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Abstract: Cell-death-inducing DNA fragmentation factor-alpha (DFFA)-like effector b (CIDEB) was
first identified as an apoptosis-inducing protein. Further research revealed a pivotal role in lipid
metabolism, regulating very-low-density lipoprotein (VLDL), lipid droplets (LD), sterol response
element-binding protein (SREBP), and chylomicrons. Recent studies have uncovered that rare
germline variants in CIDEB protect against liver diseases, including MAFLD, cirrhosis, and viral
hepatitis. Furthermore, CIDEB influences steps of the hepatitis C virus (HCV) replication cycle. This
review summarizes the current knowledge about CIDEB’s roles in apoptosis, lipid metabolism, and
viral hepatitis, and highlights its critical role in liver diseases.

Keywords: cell-death-inducing DFFA-like effector b (CIDEB); cell death activator CIDE-B; lipid
transferase CIDEB; metabolic-associated fatty liver disease (MAFLD); nonalcoholic fatty liver disease
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1. Introduction

Chronic liver disease (CLD) and cirrhosis account for two million deaths worldwide
each year [1,2]. The primary causes of CLD include metabolic-associated fatty liver disease
(MAFLD), hepatitis B virus (HBV), hepatitis C virus (HCV), and alcohol-associated liver
disease [3]. MAFLD, characterized by the accumulation of hepatic fat linked to insulin
resistance, is identified when steatosis is present in more than 5% of hepatocytes [4].

MAFLD encompasses two conditions with distinct prognoses: metabolic-associated
fatty liver, which involves steatosis; and metabolic-associated steatohepatitis (MASH),
which ranges in severity from fibrosis and cirrhosis to hepatocellular carcinoma (HCC) [5].
The global prevalence of MAFLD is approximately 30% [6,7], and its incidence is rising
alongside the increasing rates of obesity [8]. Consequently, MASH is becoming the leading
cause of liver transplantation in the United States and continues to rise [9-11].

For most individuals with MAFLD, treatment has traditionally involved diet and
regular exercise due to the lack of approved medications for MASH [12]. Just this year, the
U.S. Food and Drug Administration (FDA) approved Rezdiffra™, the first treatment for
patients with liver scarring, promoting future drug developments against MAFLD [13].
Other therapeutic strategies include the reduction of secondary diseases with a focus on car-
diovascular diseases using, for example, glucagon-like peptide 1 receptor agonists [14,15],
glitazones [16], and SGLT2 inhibitors [17]. The first two mentioned above also support
weight loss, helping the traditional treatment.

Genome-wide association studies have identified loci linked to disease severity, high-
lighting several genetic risk factors that decrease susceptibility to MASH [18-21]. Carriers
of cell-death-inducing DNA fragmentation factor-alpha (DFFA)-like effector b (CIDEB)
germline variants have the greatest risk reduction of MASH and are generally protected
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from CLD. In this review, we summarize the known functions of CIDEB in lipid metabolism
and apoptosis and demonstrate its essential role in liver diseases, including MAFLD and
viral hepatitis (Figure 1).
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Figure 1. Overview of CIDEB functions. Lipid metabolism: CIDEB regulates very-low-density
lipoprotein (VLDL) lipidation, lipid droplets (LD) fusion, sterol response element-binding protein
(SREBP), and chylomicrons. The mechanisms are further illustrated in Figure 2. Apoptosis: In the
absence of apoptosis, DFF45 suppresses DFF40. In cases of apoptosis, DFF45 separates from DFF40,
so DFF40 releases DNA fragmentation. CIDEB controls the activity of the DFF40/DFF45 complex by
sequestration of DFF45. Hepatitis C: CIDEB is involved at different stages of the HCV replication
cycle, including entry, replication, assembly, and release. CIDEB acts as a cofactor for HCV entry
into hepatocytes and regulates the VLDL pathway components used by HCV for assembly and
release, while also reducing viral replication. Hepatitis B: Overexpression of CIDEB enhances HBV
production by increasing HBV core promoter activity, while its downregulation in HBV-infected cells
and patients is likely due to reduced levels of HNF4«, a transcriptional regulator of CIDEB, which
may modulate viral replication. HNF4«, hepatocyte nuclear factor 4 alpha; LD, lipid droplet. This
figure was created with BioRender.com (accessed on 30 May 2024).
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Figure 2. The role of CIDEB in lipid metabolism: (A) VTV (VLDL transport vesicles), aided by CIDEB,
interact with SEC components Sarl and SEC13/31 to facilitate the transport of VLDLs from the ER to
the Golgi apparatus; (B) CIDEB promotes lipid droplet fusion via pore formation to facilitate lipid
transfer and increase lipid droplet size; (C) CIDEB enhances the interaction between the SREBP-SCAP
complex and COPII components on the ER membrane, facilitating SREBP activation and export in
the absence of sterols by disrupting the inhibitory binding of INSIG; (D) CIDEB regulates enterocyte
cholesterol and fatty acid uptake and facilitates chylomicron formation by interacting with ApoB-48.
CE, cholesterol ester; ER, endoplasmic reticulum; FA, fatty acid; Golgi, Golgi apparatus; LD, lipid
droplet; TAG, triglyceride; VTV, VLDL transport vesicle. This figure was created with BioRender.com
(accessed on 30 May 2024).

