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Abstract

Hypertriglyceridemia, characterized by increased triglyceride (TG) concentrations, is considered the most important risk factor for car-
diometabolic disorders, including dyslipidemia, atherosclerotic cardiovascular diseases, and non-alcoholic fatty liver disease (NAFLD).
Recently, the angiopoietin-like protein (ANGPTL) family, which comprises ANGPTL1 to ANGPTLS, was confirmed to play an impor-
tant role in modulating lipoprotein lipase (LPL) activity. However, understanding of the underlying mechanisms remains limited. Impor-
tantly, emerging evidence has linked several transcriptional and post-transcriptional factors to the potential alteration of TG metabolism
via ANGPTL proteins. This review focused on the similarities and differences in the expression, structural features, and modulatory
profile of three ANGPTLs: ANGPTL3, ANGPTL4, and ANGPTLS. In addition, the regulatory functions of those three ANGPTLs
in modulating LPL were summarized to provide potential therapeutic and clinical strategies for hypertriglyceridemia and its related

cardiometabolic disorders.
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1. Introduction

Hypertriglyceridemia, characterized by increased
triglyceride (TG) levels, is considered the most important
risk factor for cardiometabolic disorders, including dys-
lipidemia, atherosclerotic cardiovascular diseases, and non-
alcoholic fatty liver disease (NAFLD) [1]. However, under-
standing of the underlying mechanisms involved in these
disorders remains limited. Severe hypertriglyceridemia
may occur when TGs in blood circulation cannot be hy-
drolyzed by lipoprotein lipase (LPL), an essential rate-
limiting enzyme that significantly modulates serum TG
metabolism and hydrolyzed serum TG-rich lipoproteins
(TRLs), such as very-low-density lipoprotein (VLDL) and
chylomicron (CM) [2]. Consequently, serum TRLs might
produce excessive non-esterified fatty acids (NEFAs) for
peripheral tissue uptake [3]. In contrast, the normal activity
and biological function of LPL are significant for keeping
a well-balanced metabolism of serum TGs or TRLs.

Emerging evidence recently showed that LPL, pro-
duced and released by parenchymal cells, could be
transferred by glycosylphosphatidylinositol-anchored high-
density lipoprotein binding protein 1 (GPIHBP1) from the
basolateral epithelium into the capillary lumen to perform
its hydrolytic function [4]. During the different stages
of this progression, LPL might be influenced by several
modulatory factors at post-transcriptional levels, such as
apolipoprotein C (ApoC), apolipoprotein E (ApoE), GPI-
HBP1, and the angiopoietin-like protein (ANGPTL) fam-
ily.

Notably, three members of the ANGPTL family, in-
cluding ANGPTL3, ANGPTL4, and ANGPTLS, were ex-
tensively analyzed for their important role in modulating
TG metabolism by affecting LPL [5]. As demonstrated by
previous studies, ANGPTL3, ANGPTL4, and ANGPTLS
share a common structure but differ in tissue expression
[6,7]. Moreover, owing to their established role in modu-
lating TG metabolism and the risk of hypertriglyceridemia,
ANGPTLs have also been considered as treatment options
for hypertriglyceridemia and its related cardiovascular dis-
eases. This review summarized the current understanding
of the association between these three important ANGPTL
proteins with LPL and serum TG activity. Furthermore, the
emerging results that focused on the novel therapeutic tar-
gets in hypertriglyceridemia and related ANGPTL protein-
mediated complications in daily clinical practice were also
listed.

2. Structural Features and Physiological
Expression Modulation of ANGPTLs

2.1 ANGPTL3, ANGPTL4, and ANGPTLS Structural
Features

The ANGPTL protein family members have a simi-
lar structure to angiopoietins [8]. According to previous
reports, diverse ANGPTL members have similar structures
but different functions. Specifically, ANGPTL3, encoded
by the ANGPTL3 gene, is located on chromosome 1p31 in
humans and chromosome 4 in mouse models; hepatocytes
produce ANGPTL3, which is marginally expressed by renal

Copyright: © 2025 The Author(s). Published by IMR Press.
BY This is an open access article under the CC BY 4.0 license.

Publisher’s Note: IMR Press stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.


https://www.imrpress.com/journal/FBL
https://doi.org/10.31083/FBL25862
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0009-0006-1285-6457
https://orcid.org/0000-0003-2340-7228

aNGeTL3 () ) s

5 o )

ANGPTL4 (M ))

s e

40) )406

ANGPTLS O1_z> U

198

I:D N-terminal signal peptide \:D LPL Specific Epitope 1 t\D Coiled-coil domain (D Fibrinogen-like domain

Fig. 1. Schematic diagram of the ANGPTL3, ANGPTL4, and ANGPTLS structures. The ANGPTL protein family consists of three
domains: the N-terminal signal peptide structural domain, one or two N-terminal coiled-coil domains, and a C-terminal fibrinogen-like

structural domain. The members of the ANGPTL protein family differ slightly in composition. Abbreviations: ANGPTLS, angiopoietin-

like protein 8; LPL, lipoprotein lipase; ANGPTL3, angiopoietin-like protein 3; ANGPTL4, angiopoietin-like protein 4.

cells [9]. Additionally, the ANGPTL3 protein contains a
460 amino acid peptide, which includes a distinctive signal
peptide sequence, an N-terminal coiled-coil domain, and
a C-terminal globular fibrinogen homology domain [10].
The N-terminal region is confirmed to upregulate serum
TG concentrations by inhibiting LPL activity; similarly, the
fibrinogen-like domain was verified to combine with the in-
tegrin av33 receptor and promote angiogenesis [11].

