,  the 
transcription of ATF3 is also regulated by epigenetic 
events. The levels of histone 3 trimethylated Lys4 and 
histone acetylated histone 4 were observed to be increased 
in the AFT3 gene during the amino acid response, and 
a concurrent loss of total H3 protein near the promoter 
was also observed (48). Further, Tran et al. found that pre-
treatment with amitriptyline caused anti-apoptotic effects in 
mouse neuronal cells by positively regulating the acetylation 
level of histone H3 lysine 9 and trimethylation of histone 
H3 lysine 4 in the promoter regions of ATF3 (49). It is 
likely that histone deacetylase inhibitors (HDACis) can 
be used as target agents for several cancers through the 
induction of ATF3 and pro-apoptosis, and these findings 
suggest a potential association between ATF3 activation and 
histone acetylation (50). Duncan et al. discovered that the 
combination of HDACis and protein disulfide isomerase 
inhibitors (PDIs) produced a 113-fold induction of ATF3 
through increased histone acetylation and RNA polymerase 
II recruitment. The ChIP assays further confirmed that 
the acetylated histone 3 lysine 27 (H3K27-ac) and histone 
3 lysine 18 (H3K18-ac) marks were significantly enriched 
in the upstream regulatory regions that flank the ATF3 
transcription start site in human pancreatic adenocarcinoma 
cells (PANC-1) treated with the combination of HDACi 
and PDI (51). Additionally, the striking enrichment of 
H3K27-ac was observed at distal promoter P1 of ATF3, 
while RNA polymerase II was recruited at proximal 
promoter P2 and H3K18-ac surrounded both promoter 
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Figure 2 ATF3 was reported to have two promoters namely non-canonical promoter P1 and canonical promoter P2. The activity 
and function of ATF3 are regulated by a complex network involving transcriptional regulation, post-transcriptional control, and post 
translational modification. The transcriptional regulation of ATF3 was mainly controlled by stress pathway (such as MAPK, NF-κB, cMyc/
ERK and JNK/SAPK), transcriptional factors (such as FOXP3 and NRF2), histone methylation (H3K4me3) and acetylation (H4Ac, 
H3K9Ac, H3K14Ac, H3K18Ac, H3K27Ac). On the post-transcriptional level, Long non-coding RNA MRVI1-AS1, RNA binding protein 
HuR/AUF1 and growth factor Egr-1 promote ATF3 expression by stabilizing ATF3 mRNA. Conversely, the N6-methyladenosine reader 
YTFDH2 and some microRNA (such as miR-513a-5p and miR-27b-3p) enhance the degradation of ATF3 mRNA. Additionally, the 
acetylation of ATF3 protein induced by p300 at K42 enhances the activity of ATF3 and promotes apoptosis of GMCs in Thy-1N rats. The 
SUMOylation of ATF3 at K42 also promotes ATF3 activity by increasing the protein stability, which is enhanced by PIAS3β but decreased 
by SENP2 and SENP7. ATF3 ubiquitination mediates the degradation of the ATF3 protein, which is regulated by both the CSA/DDB1/
CUL4A ubiquitin ligase complex and the CSB/MDM2 containing complex together. GMC, glomerular mesangial cell.

regions (51). However, the deoxynivalenol-induced H3K9-
ac and H3K27-ac enrichment, which gave rise to the 
upregulation of ATF3ΔZip2a/2 and subsequent G2/M cell 
cycle arrest in the HepG2 cells, did not differ significantly 
between the P1 and P2 promoters of ATF3 (52). Further, 
exposure to UV radiation activates ATF3 transcription by 
increasing the histone H3K9⁄K14-ac levels in promoter 
regions, the effect of which was entirely inhibited by 100μM 
of curcumin treatment (53). Further evidence also links 

DNA methylation to ATF3 transcriptional regulation, the 
hypermethylation of ATF3, and the subsequent down-
regulation of ATF3 and the expression of ADP-ribosylation 
factor like-4 has been observed in tumor samples from 
recent research (54).