2. CIDEB: Structure, Expression, and Phylogeny

CIDEB, a cell-death-inducing DNA fragmentation factor-like effector family member,
shares overlapping functions with CIDEA and CIDEC. The human CIDEB gene is located
on chromosome 14q12 and contains eight exons.
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Four transcript variants of CIDEB have been identified, including three long transcripts
composed of 219 amino acids (aa), with a molecular mass of 24.7 kDa, and one short
transcript of 61 aa, with a molecular mass of 6.3 kDa. Evolutionarily, the N-terminal
CAD domain of DFFA was duplicated to form the CIDE-N domain, exhibiting a broad
phylogenetic distribution from lower organisms to mammals [22]. The amino acid sequence
identity of CIDEB ranges from 42.92% to 84.07% among different species, with a stable
genomic structure and conserved intron phase in vertebrates [22,23]. Additionally, the
CIDE-N domain has acquired the CIDE-C domain, which is unique to vertebrates [22].

CIDEB protein comprises two domains: the N-terminal (CIDE-N) and the C-terminal
(CIDE-C) domains [24]. CIDE-N includes a five-stranded twisted 3 sheet and two «-helical
structures with a topology of an alpha/f roll [25]. The CIDE-N domain of CIDEB and its
interaction interface are homologous with the CIDEs in the N-terminal regions of DFF40
(DNA fragmentation factor) and DFF45 [24,26]. CIDE interacts through weak homophilic
binding in a yin/yang-like orientation with two complementary bipolar surfaces. A higher
affinity of the interaction would need other domains [25,27,28]. The CIDE-N domain could
regulate the activity of the CIDE-C domain [24].

The CIDE-C domain has apoptotic activity and contains the aa 166-195, which include
an extended o-helical structure that localizes CIDEB in the mitochondrial membrane [22]. It
enables CIDEB to form homodimers, heterodimers, and maybe oligomers with other family
members [28]. However, the high-affinity interaction of CIDEB/CIDEB needs residues
upstream or downstream of aa 166-195.

CIDEB mRNA and protein are highly expressed in the liver and less strongly in the
Duodenum, small intestine, spleen, kidney, and pancreas [23,29-31]. Subcellularly, CIDEB
is found in the smooth endoplasmic reticulum (ER), cytoplasmatic lipid droplets (LD),
and Golgi apparatus [30,32,33]. A hydrophobic region, aa 166195, in the CIDE-C domain,
integrates CIDEB into the ER membranes and LDs [32].