Comparatively, ANGPTL4 was discovered in 2000
and is produced and released by several cells, such as
adipocytes, hepatocytes, and intestinal cells [12]. The hu-
man gene encoding ANGPTLA4 is conserved among diverse
species and shares a sequence homology of approximately
80% with the gene in mice. ANGPTL4 is located on chro-
mosome 13.3p in humans and consists of seven exons that
encode a 406 amino acid glycoprotein. The full-length
ANGPTLA4 protein is a higher-order oligomeric structure.
Notably, several investigations demonstrated that the ex-
tracellular storage of ANGPTL4 could suppress the biolog-
ical activity of LPL within 3T3-L1 pre-adipocytes, where
the oligomers of the ANGPTL4 gene were formed [13].
Nonetheless, another study showed that ANGPTL4 could
not significantly inhibit LPL activity [14].

ANGPTLS is encoded by the Gm6484 gene in mice
and the C19 gene in humans and is also produced by hep-
atocytes and adipocytes [15]. Eight different ANGPTL
protein members (ANGPTL1 to ANGPTL?7) share a sim-
ilar structure, which contains a coiled-coil domain re-
gion, an N-terminal signal sequence, and a large fibrino-
gen/angiopoietin domain region [16]. However, the latter
domain region is absent in ANGPTLS, resulting in a 22kDa
protein, which is less than half the size of ANGPTL3 and
ANGPTLA4 [17]. Notably, the discordant structure of these
ANGPTL proteins induces different functions in modulat-
ing TG levels and the risk of hypertriglyceridemia. The di-
verse structures of the ANGPTL protein family are listed in
Fig. .

2.2 Tissue Expression of ANGPTL3, ANGPTLA4, and
ANGPTLS

As reported, the ANGPTL3 gene expression is mod-
ulated within hepatocytes by hepatocyte nuclear factor-1
(HNF-1) [18]. Conversely, the ANGPTL4 and ANGPTLS
gene expression levels differ among species. In de-
tail, ANGPTLA4 is a secreted protein selectively expressed
within adipocytes, hepatocytes, and the placenta under fast-
ing conditions [19]. Consistently, the expression of the
ANGPTL4 gene was abundant within adipocytes isolated
from lean mice [20]; however, in humans, the intracellular
ANGPTL4 gene transcript in adipocytes accounts for only
approximately 15% within hepatocytes [21].

The ANGPTLS gene was found in both hepatocytes
and adipocytes; however, the expression is relatively higher
in hepatocytes than in adipocytes [22]. Two indepen-
dent research demonstrated that mouse presented higher
ANGPTLS and ANGPTL4 gene expression levels in brown
adipocytes than in white adipocytes, which might be re-
sponsible for the primary function of brown adipocytes in
thermos-modulation and energy balance [23,24]. In con-
clusion, different ANGPTL3, ANGPTL4, and ANGPTLS
expression levels in tissues could induce diverse tissue-
specific effects in modulating TG metabolism and related
cardiovascular diseases.

2.3 Transcriptional Regulation of ANGPTL3, ANGPTLA4,
and ANGPTLS

ANGPTL3, ANGPTL4, and ANGPTLS expressions
have been shown to differ through tissue-specific regu-
lation. A previous study demonstrated that peroxisome
proliferators-activated receptors (PPARs)-0 acted as a tran-
scriptional factor and fundamentally modulated diverse
ANGPTL protein transcription in diverse tissues [25]. In
detail, a study showed that PPAR-§ could facilitate the level
of ANGPTL4 gene expression, which subsequently sup-
pressed the biological activity of LPL and regulated the up-
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take of free fatty acids [26]. However, ANGPTL4 could
not influence the function of PPAR-4 in promoting the oxi-
dation of free fatty acids [27]. Using the PPAR-§-deficient
mouse model, the authors demonstrated that the activation
of ANGPTL4 gene expression in cardiac muscle cells by
free fatty acids was inhibited, which led to enhanced ox-
idative stress in myocardial cells [28]. Alternatively, an-
other study showed that in PPAR-d-deficient mice, the gene
expression of ANGPTL4 and ANGPTL3 were significantly
elevated under feeding conditions, proposing that PPAR-§
might not combine directly with ANGPTL4 in hepatocytes
[29]. Consistent with this notion, PPAR-J might reduce
ANGPTL3 gene expression in hepatocytes [30].

Other members of the PPAR family, such as PPAR-
« and PPAR-v, were verified to modulate the function of
ANGPTLA4 in adipogenic differentiation [31]. Concerning
this notion, using heterozygous PPAR-vy-deficient mouse
models, the authors demonstrated that ANGPTL4 gene ex-
pression was reduced in the adipocytes of these mice. In
contrast, the PPAR-vy gene was expressed normally, reveal-
ing that PPAR-y could alter ANGPTL4 gene expression in
diverse cell types [32]. Subsequently, the authors injected
the mice with WY-14643, a PPAR-« agonist, and found that
transcriptional expression of the ANGPTL4 gene was ele-
vated in hepatocytes [33]. Importantly, WY-14643 injec-
tions could remarkably increase the LPL activity by inhibit-
ing ANGPTL4 gene expression, indicating that the PPAR-
a function in modulating the ANGPTL4 gene is tissue-
specific [34]. An independent study recently showed that
PPAR-v-deficient adipocytes decreased the expression of
the ANGPTLS gene [35]. However, the ANGPTL3 gene ex-
pression remained unchanged after administering either the
PPAR-a or PPAR-vy agonist [36].