Post-transcriptional control

Current studies have indicated that the modulation of 
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ATF3 in post-transcriptional control involves the RNA-
binding protein, microRNA, RNA methylation, and long 
non-coding RNA (lncRNA). RNA-binding protein human 
antigen R enhances the stability of ATF3 messenger RNA 
(mRNA) in conjunction with AU-rich element RNA 
binding protein 1 (AUF1), which contributes to increases 
in expression following amino acid limitation (55). While 
the binding site remains unclear, He et al. demonstrated 
that early growth response gene 1 (EGR-1) mediates 
ATF3 overexpression by stabilizing ATF3 mRNA in 
glomerular mesangial cells (GMCs) upon sublytic C5b-9  
stimulation (56). Moreover, recent studies have shown the 
pivotal role of the lncRNA-miRNA-mRNA network in 
ATF3 regulation. A weighted gene co-expression network 
analysis identified the nuclear paraspeckle assembly transcript 
1 (NEAT1)/X inactive specific transcript (XIST)/potassium 
voltage-gated channel subfamily Q member 1 (KCNQ1T1)-
miR-27a-3p/miR-16-5p-ATF3 axis as a potential RNA 
regulatory pathway in early diabetic nephropathy (57). Zhu 
et al. confirmed that the overexpression of lncRNA murine 
retrovirus integration site 1 homolog antisense RNA 1 
(MRVI1-AS1) increases nasopharyngeal carcinoma (NPC) 
paclitaxel chemosensitivity by enhancing ATF3 expression 
via the suppression of miR-27b-3p and miRNA-513a-5p (58). 
Further, the genome-wide profiling of N6-methyladenosine 
(m6A)-tagged mRNA in adult dorsal root ganglion showed 
that the m6A-based regulation contributes to ATF3 
activation and subsequent axon regeneration in adult 
mammal samples (59). Liu et al. found a novel mechanism 
for the disruption of ATF3 mRNA stabilization through m6A 
methylation. They identified m6A reader protein YTHDF2 
as the key regulator of m6A modification and demonstrated 
that decreased m6A methylation at the A131 site in the 
5'-untranslated region of ATF3 mRNA and the ensuing 
ATF3 overexpression mediates the tamoxifen resistance of 
human breast cancer cells (MCF-7) via the overexpression of 
ATP binding cassette subfamily B member 1 (ABCB1) (60).

PTM

As mentioned above, the activity of ATF3 protein mainly 
depends on the PTMs, including acetylation, SUMOylation, 
and ubiquitination. The histone acetyltransferase E1A 
binding protein p300 (P300) was observed to acetylate 
ATF3 at K42, thereby inducing the apoptosis of GMCs in 
Thy-1N rats treated with sublytic C5b-9 (56). Similarly, 
the SUMOylation of ATF3 at K42, which is enhanced 
by SUMO E3 ligase protein inhibitor of activated STAT 

3β (PIAS3β) but decreased by SUMOylation protease 
SUMO specific peptidase 2 (SENP2) and SUMO specific 
peptidase 7 (SENP7), promote ATF3 activity by increasing 
protein stability (61). Later work on ATF3 SUMOylation 
suggests that the endogenous SUMO modification of 
ATF3 is implicated in the pathogenesis of hypertension and 
prostate cancer (62,63). Conversely, ATF3 ubiquitination 
mediates the degradation of the ATF3 protein, which 
was previously thought to be strongly correlated with a 
reduced expression and loss of function. However, a recent 
study by Li et al. interestingly speculated that ATF3 may 
stabilize the p53 protein by directly binding to the MDM2 
RING domain and competing with p53 for MDM2-
mediated ubiquitination (24). Additionally, ChIP assays 
have shown that the ubiquitin degradation of ATF3 is 
regulated by both the Cockayne syndrome protein A (CSA)/
damage specific DNA binding protein 1 (DDB1)/Cullin 
4A (CUL4A) ubiquitin ligase complex and the cockayne 
syndrome B protein (CSB)/MDM2 containing complex 
together (64). Other newly discovered mechanisms of 
ATF3 ubiquitination and stabilization comprise the ATF3 
conditional degradation by the Abelson-related gene 
protein /N-degron pathway and ubiquitin-specific peptidase 
33-mediated ATF3 deubiquitination (65,66).