3. CIDEB in Lipid Metabolism

CIDEB is involved in different aspects of cellular lipid metabolism (Figure 2). CIDEB
is pivotal in regulating very-low-density lipoprotein (VLDL) lipidation. VLDL lipidation
undergoes two major steps [34]. First, VLDL forms through the co-translational lipidation
of nascent apolipoprotein B-100 (ApoB-100) with triglycerides (TGs), phospholipids, and
cholesterol esters, followed by fusion with luminal LD [35]. These vesicles exit the ER
via COPII (coat protein complex II)-coated transport vesicles and undergo the second,
bulk lipidation step, likely in the Golgi apparatus, where neutral lipids are added before
secretion [34,36-38]. It has been hypothesized that CIDEB supports the direct transport
of TG from cytoplasmic LD in pre-VLDL particles by interacting with ApoB analog to its
mechanism in LD-contact sites [32,33]. While CIDEB increases LD sizes in hepatocytes,
perilipin-2 acts as a negative regulator [33]. CIDEB brings cytosolic LDs and pre-VLDL
particles close together, counteracted by perilipin-2 present on the LD surfaces [33]. CIDEB
and perilipin-2 regulate hepatocyte lipolysis and re-esterification, contributing to VLDL
lipidation [33].

A specialized transport apparatus exports nascent VLDL from the ER to the Golgi
for secretion. COPII packages VLDLs into VLDL transport vesicles (VIV) to exit the
ER [36,39] (Figure 2A). By activating its guanine nucleotide exchange factor (Sec12),
secretion-associated Ras-related GTPase 1 (Sarl) is activated [40]. Activated Sar] recruits
the inner coat complex Sec23/Sec24 [41] and the outer coat complex Sec13/Sec31 after that
to generate COPII-coated vesicles [41] (Figure 2A). ApoB, as a VTV cargo protein, may be
too big for normal COPII vesicles [42]. Specialized elements may be required to enable
the ER export of VLDLSs to handle this cargo. CIDEB is found in VTVs and interacts with
the COPII components, Sarl and Sec24 [43,44], to potentially develop these larger VTVs
(Figure 2A) [43]. This is supported by the fact that CIDEB needs the ApoB binding and the
LDs association to facilitate VLDL formation [32]. CIDEB interaction with ApoB-100 and
its truncations, such as ApoB94, ApoB72, and ApoB48 [43,44], is mediated by aal18-aal65
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of CIDEB [32] and is present in overlapping cell regions [33]. The interaction of CIDEB
and ApoB-100 could initiate VTV formation [32,43]. The size and type of cargo regulate
the formation of different coat complexes, which results in the genesis of vesicles of dif-
ferent sizes [43]. CIDEB knockdown results in deficient VTV building and, instead, VLDL
transportation in conventional COPII-coated protein transport vesicles (PTV) [43].

Corresponding to the role of CIDEB in VLDL lipidation, CIDEB-null mice presented
increased TG levels in the liver. They showed reduced VLDL secretion with fewer mature
VLDL particles in the Golgi apparatus [32,33]. Although the total number of VLDL particles
and ApoB was comparable to that in wild-type mice, CIDEB-null mice showed a notable
reduction in VLDL size and decreased TG, free fatty acids (FFA), and cholesterol content
within these particles and plasma [29,32]. However, plasma levels of ApoB were lower in
CIDEB-null mice, possibly because of higher clearance of TG-poor VLDL particles [32].

CIDEB also promotes the increase in number and size of LD [45-48] (Figure 2A).
CIDEB is enriched at LD-LD contacting sites to build up the fusion of LDs [45], and CIDEB
regulates LDs fusion activity and storage capacity [45] (Figure 2B). It may function similarly
to CIDEC (Figure 2B). CIDEC initiates a pore-like structure between contacted LDs formed
by lipid transfer proteins through which lipids are transferred from smaller LDs to larger
LDs driven by pressure differences [49]. Xu et al. distinguished two hepatocyte populations
according to the size of LDs [45]. Small LD-containing hepatocytes express only CIDEB
and no other CIDE proteins. Large LD-containing hepatocytes expressed all three CIDE
proteins and exhibited increased lipid exchange activity under the control of CIDEA and
fat-specific protein (Fsp-27) [45].