Several other nuclear transcriptional factors, includ-
ing hypoxia-inducible factor-1 (HIF-1), Toll-like receptor
(TLR), and liver X receptor (LXR), were identified as
important modulators of the ANGPTL protein family ex-
pressions [37]. In detail, emerging evidence showed that
the administration of lipopolysaccharide, a special activa-
tor of TLR-4, could lead to reduced ANGPTL3 gene ex-
pression levels in hepatocytes and increased ANGPTL4
gene expression levels in adipocytes [38]. In addition,
lipopolysaccharide also induced decreased ANGPTL4 gene
expression in macrophages [39]. It is worth noting that
a remarkably increased expression of the ANGPTL4 gene
in macrophages following TLR-4 stimulation further pro-
moted the risk and development of dyslipidemia, indicating
a mechanism through which ANGTPL4 can modulate dys-
lipidemia via TLR-4 [40]. On the other hand, it has been
proposed that hypoxia, identified as one of the main in-
ducers, modulates ANGPTL4 and ANGPTLS gene expres-
sion by influencing the expression levels of HIF-1 [41].
Following an in-depth investigation, HIF-1a« was shown
to stimulate the ANGPTL4 gene in cardiomyocytes, which
could modulate the function of cardiomyocytes [42]. Ad-
ditionally, HIF-1 might participate in chronic intermittent
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hypoxia, which could further influence the LPL-mediated
clearance of TRLs via upregulating the expression levels
of the ANGPTL4 gene in the epididymal adipocytes [43].
Intriguingly, hypoxia was also verified to inhibit HIF-1a
stimulation, subsequently suppressing ANGPTL4 gene ex-
pression in endothelial cells; thus, HIF-1a was revealed to
provide a modulatory effect on ANGPTL4 gene expression
[44].

Notably, LXR is another transcriptional factor that has
received substantial attention recently. Using T0901317,
a LXR ligand, could promote the risk of dyslipidemia via
upregulating the expression levels of the ANGPTL3 gene
in hepatocytes, which further suppresses the hydrolysis of
serum TG concentrations [45]. Likewise, it was shown that
in mammals, LXR could directly combine with ANGPTL3
[46]; furthermore, the LXR ligand and LXR-retinoid X re-
ceptor (RXR) complex could also directly combine with
the ANGPTL3 gene promoter element. Through this step,
diverse ligands could facilitate promoter activity in the
ANGPTL3 gene [47].

More recently, increasing evidence has shown that
prolonged cold exposure could also regulate ANGPTL4
gene expression levels in brown and white adipocytes,
which further induced a relatively increased LPL activity
[48]. Additionally, this phenomenon could promote the
delivery of lipids for thermogenesis. Since thermogenesis
plays an important role in promoting obesity, an essential
ANGPTLA4 function has been proposed to influence the risk
of obesity [49]. Comparatively, the ANGPTLS gene expres-
sion levels were confirmed to be inversely altered under a
cold exposure environment [50].

3. Basic Biological Function of ANGPTLS3,
ANGPTL4, and ANGPTLS

3.1 ANGPTL Proteins in Modulating Energy Intake and
Consumption

Under fasting conditions, ANGPTL4 is induced early,
reducing the delivery extent of TGs into white adipocytes
and releasing free fatty acids into the circulation for sub-
sequent uptake by multiple oxidative-related cells [51].
Meanwhile, ANGPTL3, as a hepatic-specific factor, was
confirmed to inversely increase the endocytosis process of
circulating VLDL-containing TGs into white adipocytes
under feeding conditions rather than into oxidative cells
[52]. Consequently, an absence of ANGPTL3 might dis-
rupt the balance, indicating that diverse ANGPTL proteins
might affect energy intake and consumption.

Nevertheless, it has been shown that TG accumula-
tion was maintained via facilitating glucose uptake, which
transforms glucose into free fatty acids in white adipocytes
and not hepatocytes isolated from the ANGTPL3 gene-
deficient mouse models. Following these in-depth inves-
tigations, the authors confirmed that inhibiting ANGPTL3
could upregulate insulin sensitivity, which might explain
the modulatory role of ANGPTL3 in glucose metabolism


https://www.imrpress.com

Table 1. Features and basic functions of ANGPTL3, ANGPTL4, and ANGPTLS.

Name Chromosome Tissue expression Basic functions

ANGPTL3 1 Liver Pro-angiogenesis, lipid metabolism, pro-inflammation, cancer development
Liver, adipose tissue, . L . . .

ANGPTL4 19 ] . P ] Pro-angiogenesis, lipid metabolism, pro-inflammation, cancer development
kidney, intestine, heart

ANGPTLS 19 Liver, adipose tissue Lipid metabolism, pro/anti-inflammation, cancer development

[53]. In conclusion, the results indicated that ANGPTL3
and ANGPTL4 perform diverse functions in modulating
serum TG metabolism. Specifically, ANGPTL3 is dom-
inant under feed conditions, whereas ANGPTL4 plays a
greater function under fasting conditions [54].

ANGPTLA4 was not involved in the bile acid-mediated
decrease of the serum TG concentrations; however,
ANGTPL4 was confirmed to facilitate the absorption of bile
acids via gut microbiota under taurocholic acid supplemen-
tation [55]. ANGPTL4 was also verified to play an impor-
tant role in glucocorticoid-induced TG catabolism. Indeed,
an in-depth investigation demonstrated that the ANGPTL4
gene sequence contained a glucocorticoid receptor bind-
ing site, which could induce ANGPTL4 and glucocorticoid
binding. Via this method, glucocorticoid could upregulate
the expression levels of the ANGPTL4 gene; simultane-
ously, ANGPTL4 is also required for the function of glu-
cocorticoid, which induces the transportation of TGs from
white adipocytes to hepatocytes [36]. The features and ba-
sic functions of ANGPTL3, ANGPTL4, and ANGPTLS are
summarized in Table 1.