In summary, it can be concluded that the transcript 
variants of ATF3 and different response of the 2 promoters 
upon various stimuli mainly contributes to the regulatory 
diversity of ATF3. However, only a few studies have focused 
on differential regulation in post-transcriptional control 
and PTM for different ATF3 transcript variants. Further 
research is required to investigate the specific mechanism 
regulating the mRNA stabilization and protein modification 
of ATF3 transcript variants. Consideration also needs to be 
given to the crosstalk and interaction among the multiple 
pathways of ATF3 ubiquitination and degradation, which 
may create a new field for the pharmacological intervention 
of ATF3 in the presence of disease. 

The function and molecular mechanism of ATF3 
in AS

Vascular intrinsic mechanisms of ATF3 in AS

The main characteristic features of AS are atherosclerotic 
plaques on the inside wall of the arteries and narrowed 
arterial lumen. During the progression of AS, the arterial 
lesions are mainly affected by the functional status of the 
endothelial cells (ECs), macrophages and VSMCs, whose 



Cardiovascular Diagnosis and Therapy, Vol 12, No 6 December 2022 933

© Cardiovascular Diagnosis and Therapy. All rights reserved. Cardiovasc Diagn Ther 2022;12(6):926-942 | https://dx.doi.org/10.21037/cdt-22-206

abnormality leads to vascular endothelial disorder and 
contributes to plaque formation (2). ATF3 is a transcription 
factor that show differential expression in atherosclerotic 
plaque tissue. The existing evidence supports the notion 
that ATF3 is involved in the pathology of atherosclerotic 
vasculopathy by regulating endothelial dysfunction, 
macrophage polarization, foam cell formation, and vascular 
remodeling (Figure 3).

Endothelial dysfunction 
Endothelial dysfunction occurs in the early stage of AS, 
in which ATF3 plays an extremely complicated role. A 
comparative study of immune-histological assay found that 
ATF3 was significantly overexpressed in the vascular ECs 
of human atherosclerotic lesions (67). Aung et al. found that 
lipolysis products of triglyceride-rich lipoproteins (TRLs) 
induce vascular inflammation and EC apoptosis via the 
nuclear expression of phosphorylated JNK and ATF3 (68).  
The lipolysis products induce caspase-3/7 activity and 
the induction of E-selectin, IL-8, IL-1α, Kruppel-like 
factor 4 (KLF4), and vascular endothelial growth factor 
(VEGF) were significantly suppressed after ATF3 blockade 
in vitro while the resistance of vascular apoptosis was 
shown in ATF3(-/-) mice treated with TGRL lipolysis (68).  

Homocysteine, an independent risk factor of AS, was 
found to activate endoplasmic reticulum stress and 
upregulate ATF3 expression via IRE1/TRAF2 pathway, 
thereby inducing apoptosis in human umbilical vein ECs 
(HUVECs) (69). In another study, Zhang et al. revealed 
the pivotal role of ATF3 SUMOylation in angiotensin II 
(Ang II)-induced endothelial injury. Ang II-induced ATF3 
SUMOylation exacerbates endothelial inflammation by 
inhibiting endothelial nitric oxide (NO) synthase and NO 
production (62). Additionally, the vasodilatation of the 
aorta was improved in Ang II-induced hypertensive mice 
after treatment with a SUMOylation inhibitor (62). These 
observations suggest that ATF3 acts as a contributor to 
endothelial dysfunction and AS by promoting effect in EC 
inflammation and apoptosis. 

Nonetheless, there is mounting evidence that ATF3 
physiologically provides endothelial protection. Teasdale 
et al. described an ATF3-mediated protective effect in 
attenuating inflammation through an NF-κB independent 
pathway in ECs treated with cigarette smoke extract (70). 
McDonald et al. also showed the importance of ATF3 
activation in endothelial proliferation and regeneration 
through an in vivo aortic endothelial injury model (71). A 
comparative study of transcriptional profile between ATF3 
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infiltrating macrophages, ATF3 inhibits foam cells formation by suppressing ch25h and TLR4. Meanwhile, ATF3 transforms M1-polarized 
macrophages to the M2 phenotype by activating tenascin-C and inhibiting TLR4, TNF-α. But ATF3 de-ubiquitination induced by miR-489 
also reduces the M2-like polarization of macrophages. EC, endothelial cell; VSMC, vascular smooth muscle cell.
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positive and negative cells suggested that ATF3 regulates 
endothelial regeneration through a cohort of early stress 
response genes including Fox, Jun, Egr1, Klf4, and Klf2 (71).  
Furthermore, ATF3 has been shown to play an essential 
role in nicorandil-induced endothelial protection. 
Silencing ATF3 with small-interfering RNA was shown to 
significantly impair the inhibitory effects of nicorandil on 
doxorubicin-induced endothelial apoptosis through Nrf2/
Heme Oxygenase 1 signaling pathway (72). 