CIDEB-deficient mice have reduced expression levels of the mature form of sterol
response element-binding protein SREBP1, SREBP2, and SREBP, cleavage-activating pro-
tein (SCAP), and their downstream target genes acetyl-CoA carboxylase, fatty-acid syn-
thase, and stearoyl-CoA desaturase 1 under normal and high-fat, low-fiber diet condi-
tions [29,44,50]. Li et al. reported a 50% reduction of SREBP-2 in the livers of CIDEB-
deficient mice [50]. The phenotypes of CIDEB-deficient mice are comparable to those
of liver-specific SCAP-deficient mice [50,51]. Su et al. reported no association between
enhanced lipid accumulation and decreased SREBP activity, indicating that CIDEB’s effects
on VLDL secretion and SREBP activation were distinct.

Under high concentrations of sterol, the SREBP/SCAP complex binds an insulin-
induced gene (INSIG) through a sterol-dependent interaction and becomes fixed in the
endoplasmic reticulum membranes [52] (Figure 2C). The absence of sterol results in the loss
of the interaction between INSIG and SCAP and a structural change in SCAP that exposes
a hexapeptide motif to interact with COPII components like Sec proteins [52] (Figure 2C)
This could also exhibit the regions that interact with CIDEB; this SCAP domain (aa416-800)
is the same, including the hexapeptide motif [44]. CIDEB could enrich the components at
ER exit sites and enhance the interaction between the SREBP/SCAP complex and COPII, so
the SREBP/SCAP complex can be loaded into COPII vesicles and transported to the Golgi
apparatus [44] (Figure 2C). Increased CIDEB expression could make SREBP processing
independent of sterol inhibition [44].

Additionally, CIDEB-null mice showed reduced cholesterol uptake, conversion, and
biosynthesis [50]. Under a high-calorie diet, lower expression levels of genes regulat-
ing cholesterol biosynthesis caused decreased biosynthesis in the liver independent of
SREBP expression [50]. Therefore, it was concluded that CIDEB could regulate cholesterol
metabolism via the SREBP pathway [50]. CIDEB-null mice had increased cholesterol storage
in the liver under a high-cholesterol diet, which could be induced by increased expression
levels of low-density lipoprotein receptor in the liver or reduced export through VLDL
secretion [50]. This resulted in reduced plasma levels of cholesterol and LDL, decreased
lipid accumulation in the heart, and reduced weight.

CIDEB is also part of the lipidation of chylomicrons in the small intestine [30]
(Figure 2D). CIDEB-null mice showed increased lipid accumulation in enterocytes, the se-
cretion of smaller chylomicrons, and reduced TG plasma levels in comparison to wild-type
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mice [30]. ApoB-48 packages intestinal lipids into pre-chylomicrons [53]. The interaction
between CIDEB and ApoB-48, which could be facilitated by aal18-165 of CIDEB [30],
may regulate the lipidation of chylomicrons, but the underlying mechanism has not been
elucidated yet.

CIDEB expression is regulated by transcriptional regulation, protein degradation, and
external stimuli. Da et al. identified two promoters of CIDEB, the upstream promotor (Pu)
between —3628 and —3345, and the internal promotor (Pi), between —204 and the transla-
tion start; Sp1 and Sp3, two transcription factors, regulate both in their basal transcription
activity [54]. DNA methylation of CpG sites in the Pu region controls the long transcript
of CIDEB [54]. PGC-1« (peroxisome proliferator-activated receptor-gamma coactivator
1-alpha) and hepatocyte nuclear factor 1-alpha (HNF-1«) also transcriptionally regulate
CIDEB [54-56]. PGC-1« increases VLDL lipidation through CIDEB expression. CIDEB
was also downregulated in the adrenals of mice under chronic aspartame exposure [57].
HNF4«x regulates the short transcript of CIDEB [54]. A high-fat diet increased CIDEB
mRNA expression in the intestine, brain, and heart, while a bile acid diet reduced it [23,30].
The ubiquitin—proteasome system regulates CIDEB via posttranslational degradation [58].
CIDEB protein has a short lifespan [58]. High intracellular lipid levels stabilized CIDEB
protein, and decreased intracellular lipid levels induced lower protein stability [58].