3.2 ANGPTL Proteins in Modulating LPL-Induced TG
Metabolism

It has been extensively proposed that the ANGPTL
proteins could inhibit LPL-induced TG hydrolysis.
Nevertheless, the potential mechanisms whereby di-
verse ANGPTL proteins modulate the LPL-induced TG
metabolism remain poorly understood. For instance, it was
demonstrated that ANGPTL3 could suppress the biolog-
ical activity of LPL in combination with the N-terminal
coiled-coil domain, which promotes the dissociation of
active LPL dimers into monomers. Importantly, the
monomers lost their biological function in modulating
TG metabolism. In contrast, ANGPTL4 was verified to
stimulate LPL degradation in diverse metabolic-related
cells, such as adipocytes, macrophages, and hepatocytes,
which resulted in reduced intracellular LPL concentrations,
suggesting that ANGPTL4 also modulates intracellular
LPL metabolism, thereby influencing intracellular TG
concentrations [56].

As noted above, the structure of -circulating
ANGPTLS was confirmed to be homologous with
ANGPTL3 [57]. Consequently, this special structure
of ANGPTLS8 could be a functional linkage with sim-
ilar functions to ANGPTL3 in modulating serum TG
metabolism. Subsequently, independent research indicated
that ANGPTLS8 participated in lipid modulation in cir-

culation [58]; however, the research could not detect the
accurate function of ANGTPLS in modulating LPL activity
under similar conditions to those used for ANGPTL3 [59].
Intriguingly, independent research exists that demonstrated
that ANGPTLS, in combination with ANGPTL3, could
facilitate the cleavage of ANGPTL3; furthermore, genetic
analysis results in mice suggested that ANGPTL3 could be
stimulated by ANGPTLS, indicating that ANGPTLS and
ANGPTL3 might function via a co-dependent association
[60]. However, owing to limited published literature,
additional basic experiments are required to elucidate the
co-functions of ANGPTL3 and ANGPTLS in modulating
TG metabolism within circulation.

3.3 Role of Diverse ANGPTL Proteins in Modulating
Appetite

The ANGPTLS gene expression levels can be regu-
lated under feeding conditions [61]; meanwhile, both cen-
tral and peripheral ANGPTL8 were consistently demon-
strated to influence mammalian appetites. Inhibition of
the neuropeptide Y-positive neurons in the dorsomedial hy-
pothalamus in the brain was shown to activate the modula-
tory role of ANGPTLS [62]. In addition, exogenous injec-
tion of ANGPTLS protein into the C57BL/6J mice reduced
the visceral white adipose mass, potentially via appetite in-
hibition. Nevertheless, central injection of ANGPTLS pro-
tein into C57BL-6 mice reduced the activity of serum LPL
and increased white adipose mass compared with the con-
trol mice; reduced serum levels of free fatty acids were also
observed in these mice [62].

Recently, a relatively abundant expression of the
ANGPTL3 gene was observed in hypothalamic neurons,
which modulated energy homeostasis via hypothalamic
LPL stimulation. Moreover, food intake and body weight
decreased [63]. Furthermore, an ANGPTL3-induced re-
duction in hypothalamic neuropeptide Y-positive neurons
and a decrease in agouti-related peptide expression might
be responsible for anorexia and weight loss, indicating that
ANGPTL3 could modulate appetite, thereby altering TG
metabolism and weight [63].

4. ANGPTL:s in Modulating the Risk of
Cardiometabolic Disorders

4.1 ANGPTL3, ANGPTL4, and ANGPTLS in Modulating
the Risk of Dyslipidemia

Dyslipidemia, characterized by elevated TG and low-
density lipoprotein cholesterol (LDL-C) serum levels and
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lower high-density lipoprotein cholesterol (HDL-C) serum
levels, strongly correlates with obesity, type 2 diabetes
mellitus, and cardiovascular diseases [64]. As mentioned
above, diverse ANGPTL proteins are considered essential
modulators of lipid profile metabolism by influencing LPL
activity, indicating that dysfunctional ANGPTLs could in-
duce aberrant LPL-mediated lipid catabolism.

Emerging evidence from genome-wide association
studies (GAWS) has indicated that single nucleotide poly-
morphisms (SNPs) in the ANGPTL3 gene locus strongly
correlate with serum TG concentrations [65,66]. Data from
the Dallas Heart Study population showed that the loss-
of-function (LOF) ANGPTL3 gene variant also leads to
lower serum TG concentrations, increasing the prevalence
of hypertriglyceridemia and atherosclerosis [67]. Similar
results were observed in research using ANGPTL3 gene-
deficient mouse models [54]. On the contrary, injection
of REGN1500, as a monoclonal antibody to ANGPTL3,
could decrease serum TG concentrations in mouse models
and monkey models, indicating that anti-ANGPTL3 anti-
bodies could represent a potential therapeutic strategy for
hypertriglyceridemia [68]. A research study focusing on a
traditional Chinese medicinal product, named paeoniflorin,
showed that this medicine could lower the risk and devel-
opment of hypertriglyceridemia by upregulating N-acetyl-
galactosaminyl transferase 2 (GALNT2) [69]. Given that
GALNT-2 is a modulator that suppresses ANGPTL3 activ-
ity, we could reasonably speculate that paconiflorin reduces
TG serum concentrations by inhibiting ANGPTL3 and LPL
[69].