In relation to the dual role of ATF3 in vascular 
endothelial homeostasis, the study by Nyunt et al. revealed 
a probable hypothesis that the selective expression of ATF3 
transcript variants under different conditions is responsible 
for the diverse effects of ATF3 in the endothelium. They 
found that 2 ATF3 transcript variants (i.e., ATF3-T4 
and ATF3-T5) are which were selectively up-regulated 
in response to TGRL lipolysis products and drive EC 
apoptosis through the mitochondrial pathway (25). However, 
whether other ATF3 transcript variants are involved in the 
endothelial regulation remains unknown. Additional studies 
are demanded in the specific activation mechanisms and 
functional characteristics of each ATF3 transcript variant in 
vascular endothelium.

Macrophage polarization 
The polarization and corresponding phenotype of migrated 
macrophages in atherosclerotic plaques significantly affect 
the size and stability of plaques through the entire process 
of AS (73). The transgenic overexpression of ATF3 in 
macrophages effectively attenuate obesity-induced induced 
M1 polarization in obese adipose tissue (74). A ChIP 
analysis revealed that ATF3 was recruited to the promoter 
region of tumor necrosis factor-α (TNF-α) by saturated 
fatty acids, thus resulting in the transcriptional repression of 
saturated fatty acids/TLR4 signaling and TNF-α (74). Sha 
et al. further confirmed that ATF3 overexpression promotes 
macrophage migration and transforms M1-polarized 
macrophages to the M2 phenotype by activating tenascin-C, 
which is significantly suppressed by the inhibition of Wnt/
β-catenin signaling (75). It has been reported that M2 
macrophages play a preventive role in the progression 
of AS, the ATF3 activation appears to exert macrophage 
polarization into an anti-inflammatory phenotype in AS. 
However, Li et al. recently proposed that the reduced M2-
like polarization of macrophages mediated by miR-489 is 
associated with ATF3 deubiquitination through MDM2 (76).  
These findings suggest that ATF3 has a complex role 
in macrophage polarization. A Kyoto Encyclopedia 

of Genes and Genomes (KEGG) analysis revealed a 
positive correlation between expression levels of ATF3 in 
macrophage and the stability of atherosclerotic plaques (14).

Foam cell formation 
Foam cell formation and accumulation in the artery wall 
are critical events in atherosclerotic plaque development. 
Research has shown that ATF3 activation controls the 
macrophage-derived foam cell formation by repressing 
Ch25h through increased histone acetylation at its 
promoter (77). An increased severity of AS in the aortic root 
and greater neutral lipid content in peritoneal macrophage 
have been observed in Atf3−/−Apoe−/− mice fed a high-fat 
diet (HFD) for 8 weeks (77). Luo et al. revealed that the 
inhibitory effect of ATF3 on lipopolysaccharide-induced 
macrophage inflammation and foam cell formation is 
mainly the result of TLR-4 suppression (78). Additionally, 
another study suggested that ATF3 may diminish the 
TLR4-mediated hyperinflammatory response to LPS in 
macrophages by up-regulating HDAC3-mediated histone 
deacetylation (79). Another major source of foam cells in 
AS is VSMC. The specific effect of ATF3 in VSMC-derived 
foam cells has not yet been well established, however, the 
latest evidence supports the notion that ATF3 functioned 
as a key repressor for the transformation of VSMCs into 
atherogenic phenotype in atherosclerotic lesion (16). 
Phenome-wide association studies also indicated that the 
reduced expression of ATF3 is correlated with an increased 
risk for AS (16). More research is now needed to confirm 
and explore the link between ATF3 expression and VSMC-
derived foam cells.