Given its multifaceted role in lipid metabolism, CIDEB emerges as a crucial regu-
lator of VLDL lipidation, hepatic lipolysis, and lipid storage. Understanding CIDEB'’s
interactions and regulatory mechanisms offers valuable insights into therapeutic targets in
metabolic disorders.

3.1. CIDEB in Diabetes and Metabolic Syndrome

Metabolic syndrome encompasses a group of metabolic dysregulations, including
insulin resistance, dyslipidemia, central obesity, and hypertension. The prevalence of
metabolic syndrome is projected to rise due to overnutrition and a lack of activity, leading
to obesity [59,60]. CIDEB, expressed in pancreatic beta cells, plays a crucial role in metabolic
homeostasis. Its expression is responsive to FFA, particularly palmitate, which enhances
CIDEB expression [31]. Knockout (KO) of CIDEB in beta cells inhibits the conversion of
FFAs to TGs, resulting in FFA overload and exacerbated lipoapoptosis induced by palmitate
supplementation [31].

CIDEB-null mice exhibit enhanced insulin sensitivity and a lean phenotype character-
ized by reduced body weight, reduced adiposity, and resistance to high-fat-diet-induced
obesity [29,32,50]. As observed in CIDEA-null mice, this could be caused by higher energy
consumption and reduced lipogenesis in the livers of CIDEB-null mice, leading to increased
dietary fat intake and decreased lipid secretion [29,61]. In contrast, human carriers of
CIDEB variants do not exhibit anthropometric or lipid-related abnormalities, suggesting
species-specific differences in CIDEB function.

3.2. CIDEB in MAFLD

MAFLD has a complex underlying pathophysiology. Overnutrition is the main cause
of MAFLD, leading to the growth of adipose depots and inflammatory conditions that
encourage insulin resistance. When insulin resistance is present, inappropriate lipolysis
of TGs leads to the continuous transport of fatty acids to the liver, which overwhelms its
metabolic capacity when combined with elevated de novo lipogenesis. Lipotoxic lipids are
created when there is an imbalance in lipid metabolism. These lipids can cause cellular
stress, such as oxidative stress and endoplasmic reticulum stress, as well as stimulation
of inflammation, apoptosis, tissue regeneration, and fibrogenesis [62,63]. Several poorly
understood metabolic, genetic [64—67], and microbiome-related factors [68-70] affect how
MAFLD progresses in the liver.

One of the genes involved in the multifactorial MAFLD is CIDEB. CIDEB-null mice
showed protection against high-fat-diet-induced liver steatosis, with less accumulation of
TGs in the liver and liver inflammation [29,44]. The decreased activation of SREBP may be
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one of the causes [44]. The mechanism of how CIDEB acts in the pathogenesis of CLD and
MAFLD requires further investigation.

3.3. The Protective Role of CIDEB Variants in Liver Disease

Rare variants in the CIDEB gene have garnered attention due to their strong protective
effects against CLD, MAFLD, cirrhosis, and viral liver diseases [19]. These variants, encom-
passing loss-of-function and missense alleles, exhibit a low prevalence of 0.7% overall [19].
Verweij et al. identified 17 independent variants in CIDEB, comprising 12 missense and
5 predicted loss-of-function alleles, which correlated with lower alanine aminotransferase
(ALT) levels and reduced odds of liver disease [19]. Notably, each additional alternative-
allele copy was associated with decreased ALT levels by —1.24 U per liter and 33% lower
odds of liver disease [19].

The protection from CIDEB variants on ALT levels and liver disease risk was par-
ticularly pronounced for predicted loss-of-function variants. These variants were linked
to even lower ALT levels (—1.57 U per liter) and a 46% reduced risk of liver disease [19].
Interestingly, the disparity in ALT levels between carriers of rare CIDEB variants and non-
carriers was more evident in individuals with higher body mass index (BMI), obesity, and
type 2 diabetes and carriers of the PNPLA3 (patatin-like phospholipase domain-containing
protein 3) 1148M variant, a well-known genetic susceptibility factor for MAFLD [64].