In addition to the modulatory role of serum TG levels,
ANGPTL3 was demonstrated to modulate serum choles-
terol catabolism. For instance, nonsense variants in the
ANGPTL3 gene lead to lower LDL-C serum concentrations;
additionally, the individuals who possess a nonsense muta-
tion in the ANGPTL3 gene presented hypocholesterolemia
characterized by extremely lower serum concentrations of
LDL-C with increased LDL receptor (LDLR) gene expres-
sion [70]. In addition to modulating LDL-C and TG,
ANGPTL3 could also modulate serum concentrations of
HDL-C by inhibiting endothelial lipase, which promotes
the hydrolyzation of HDL particles [71]. Given that lower
HDL-C serum concentrations correlate with an increased
risk of cardiovascular diseases, this modulatory function
of HDL-C by ANGPTL3 might be a potential mechanism
through which ANGPTL3 regulates cardiovascular disease
risk. Agents that lower TG levels, including probucol,
have been shown to induce HDL-C remodeling, conse-
quently increasing HDL-C serum concentrations by low-
ering serum ANGPTL3 [72]. Consistent with this notion,
another anti-ANGPTL3 agent, named WO2012174178, has
been shown to reduce the prevalence of cardiovascular dis-
eases by enhancing lipolytic enzymes and lowering TG
levels [72]. Similar results have been observed in ex-
periments using apolipoprotein E (4poFE)-deficient mice.
These results showed that 3, 4, 5, 6-tetrahydroxyxanthone
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treatment reduced ANGPTL3 gene expression [73]. Re-
cently, two botanical medicines, named undaria pinnati-
fida soluble fiber and Kaempferol, have been confirmed
to decrease ANGPTL3 gene expression and further prevent
hypertriglyceridemia in mice [74]. The results described
above could provide evidence for ANGPTL3 as a novel tar-
get to improve hypertriglyceridemia and its related cardio-
vascular diseases in clinical practice.

Similar to ANGPTL3, ANGPTL4 was confirmed by
a study to affect serum TG metabolism positively [74]. Im-
portantly, ANGPTL4 gene silencing has been shown to in-
duce elevated LPL-mediated clearance of circulating TG;
furthermore, ANGPTL4 absence in brown adipocytes could
increase free fatty acid oxidation, promoting glucose tol-
erance. In humans and under fasting conditions, carriers
of ANGPTL4 gene mutations, such as E40K variants, were
shown to possess lower TG serum concentrations alongside
lower risks of diabetes mellitus [75]. Otherwise, mice lack-
ing the ANGPTL4 gene have also exhibited improved post-
prandial hypertriglyceridemia, providing a treatment for fa-
milial hypercholesterolemia [76]. It is worth noting that
ANGPTLA4 also reduced the formation of macrophages into
foam cells, suggesting that ANGPTL4 acts as a double-
edged sword, modulating the risk of atherosclerosis by af-
fecting foam cell formation [77]. These results also propose
a novel treatment target for hypertriglyceridemia.

Recently, ANGPTL4 has been shown to influence
HDL function in humans by protecting the HDL particles
from endothelial lipase hydrolysis [78]. Conversely, in in-
dividuals with type 2 diabetes mellitus, ANGPTL4 could
facilitate the hydrolysis of HDL particles, promoting free
fatty acid production by suppressing the biological activity
of endothelial lipase [78]. However, an independent inves-
tigation suggested that diverse forms of ANGPTL4 might
have different functions in lipid metabolism. To be more
specific, the full-length ANGPTL4 was shown to correlate
with HDL concentration and metabolism. In contrast, the
truncated type of ANGPTL4 was responsible for modulat-
ing the function of LDL particles [79].

Due to technological advances, major breakthroughs
have been made to explain the association between
ANGPTL8 and serum TG concentrations. Indeed,
ANGPTLS was confirmed to be positively associated with
serum TG concentrations via downregulating LPL activity,
indicating that ANGPTLS8 could modulate the risk of hy-
pertriglyceridemia by affecting LPL [80]. In addition to the
modulatory role on serum TG levels, ANGPTLS was also
found to be inversely correlated with the cholesterol efflux
capacity of HDL particles. Since HDL-induced cholesterol
efflux is important in improving dyslipidemia-related car-
diovascular diseases, we could infer from these results that
ANGPTLS might also be negatively associated with cardio-
vascular diseases, independently of HDL-C serum concen-
trations [81]. Nevertheless, a larger-scale investigation is
still needed to explore the relationship between ANGPTLS8
and the metabolism of TGs further.
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4.2 ANGPTL3, ANGPTL4, and ANGPTLS in Modulating
the Risk of Obesity

According to previous studies, ANGPTL3 has been
strongly linked to playing an important function in mod-
ulating adipogenic differentiation, consequently influenc-
ing the pathogenic development of obesity [82]. In detail,
ANGPTL3 could directly target the surface of adipocytes,
which further stimulates the lipolysis process of intracel-
lular TGs. Subsequently, this process facilitates the sig-
nificant release of free fatty acids and glycerol within cir-
culation by adipocytes [83]. Nevertheless, the authors
demonstrated that ANGPTL3-deficient mice fed a high-
calorie diet (HCD) presented reduced epididymal adipocyte
weights. In contrast, the adipocyte sizes remained similar
to those isolated from control healthy mice, suggesting that
ANGPTL3 modulates the hyperplasia rather than the hyper-
trophy of adipocytes [82].