Vascular remodeling 
Pathological vascular remodeling is a hallmark of AS. 
Meanwhile, the vascular remodeling, especially in 
hypertension, has also been considered a key cause of 
atherosclerotic lesions. Studies have found that the 
upregulation of ATF3 leads to neointima formation and 
vascular calcification by promoting the proliferation and 
calcium deposition of VSMCs (15,80). In a model of 
hypertension-induced vascular remodeling, ATF3 was 
observed to partly mediate mechanical stretch-induced 
VSMC proliferation, migration, apoptosis, and phenotypic 
transformation through the transcriptional suppression of 
ACE2, a protective factor widely expressed in the human 
aorta (81). Such findings indicate that ATF3 is a key 
promoter of cardiovascular remodeling, and is correlated 
with a higher risk of atherogenesis and plaque formation. 
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However, the study by Wang et al. has shown that ATF3 is 
inversely associated with atherosclerotic progression through 
genome-wide association analysis, which suggests that the 
effect of ATF3 in VSMCs is complex and dynamic (16).

Vascular extrinsic mechanisms of ATF3 in AS

The understanding of AS has evolved substantially in the 
last few decades. Emerging evidence highlights the vital role 
of vascular extrinsic factors in AS. In addition to vascular 
homeostasis, ATF3 also affects atherogenesis and AS 
progression via its effects on hyperglycemia, dyslipidemia, 
and the immune response (Figure 4).

Hyperglycemia 
Hypoglycemic therapy has proven to be ineffective in 
limiting vascular complications that result from T2DM, 
however, hyperglycemia is still regarded as a crucial 
contributor to DM-induced AS (82). Some studies have 
noted the discrepant roles of ATF3 in glucose metabolism, 
which may be attributed to the varied effects of ATF3 
expression in various organs and tissues. In the pancreatic 
β-cells of both diabetic humans and mice with developed 
insulitis or DM, stress-induced ATF3 expression stimulates 
cell apoptosis and impairs insulin secretion (83). In vitro 
research has also confirmed that the knockdown of ATF3 
safeguards islets and glucose homeostasis in a mouse 
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Figure 4 Vascular extrinsic mechanisms of ATF3 in AS: Other than vascular homeostasis, ATF3 also affects atherosclerotic plaque through 
acting on hyperglycemia, hyperlipidemia, and immune response. Overexpression of ATF3 in pancreas leads to the hyperglycemia through 
insulin secretion impairment. Down-regulation of ATF3 in liver, skeletal muscle and adipose causes hyperglycemia because of energy 
metabolism disorder. Cardiac specific ATF3 knockdown aggravates peripheral glucose intolerance by enhancing cardiac inflammation. 
Moreover, ATF3 plays a key role in the 1balance of hepatic lipid metabolism, both suppression and overexpression of ATF3 give rise to 
hyperlipidemia and subsequent AS progression. The expression of ATF3 in immune system shows extensive atheroprotective effect through 
its anti-inflammatory property. In type 1 regulatory T cells, ATF3 is correlated with the regulatory network of IL-10. In bone marrow-
derived macrophages, ATF3 mediates HDL-induced inflammatory suppression by inhibiting TLR-induced IL-6 and IL-12p40. In splenic 
marginal zone B cells, ATF3 represses IL-6 expression and response of follicular helper T cells thereby driving protective effects against AS. 
AS, atherosclerosis; HDL, high-density lipoprotein.
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transplantation model, which suggests that ATF3 has a 
potential role in islet injury and subsequent disorder of 
glucose metabolism (84). Some studies have found that 
transcription factor JunB-induced ATF3 upregulation 
protects against pancreatic β-cells apoptosis triggered 
by pro-inflammatory cytokines TNF-a and interferon-
gamma, in vitro research has shown that both glucose 
sensitivity and insulin secretion in rat pancreatic β-cells is 
unaffected by ATF3 knockout (KO) (85,86). However, ATF3 
KO mice have displayed impaired glucose tolerance and 
morbid obesity when fed HFD, which is accompanied by 
an increased risk of AS (87). The conflicting results could 
be partly explained by the crucial role of ATF3 in energy 
homeostasis. Notably, ATF3 expression has been found to 
be more reduced in the liver, adipose tissue, and muscle 
specimens of obese patients than normal patients (88).  
Further, both genetic and pharmacologic upregulation 
of ATF3 in adipocytes ameliorates HFD-induced insulin 
resistance and glucose intolerance by promoting adipocyte 
browning (88). The overexpression of ATF3 in 3T3-Ll 
cells was shown to reduce the expression of markers related 
to adipogenesis and lipogenesis, including peroxisome 
proliferator activated receptor gamma (PPARγ), CCAAT/
enhancer-binding protein alpha (c/EBPα), acetyl-CoA 
carboxylase 1/2 (ACC1/2), carbohydrate response element 
binding protein (ChREBP) and stearoyl-coA desaturase 1 
(SCD1), while the BAT/beige and β-oxidation markers, such 
as uncoupling protein 1 (UCP1), PPAR gamma coactivator 
1 alpha (PGC1α), carnitine palmitoyltransferase 1a (Cpt1α), 
and medium-chain Acyl-CoA dehydrogenase (Mcad) were 
found to be markedly upregulated (89). Further, cardiac-
specific ATF3 deficiency exacerbates peripheral glucose 
intolerance by increasing cardiac inflammation, which 
triggers the secretion of cardiac inflammatory cytokines 
IL-6 and TNFα and impaired insulin signaling (89). 
Nevertheless, hepatic ATF3 expression was shown to 
seriously undermine glucose homeostasis in both an acute 
alcoholic liver injury model and a non-alcoholic fatty liver 
disease model, indicating the adverse effect of ATF3 on 
hepatic energy metabolism (90,91). In Zucker diabetic fatty 
(ZDF) rats, ATF3 was shown to induce insulin resistance 
and mitochondrial dysfunction with decreased fatty acid 
oxidation rates, increased mitochondrial reactive oxygen 
species (ROS) production, and adenosine triphosphate 
(ATP) depletion while ATF3 directly injured hepatic 
glucose production by down-regulating the expression 
of gluconeogenic genes such as glucose-6-phosphatase 