Moreover, carriers of rare CIDEB variants exhibited reduced odds of liver diseases,
including cirrhosis, along with a lower prevalence of MAFLD [19]. Among obese individu-
als, the difference in the prevalence of liver disease between carriers and noncarriers of the
CIDEB variant was greatest [19] Rare coding variants of CIDEB were also associated with
lower odds of hepatocellular carcinoma compared to noncarriers [19].

Among individuals carrying rare coding variants of CIDEB, the nonalcoholic fatty
liver disease activity score was lower at biopsy, independent of BMI, diabetes, and PNPLA3
1148M genotype [19]. They also had a lower liver fat percentage; the association was
amplified in overweight individuals and the PNPLA3 I148M genotype.

Notably, the associations between CIDEB variants and liver health were consistent
across different ancestries, although individuals of non-European descent were compara-
tively underrepresented in the genetic analysis [19].

In conclusion, the presence of rare coding variants in CIDEB offers a hopeful oppor-
tunity to mitigate liver diseases and metabolic disorders, highlighting the importance of
further research in this area.

4. CIDEB in Apoptosis

CIDESB, first reported as an activator of apoptosis due to its homology with the CIDE-N
domain of DNA fragmentation factor 45 (DFF45), induces DNA fragmentation, nuclear
condensation, and membrane blebbing, which are pivotal steps in apoptosis [24,25,31].
Dimerization and localization in mitochondria are crucial for CIDEB-induced apoptosis [28],
with the C-terminal domain mediating homodimerization and harboring the effector
domain essential for cell death activity [71]. This includes the effector domain necessary for
cell death activity [71]. Though mitochondrial localization is primarily observed in the late
stages of cell death, endogenous CIDEB is not localized in mitochondria [28,32]. CIDEB
dimerization likely enhances local concentration and facilitates mitochondrial targeting [28].

The N-terminal region, akin to DFF45, may modulate the C-terminal region, potentially
regulating apoptotic activity [24]. Without apoptosis, DFF45 suppresses DFF40, a nuclease,
by interacting with the CIDE-N domains (Figure 1). This way, DFF45 can also inhibit
CIDEB and its apoptotic activity [24]. Following apoptosis, the effector caspase cleaves
DFF45’s inhibitor domain, causing DFF45 to separate from DFF40, so DFF40 releases DNA
fragmentation [72] (Figure 1). Lugovsky et al. demonstrated an interaction between CIDE-
N of CIDEB and both CIDE-N of DFF40 and DFF45. CIDEB controls the activity of the
DFF40/DFF45 complex in vitro [25] via sequestration of DFF45 [47].
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Although it was initially reported that CIDEB-induced apoptosis is caspase-indepen-
dent, later research linked CIDEB-induced apoptosis to caspase-dependent cell death [71].
This process is mediated by the release of cytochrome ¢ from mitochondria, which activates
the cytochrome c/caspase-9/caspase-3 pathway [71].

5. CIDEB in Viral Hepatitis
5.1. CIDEB in Hepatitis C

CIDEB influences many steps of the HCV replication cycle, including entry, replication,
assembly, and release (Figure 1). It serves as an essential cofactor for the late-step entry
of HCV into hepatocytes, potentially facilitating the membrane fusion between HCV
and endosome membranes. However, its absence on plasma or endosomal membranes
upon HCV infection suggests the involvement of additional transmembrane proteins in
mediating a connection between CIDEB and HCV glycoproteins [46]. Alternatively, the
refractoriness of CIDEB-deficient cells to HCV infection may stem from indirect effects
on HCV entry via viral or cellular membrane lipid composition modifications [46]. The
involvement of CIDEB in HCV replication remains contentious. While some studies have
reported that CIDEB does not affect HCV RNA replication [46,73], others have observed
that CIDEB overexpression reduces HCV replication, and CIDEB knockdown enhances
viral replication and protein release (Figure 1). These conflicting findings suggest a potential
antiviral effect of CIDEB, primarily exerted at the translational level [47].