It has been confirmed for several decades that the an-
imal models with relatively higher ANGPTL4 gene expres-
sion presented reduced adipose percentages. This finding
has been replicated in a study [84]. According to these re-
sults, overexpression of the ANGPTL4 gene could inhibit
the clearance process of serum TGs and prevent fat ac-
cumulation within adipocytes. Moreover, ANGPTL4 ac-
tivates fat mobilization and facilitates free fatty acid oxi-
dation [84]. Meanwhile, in another study, ANGPTL4 was
confirmed to function as a gatekeeper, inhibiting lipid pro-
files and protecting against intracellular lipid overload [85].
Contrastingly, the mice deficient in the ANGPTL4 gene
weighed more than the control mice [85].

By analyzing data from investigations in humans,
obese children presented significantly lower serum
ANGPTL4 concentrations than children with clinically
normal weights. Furthermore, the main measurements
relating to overweight—obesity classifications, including
body mass index (BMI), waist circumference, and weight,
were all shown to be inversely correlated with serum
ANGPTL4 concentrations. The individuals undergoing
weight loss presented a negative relationship between
serum ANGPTL4 concentrations and total cholesterol
serum concentrations, indicating that ANGPTL4 could
synchronously modulate the risk of obesity and hyperc-
holesterolemia [86]. However, another study reported that
the serum concentrations of ANGPTL3, ANGPTL4, and
ANGPTLS were significantly upregulated in patients with
diagnosed obesity [87]. Moreover, the serum ANGPTLS
concentrations were positively associated with developing
obesity and dyslipidemia, characterized by elevated serum
concentrations of TGs and LDL-C alongside the serum
HDL-C levels [88]. Consistently, REGN3776 injections,
an ANGPTLS8 monoclonal antibody, reduced serum TG
levels by stimulating LPL activity. Furthermore, an exoge-
nous supplement of ANGPTLS presented additional effects
on body fat concentrations and body weight in animal
experiments [89]. Similarly, the mice with ANGPTLS gene

deficiencies displayed reduced body weight, potentially
through abolishing TG accumulation in adipocytes and
increasing circulating TG clearance. These results strongly
propose that serum ANGPTLS could be a novel therapeu-
tic target for hypertriglyceridemia and cardiometabolic
disorders [90].

4.3 ANGPTL3, ANGPTL4, and ANGPTLS in Modulating
the Risk of Cardiovascular Diseases

Ectopic lipid storage can induce the pathogenic mech-
anism of atherosclerotic-related cardiovascular diseases.
Recently, it has been shown that the proinflammatory re-
sponse occurring within vessel walls could also facilitate
the development of atherosclerosis [91]. The important
role of diverse ANGPTLs in regulating atherosclerotic-
related cardiovascular diseases has begun to gain appreci-
ation since ANGTPLs play a vital role in regulating serum
lipid profiles and the process of inflammation.

Emerging evidence has revealed the essential role of
ANGPTL proteins in the development of atherosclerotic-
related cardiovascular diseases [92]. For instance,
ANGPTLA4 has been shown to modulate the metabolism of
LDL particles and influence the formation of foam cells.
Two independent research demonstrated that mice with an
ANGPTL4 gene deficiency presented inhibited atheroscle-
rotic progression [92,93]. Following in-depth research,
it was proposed that ANGTPL4 modulated the develop-
ment of atherosclerotic lesions via, at least partly, lower-
ing serum TG concentrations mediated by LPL and inhibit-
ing foam cell formation [93]. Furthermore, the authors
also demonstrated that ANGPTL4 gene silencing signifi-
cantly inhibits foam cell formation [93]. Consistent with
this notion, the potential mechanism whereby ANGPTL4
protected atherosclerotic development could be due to re-
duced oxidized low-density lipoprotein (ox-LDL) uptake
by macrophages. In addition, ANGPTL4 has further been
confirmed to reduce lipid accumulation in macrophages, in-
dicating that ANGPTL4 could improve the development of
atherosclerosis by inhibiting the foam cells formation [94].
Recent research has provided evidence that ANGPTL4
could inhibit serum LPL activity and concentrations, si-
multaneously promoting low-density lipoprotein receptor-
related protein 1 (LRP1)/LPL complex formation, which
results in increased lipid uptake into macrophages, medi-
ated by LPL [95]. Conversely, decreased ANGPTL3 gene
expression has been shown to improve the development
of dyslipidemia and cardiovascular diseases in ApoE gene-
deficient mouse models via upregulating the clearance of
isolated TRLs and ANGPTLA4 [96].

Given that diverse ANGPTLs could modulate the
pathological progression of the inflammatory response, re-
search focuses are shifting toward exploring the underly-
ing mechanisms. As reported, serum concentrations of
ANGPTL3 and ANGPTL4 were significantly related to the
progression of the inflammatory response; furthermore, by
promoting inflammation-induced hepatic impairment and
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glycol metabolism, ANGTPL3 and ANGPTL4 could cause
pathological alterations in atherosclerotic-related cardio-
vascular diseases [88].