catalytic (G6pc), phosphoenolpyruvate carboxykinase 
1 (Pck1), and Pgc1α (90.91). Lee et al. also observed 
higher insulin sensitivity in pancreas- and hypothalamus-
specific ATF3 KO (PHT-ATF3-KO) mice, which was 
associated with decreased food intake and increased energy 
expenditure rather than plasma glucagon or insulin (92).

Dyslipidemia 
The vital role of dyslipidemia in the initiation and 
progression of AS has been well documented. The 
deposition of lipid particles in the arterial wall and lipids-
induced foam cell formation are considered critical events 
of atherogenesis and plaque progression, and may be 
exacerbated under the condition of dyslipidemia (93). It 
has been revealed that ATF3 deficiency is closely associated 
with metabolic syndrome and vascular homeostasis (94). 
Compared to wild-type mice, higher serum levels of 
triglycerides, glucose, insulin, and inflammatory cytokines 
were observed in ATF3-KO mice fed with fructose, as well 
as more intense increases in aorta wall remodeling and 
lipid peroxide levels (94). Although recent studies have 
established the potential role of hepatic ATF3 expression in 
dyslipidemia, controversy lingers over the precise effects and 
mechanism of ATF3 in hepatic lipid metabolism and AS, 
especially the expression of low-density LDL receptor. Xu 
et al. found a direct correlation between hepatocyte ATF3 
and AS (17). In mouse liver, the overexpression of ATF3 
was shown to induce the scavenger receptor group B type 1 
(SR-BI) via P53 and repressed cholesterol 12α-hydroxylase 
(CYP8B1) through the hepatocyte nuclear factor 4 
alpha (HNF4α) pathway, causing increased high-density 
lipoprotein (HDL) uptake, the inhibition of intestinal 
fat absorption, and the suppression of AS (17). They also 
showed that LDL receptor expression and LDL uptake were 
reduced in ATF3KO HepG2 cells, which suggests that ATF3 
expression has a positive effect on LDL metabolism (17). 
However, ATF3 was reported to lead to the transcriptional 
repression of LDLR in isolated human liver Sk-Hep1 cells 
treated with tunicamycin and oligomycin (95). Moreover, 
Quiroz-Figueroa et al. confirmed that ATF3 mediated the 
impairment of hepatic LDL catabolism induced by Tribbles 
pseudokinase 1 (Trib1) depletion via the down-regulation of 
LDLR, the blunting of which reversed the level of plasma 
LDL cholesterol and LDLR function in Trib1Δhep mice (96).  
In summary, the overall role of ATF3 in hepatic lipid 
metabolism and dyslipidemia is yet to be fully elucidated. 
further characterization of the PTM and protein interaction 
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of hepatic ATF3 activation will a better understanding of 
the metabolic syndrome and AS. Besides, there is a wealth 
of evidence to suggest that ATF3 induction in adipose tissue 
can affects obesity, but the potential relevance between 
adipocytic ATF3 expression and dyslipidemia needs to be 
firmly established (97,98). 