Not all LD need HCV core proteins on their surfaces to produce high-titer HCV [74].
Instead, CIDEB could prevent HCV infection by blocking the development of LD through
mechanisms such as SREBP-1 and SREBP-2 depletion [46,75]. Nevertheless, Singaravelu
et al. further noted that CIDEB’s antiviral effect against HCV replication is separate from its
LD fusogenic role [47], suggesting that the CIDEB’s action against HCV involves different
pathways. The reduction of HCV RNA levels by CIDEB is correlated with its proapoptotic
activity through a caspase-independent mechanism, but basal expression levels of CIDEB
did not promote cell death [47].

The role of CIDEB in HCV assembly and release is better understood (Figure 1). It is a
critical regulator of HCV’s VLDL pathway components for assembly and release. HCV uses
VLDL pathway components for assembly and release [76,77]; CIDEB has been identified
as a critical regulator of this pathway [73]. Prior studies have demonstrated that HNF4«
influences HCV assembly and release by regulating downstream components involved
in VLDL assembly and secretion [73]. Notably, CIDEB is transcriptionally promoted by
HNF4«x [54-56], which underlines its potential role in this pathway.

The regulation of CIDEB protein levels during HCV infection has been inconsistently
described. Conversely, HCV infection effectively decreases CIDEB protein levels [46,58,71]
through a post-transcriptional mechanism likely involving translational silencing and accel-
erated protein degradation [46] through a proteolytic cleavage event in the “competition-
displacement model”, independent of cellular proteasomal degradation. This cleavage
event is facilitated by the HCV core protein located on the surface of LD [58]. HCV core
protein coats LDs extensively, which may displace native LD proteins like CIDEB and
present them to proteases that would otherwise be unable to access [58]. Alternatively, the
HCV core protein could activate a protease that may cleave CIDEB, but this protease has
yet to be identified [58]. Wu et al. [46] proposed that the downregulation of the proapop-
totic CIDEB may increase the survival of infected cells, facilitating the development of
chronic infections.

On the other hand, HCV infection has been found to upregulate CIDEB expression [47].
Singaravelu et al. proposed that this induction of CIDEB expression could characterize a
host response to the pro-viral accumulation of lipids induced by HCV infection consistent
with known modulation of lipid metabolism [47]. HCV activates PGC-1a, which regulates
VLDL assembly through CIDEB [55], further supporting the connection between HCV-
induced CIDEB expression and viral manipulation of lipid metabolism [47]. The variations
in those findings could be the result of different models.
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Steatosis is a common feature observed in patients infected with HCV [78-80], partly
induced by increasing lipogenesis. HCV infection leads to increased stability of LD as well
as CIDEB [58]. This observation raises the possibility of a link between lipid regulation in
infected cells and the modulation of CIDEB [58]. This is supported by the finding that the
density profile of VLDL particles secreted from CIDEB KO cells resembles that of particles
secreted from HCV-infected cells, as opposed to wild-type uninfected cells. The HCV core
protein could exploit this stabilization mechanism to contribute to hepatic steatosis by
enhancing the stability of cytoplasmic LD [58,81,82].

The HCV protein NS5A is essential for both viral assembly and replication [83]. Recent
research has clarified its interactions with CIDEB, providing insight into HCV pathogene-
sis’s complex mechanisms. Specifically, domain I of NS5A interacts with the N terminus
of CIDEB [73], and domain III of NS5A interacts with ApoE [84], a crucial component
of lipoprotein metabolism. The interaction between NS5A and CIDEB may bring NS5A
closer to ApoE, potentially facilitating the formation of infectious HCV particles [73]. The
connection of ApoE with HCV particles is linked to the interaction between CIDEB and
NS5A [73]. CIDEB silencing disrupts this connection, leading to increased quantities of
HCV RNA and core protein, generally linked to non-infectious virus particles. Furthermore,
the decreasing rate of identifying NS5A-CIDEB interaction in various species is associated
with their different vulnerability to HCV infection [73]. This observation suggests that
CIDEB might be critical in determining HCV host tropism [73].