Multiple studies have focused on the effect of
ANGPTL4 on modulating serum or intracellular glucose
metabolism. According to the published results, ANGPTL4
gene silencing in adipocytes could improve glucose tol-
erance, indicating that ANGPTL4 could influence glu-
cose metabolism and the prevalence of diabetes mellitus.
ANGPTLA4 could also prevent excessive lipid accumulation
within hepatocytes and myocytes via this mechanism, re-
ducing the inflammatory response or atherosclerotic-related
cardiovascular diseases [94]. Moreover, an independent
study focused on patients with obstructive sleep apnea syn-
drome and found that these patients presented upregulated
ANGPTL4 gene expression and inactivated LPL, which
subsequently modulate the risk of atherosclerotic-related
cardiovascular diseases [97]. In addition to the ANGPTL4-
mediated effect in modulating atherosclerosis, ANGPTL4
was also demonstrated to influence endothelial junction sta-
bilization through the vascular endothelial growth factor
receptor 2 (VEGFR2) signaling pathway. Consequently,
exogenous supplementation of the recombinant ANGPTL4
protein could inhibit the progression of the atherosclerotic
lesion area in mouse and rabbit models [97].

In conclusion, the results summarized above strongly
suggest that ANGPTLA4 is a vital modulator of atheroscle-
rotic development by inhibiting LPL.

4.4 ANGPTL3, ANGPTL4, and ANGPTLS in Modulating
the Risk of Hepatic Diseases

Both aberrant lipid metabolism and proinflammatory
processes are involved in the pathogenic progression of
multiple hepatic diseases, such as NAFLD- and hepatitis
C virus (HCV)-related liver diseases [98]. For instance, the
ANGPTL3 gene expression levels were reduced by inhibit-
ing the HNF-1a binding activity in HCV-infected patients
[47]. However, it remains unclear whether the expression
of the ANGPTL3 gene was altered in patients with other
hepatitis virus variants. Thus, we need more large-scale
investigations to determine the function of ANGPTL3 in
modulating the lipid metabolism following infection with
hepatitis viruses, such as hepatitis A virus (HAV), hepatitis
B virus (HBV), and hepatitis D virus (HDV).

On the other hand, the serum concentrations of
ANGPTL3 and cytokeratin 18, a proinflammatory response
biomarker, were upregulated in the patients with NAFLD.
Consequently, ANGPTL3 was used to improve the assess-
ment of non-alcoholic steatohepatitis (NASH) and hepatic
inflammatory developmental progression [99]. Similar to
the alterations in serum ANGPTL3, subjects with hepatic
steatosis presented lower concentrations of ANGPTL4. In
contrast, the LPL activity increased compared to control
individuals. Via this mechanism, ANPGTL4 could fur-
ther modulate the storage of free fatty acids in hepatocytes
[29]. More recently, the authors demonstrated using the
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antisense oligonucleotide of ANGPTLS that the mice with
NAFLD presented enhanced post-prandial TG uptake in
white adipocytes. As a result, these mice also presented
improved NAFLD.

4.5 ANGPTL3, ANGPTL4, and ANGPTLS in Modulating
the Risk of Other Metabolic Related Diseases

Since the function of diverse ANGPTLs in modulat-
ing dyslipidemia and cardiovascular diseases has been well
demonstrated, the functions of ANGPTL3, ANGPTL4, and
ANGPTLS in affecting other metabolic diseases, such as
diabetes mellitus, ketosis, and renal dysfunction have also
been given substantial attention in recent years.

ANGPTLs were demonstrated to modulate serum glu-
cose metabolism and the prevalence of diabetes. Specif-
ically, under diabetes mellitus conditions, LPL would be
recruited into the vascular lumen and transformed into
an active dimeric type. Following exogenous ANGPTL4
supplementation, LPL could be converted into the inac-
tive form and subsequently suppress TG hydrolysis, which
might induce hypertriglyceridemia. Otherwise, in diabetic
patients, the authors found that the phosphoinositide 3-
kinase (PI3K) signaling pathway was vital for insulin to
reduce the ANGPTL4 gene expression. Due to this effect,
when insulin resistance occurred in diabetic patients, the in-
hibitory effect of insulin on the ANGPTL4 gene expression
was disrupted [100]. Consistent with these findings, the
serum ANGPTL4 concentrations were higher in patients
with type 2 diabetes mellitus than in healthy control indi-
viduals, proposing that ANGPTL4 could play an impor-
tant role in modulating diabetic development [78]. These
results suggest that the association between hypertriglyc-
eridemia and the development of diabetes mellitus could be
due to the increased ANGPTL4 concentrations, which in-
hibit LPL-mediated TG hydrolysis and enhance hepatic TG
secretion [78]. Additionally, the subjects who possessed
ANGPTL4 loss-of-function gene mutations presented re-
duced glucose concentrations and increased insulin sensi-
tivity under the fasting condition compared with healthy
volunteers. Emerging recent evidence further verified that
the ANGPTL4-induced upregulation of serum amino acids
played an essential function in increasing serum glucagon
concentrations, further promoting the development of dia-
betes mellitus [101].

It has also been demonstrated that two other mem-
bers of the ANGPTL protein family, ANGPTL3 and
ANGPTLS, play an important role in affecting serum glu-
cose metabolism and the progression of diabetes mellitus.
Notably, the patients who possessed ANGPTL3 loss-of-
function gene mutations presented relatively lower serum
concentrations of insulin and glucose; furthermore, these
individuals had improved insulin sensitivity compared with
the control individuals [102]. Conversely, the ANGPTLS
gene expression levels were increased significantly in over-
weight/obese subjects, compared with those within the
BMI-matched insulin-sensitive subjects, especially in sub-
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jects with NAFLD and diabetes. Consistently, the anti-
sense oligonucleotide of ANGPTLS was confirmed to play
a protective function in modulating insulin resistance and
glucose intolerance in mice fed a high-fat diet (HFD) by
improving adipocyte lipid uptake and inhibiting lipid stor-
age [103]. These above results indicate the negative re-
lationship between the expressions of the ANGPTL3 and
ANGPTL4 genes and the risk and development of diabetes
mellitus and the ANGPTLS gene.