Immune response 
There is no doubt that immunity and inflammation play 
crucial roles in AS. Earlier in the article, we described the 
effects of ATF3 expression in infiltrating macrophages in 
plaque. However, recent evidence indicates that ATF3 has 
broader effects in AS-associated immune regulation. In 
type 1 regulatory T cell, which have been reported to be 
atheroprotective, ATF3 was shown to be correlated with 
the regulatory network of anti-inflammatory cytokine IL-
10 (95,99). The anti-inflammatory property of ATF3 was 
found in bone marrow-derived macrophages (97). De 
Nardo et al. confirmed that HDL suppressed inflammatory 
response in an ATF3-dependent manner, the activation of 
later markedly inhibits the TLR-induced production of 
pro-inflammatory cytokines such as IL-6 and IL-12p40 (97). 
Elevated level of IL-6 and TNF, but a decreased level of IL-
10, have also been found in ATF3 knockdown macrophages, 
which are associated with the disinhibitory effect of NF-κB 
P65 via the translocation and phosphorylation at Ser-536 (99).  
Nus et al. described a type of B-lymphocyte-dependent 
immune response based on the splenic marginal zone B 
(MZB) cells, which plays a repressing role in AS. They also 
confirmed that ATF3 expression in MZB cells inhibits the 
response of follicular helper T cells partly by suppressing 
IL-6 expression, which in turn results in protective effects 
against AS (100). Taken together, these observations suggest 
that ATF3 mainly acts as suppressor of inflammation 
and AS development. However, the relationship between 
ATF3 and the different immune cell subsets involved in AS 
requires further investigation.

Conclusions

The crucial but rather complicated role of ATF3 in AS has 
gradually emerged over the past two decades. As a master 
regulator of vascular homeostasis, metabolic regulation, 
and immune response, the regulatory diversity of ATF3 
in atherogenesis, atherosclerotic lesion progression, and 
plaque stability is partly attributed to the different responses 
from 2 promoters, selective expression of ATF3 transcript 

variants, and a variety of PTM in distinct cell types. 
Additionally, ATF3 directly affects atherosclerotic lesions by 
modulating endothelial inflammation, foam cell formation, 
and vascular remodeling. The expression of ATF3 outside 
vascular tissue also gets involved in AS by regulating 
glucolipid metabolism and the inflammatory response. 
From a forward-looking standpoint, the overall effect of the 
ATF3 regulatory network on the fate switching and cellular 
states of VSMCs and macrophages under AS suggest that 
more attention is merited. Another aspect worthy of deeper 
investigation is the probable presence and effects of ATF3 
in other immune cell subsets correlated with AS. Further, 
although the diverse effects of ATF3 expression in different 
tissues and organs once severely restricted the clinical practice 
of pharmacological intervention targeting ATF3, the latest 
advances in molecular-targeted therapy make it possible to 
attenuate atherosclerotic disease via the selective activation or 
repression of ATF3 in a specific tissue (51). Gaining a better 
understanding of how ATF3 affects vascular, metabolic, and 
immune homeostasis could also advance the progress of 
ATF3-targeted therapy in AS. 
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