NS2 is a transmembrane polypeptide of HCV that exhibits a distinct orientation
within the cell, with its C terminus located in the lumen of the ER and the N terminus
in the cytosol [85]. There are different reports on whether CIDEB and NS2 interact. An
interaction was observed under basal expression, only in overexpression of CIDEB [73], or
not at all [46,86,87]. NS2 aa 135-139 could interact with the CIDEB killing domain, which
may prevent CIDEB-induced apoptosis by disrupting its dimerization [71]. Erdtmann
et al. further propose that inhibiting pro-apoptotic CIDEB might be a general strategy that
viruses use, including HCV, to escape host cell defenses, which may lead to viral persistence
in HCV pathogenesis.

Carriers of rare coding variants in CIDEB had lower odds of viral hepatitis-associated
liver disease (OR per allele, 0.69; 95% CI, 0.54 to 0.88; p < 0.002) [19].

Overall, CIDEB’s multifaceted involvement in different stages of the HCV lifecycle
highlights its potential as a therapeutic target and underscores the intricate interplay
between lipid metabolism and viral infection.

5.2. CIDEB in Hepatitis B

CIDEB is involved in the HBV replication cycle by regulating viral replication. Over-
expression of CIDEB resulted in enhanced HBV production through increased activity
of the HBV core promoter [88]. On the other hand, HBV-producing cells had decreased
CIDEB expression [88,89]. Because hepatocyte nuclear factor 4 alpha (HNF4x) levels were
lower in HBV-infected cells [90], the downregulation of CIDEB in HBV-infected cells may
be attributed to lower levels of hepatocyte HNF4«, a known transcriptional regulator of
CIDEB [54,56,90]. HBV-induced reduction in HNF4 o expression could consequently lower
CIDEB levels, contributing to the modulation of viral replication [88].

Consistent with the reported functions of CIDEB, HBV-producing cells had fewer TGs
and smaller sizes of lipid droplets [88]. HBV-infected patients had a lower prevalence of
MAFLD and metabolic syndrome [91-93]. This may be caused by CIDEB inhibition. More
research will be needed to fully understand the implication and significance of CIDEB
in HBV.

6. Discussion

CIDEB is a multifaceted protein that plays roles in diverse metabolic pathways. Ini-
tially identified as an apoptosis-inducing protein, subsequent studies revealed its critical
role in lipid metabolism, including regulating chylomicrons, VLDL, lipid droplets, and
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SREBP. Most functional studies on CIDEB are based on animal models, highlighting the
need for human disease models to further understand its role.

Historically, treatment options for MAFLD were limited to diet and regular exercise
due to the scarcity of effective drugs. The advent of resmetirom has revolutionized MAFLD
treatment by targeting inflammation and fibrosis, thereby improving liver function and
reducing disease progression. Other drugs for MAFLD are also in development.

A study of a common loss-of-function mutation in HSD17B13 and its protection from
liver disease prompted the creation of inhibitory small interfering RNAs (siRNAs) against
HSD17B13, which are presently being tested in clinical trials (ClinicalTrials.gov numbers,
NCT04565717 and NCT04202354). Despite this progress, rare coding variants, which might
significantly impact, have received little attention.

Rare germline variants in CIDEB have been found to protect against the develop-
ment of liver disorders such as cirrhosis, MAFLD, and viral hepatitis. Further research
into the mechanisms of the variants is necessary. We have summarized the currently
available models (Supplementary Table S1). Although the rare germline variants have a
low prevalence, their importance as therapeutic targets must be considered. Preclinical
research is underway to develop a new drug using an siRNA approach against CIDEB from
Regeneron Pharmaceuticals.

Nonetheless, further research is needed to comprehend the essential function CIDEB
plays in lipid metabolism.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/1ivers4030030/s1, Table S1. Overview of in-vitro and in-vivo models for
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