Secondly, as is well described, strictly limiting daily
food could induce extremely lower glucose concentrations;
subsequently, ketogenesis, using excessive ketone body
storage, could provide an alternative energy supplement.
Concerning this notion, a study demonstrated that a nat-
urally occurring flavonoid compound, named 1, 3, 5, 8-
tetrahydroxyxanthone, targeted the ANGPTL3-LPL sig-
naling pathway, which reduced the ANGPTL3 gene expres-
sion levels. Inversely, 1, 3, 5, 8-tetrahydroxyxanthone up-
regulated the LPL gene expression, which lowers the keto-
sis process in mouse models [104]. Using momilactone B
as a novel inhibitor of ketosis, the authors found that this
agent could modulate the process of ketosis by increasing
the gene expression of signal transducer and activator of
transcription-5b (STAT-5b) and indirectly negatively regu-
lating ANGPTL3 gene expression [105]. Thus, downregu-
lating the ANGPTL3 gene expression has been suggested as
a novel target in treating ketosis.

Third, it was shown that patients with chronic re-
nal dysfunction presented higher serum concentrations of
ANGPTL4 than healthy patients. In renal podocytes,
ANGPTL4 overexpression could lead to excessive protein-
uria via the podocyte-secreted ANGPTL4 under the status
of nephritic syndrome [106]. Following in-depth investiga-

tions, with the elevated ratio of free fatty acids to albumin
in serum, the extrarenal organs were found to release exces-
sive ANGPTL4 in the nephritic range [107]. Meanwhile,
since the increased serum ANGPTL4 concentrations could
promote the development of hypertriglyceridemia, it could
be considered a potential mechanism combining protein-
uria and hypertriglyceridemia as two biomarkers of chronic
renal dysfunction [107]. Nevertheless, another indepen-
dent research study showed that the upregulated serum con-
centrations related to the ANGPTL4 gene might induce
acute kidney injury (AKI) due to excessive TG storage
through decreased LPL activity within renal cells. Given
that AKI could be improved by WY-14643, as a perox-
isome proliferator-activated receptor o (PPAR«) agonist,
through reducing the ANGPTL4 gene expression in the
proximal tubule, reasonable speculation could be applied
that ANGPTL4 could be identified as a cautious target in
renal dysfunction therapy [108]. Moreover, the expression
levels of the ANGPTL4 gene were significantly increased
in patients with diabetic nephropathy, which further con-
firmed the downregulation of LPL in renal cells, which
consequently modulates intracellular lipid catabolism, indi-
cating that ANGPTL4 participates in dyslipidemia-related
metabolic disorders [108]. Recently, decreased serum
ANGPTL3 concentrations were correlated with uremic dys-
lipidemia in patients with chronic kidney failure without di-
abetes; however, the potential mechanisms remain poorly
understood [109]. Thus, further in-depth investigations are
required to determine the accurate mechanisms. A sum-
mary of the various functions performed by the diverse
ANGPTL protein family in lipid metabolism is listed in
Fig. 2.
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5. Conclusions and Future Perspectives

The diverse ANGPTL proteins responsible for body
energy homeostasis are distributed in various metabolic-
related tissues.  Specifically, ANGPTL3, ANGPTLA4,
and ANGPTLS are the most important members of the
ANGPTL protein family, which play an important role in
LPL-induced TG metabolism. In addition to the nega-
tive effect on modulating the biological activity of LPL,
ANGPTL3 is a negative modulator of endothelial lipase,
which induces the negative modulation of serum HDL-
C and promotes the risk of dyslipidemia. On the other
hand, ANGPTL4 has been confirmed to convert LPL en-
zymes from active dimers to inactive monomers and facil-
itate the process of LPL degradation, which influences TG
metabolism. Recently, ANGPTL8 has been shown to not
inhibit LPL activity by itself; however, when ANGPTLS
combines with ANGPTL3, it can suppress LPL activity,
which might further modulate the serum TG concentration.
On the contrary, ANGPTL3 stimulation is necessary for the
ANGPTLS metabolism.

The comprehensive functions of different ANGPTL
proteins in modulating LPL activity in various tissues un-
der fasting and feeding conditions could provide a potential
mechanism for hypertriglyceridemia. Furthermore, the in-
teraction between diverse members of the ANGPTL pro-
tein family might provide different effects on modulat-
ing serum TG metabolism. For instance, the interaction
between ANGPTL4 and ANGPTLS might lead to hyper-
triglyceridemia, obesity, or diabetes mellitus. As shown
above, this review provides evidence that ANGPTLs are
novel targets for treating hypertriglyceridemia and its re-
lated metabolic disorders in daily clinical practice.

In conclusion, further studies should focus on other
ANGPTL proteins, including ANGPTL1, ANGPTL2, and
ANGPTLS to ANGPTL7, and their roles in modulating
serum TG metabolism. These subsequent results might ex-
plain several controversies regarding the accurate function
of different ANGPTLs in inhibiting LPL activity. Further-
more, these results could also stimulate future researchers
to determine the potential roles of ANGPTL proteins as
therapeutic strategies in dyslipidemia and its related cardio-
vascular diseases in daily clinical practice. Future studies
might provide a much better understanding of the poten-
tial mechanisms through which different ANGPTL proteins
modulate the risk of dyslipidemia in other species. It will
be worth elucidating whether ANGPTLs can induce thera-
peutic strategies to reduce the prevalence of dyslipidemia-
related diseases.
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