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Abstract: Cardiovascular disease is the leading cause
of morbidity and mortality in both developed and devel-
oping countries, in which atherosclerosis triggered by
dyslipidemia is the major pathological basis. Over
the past 40 years, small rodent animals, such as mice,
have been widely used for understanding of human
atherosclerosis-related cardiovascular disease (ASCVD)
with the advantages of low cost and ease of maintenance
and manipulation. However, based on the concept of
precision medicine and high demand of translational
research, the applications of mouse models for human
ASCVD study would be limited due to the natural differ-
ences in metabolic features between mice and humans
even though they are still the most powerful tools in this
research field, indicating that other species with biolog-
ical similarity to humans need to be considered for
studying ASCVD in future. With the development and
breakthrough of novel gene editing technology, Syrian
golden hamster, a small rodent animal replicating the
metabolic characteristics of humans, has been genetically
modified, suggesting that gene-targeted hamster models
will provide new insights into the precision medicine
and translational research of ASCVD. The purpose of this
review was to summarize the genetically-modified ham-
ster models with dyslipidemia to date, and their potential
applications and perspective for ASCVD.

Keywords: atherosclerosis; cardiovascular disease; CRISPR/
Cas9; mouse; Syrian golden hamster.

Introduction

Atherosclerosis, a chronic inflammatory disease leading to
the occlusion of arteries by atherosclerotic plaques, is a
major pathological basis of cardiovascular disease (CVD),
including coronary heart disease, stroke and peripheral
vascular disease, which is the first leading cause of
morbidity and mortality worldwide. In China, the epide-
miological evidence shows that the prevalence of CVD has
been increasing continuously, contributing to –45% of
death based on the China Cardiovascular Disease Report
2018 [1]. Given the burden of CVD and its devastating
consequence of national public health, considerable
efforts have beenmade to study themolecularmechanisms
underlying the pathogenesis of CVD. However, inasmuch
as CVD, especially atherosclerosis-related CVD (ASCVD), is
multifactorial disease, the incomplete understanding of
human atherosclerosis limits the development of thera-
peutic approaches for clinical trials.

Although there are many risk factors influencing
the progress of atherosclerosis, to date, the relationship
between dyslipidemia and atherosclerosis has been well
documented, suggesting that dyslipidemia is an important
culprit of atherosclerosis [2]. Dyslipidemia is classically
caused by environmental factors and genetic factors. The
former can be easily corrected through dietary adjustment
and increased physical activity; however, the latter is diffi-
cult to normalize through environmental intervention, in
which pharmaceutical treatment or even gene therapy will
be required. To our knowledge, familial hypercholesterole-
mia (FH) with elevated low density lipoprotein-cholesterol
(LDL-C), familial hypertriglyceridemia with increased tri-
glyceride and familial low high density lipoprotein-
cholesterol (HDL-C) are 3 common rare diseases with
dysfunctional mutations in genes involved in lipid regula-
tion, which have been reported to be independent strong
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risk factors of atherosclerosis. Therefore, targeting dyslipi-
demia has been proposed to be a promising treatment for
atherosclerosis. Over the past 40 years, mouse models have
beenwidely used forhumanatherosclerosis studydue to the
advantages of low cost and ease of maintenance and
manipulation [3]. Genetically-engineered mouse models
with lipid disorders provide valuable insights into the
mechanisms of lipid metabolism and atherosclerosis based
on the similarities of mouse genes to those risk genes
identified by human genome-wide association study
(GWAS), extrapolating the findings using mouse models to
human study. Yet, the failure of therapeutic treatment for
the patients with lipid disorders and atherosclerosis in
different clinical trials demonstrates that the favorable
results and theories from mouse study need to be revisited
when they are translated into human disease because mice
cannot completely mimic the metabolic profiles of humans.
Numerous studies with more species that better replicate
humans should be considered.

Like mouse, Syrian golden hamster is also a small
laboratory rodent animal model showing high similar-
ities of metabolic features to human, which has been
largely introduced into the research field of virology
and cancer [4, 5]. Recently, emerging data have reported
that Syrian golden hamsters exhibit clinicalmanifestations
observed in corona virus disease 2019 (COVID-19)-infected
patients [6–9], suggesting that Syrian golden hamster
will be an ideal tool for human disease. With more ad-
vantages of Syrian golden hamster used for basic research
and the development of novel gene editing technology,
genetically-modified hamster models have been success-
fully created and applied to different research areas. Due to
the importance of dyslipidemia and atherosclerosis for
CVD, this review focuses on the selected discoveries using
the genetically-modified hamster models with dyslipide-
mia that we consider to be critical for human atheroscle-
rosis study, which will help us better understand the
substantial contributions of genetically-modified hamster
models to human ASCVD.

History of the application of Syrian
golden hamster for dyslipidemia
and atherosclerosis studies

Comparedwith large experimental animals, such as rabbits,
minipigs and non-human primates, small rodent animals,
including mice, rats and hamsters, have obvert advantages
in terms of low cost, ease ofmaintenance andmanipulation,
and short reproductive cycle. Interestingly, accumulating

lines of evidence showed that Syrian golden hamsters
possess human-like characteristics of lipid metabolism,
circadian rhythm and immune response compared to mice,
the most widely used animal models for basic medical
research (Table 1), indicating that Syrian golden hamsters
wouldbea potentially ideal animalmodel used for the study
of dyslipidemia, atherosclerosis and ASCVD without any
needs of gene modification.

Based on the high similarity of metabolic features be-
tween hamsters and humans, in the 1950s, Altschul [10] at
University of Saskatchewan in Canada initiated an impor-
tant study to observe the relationship between cholesterol
and atherosclerosis in hamsters, in which showed that
hamster fed with a diet containing milk and egg yolk dis-
played vascular responses and consequential thrombosis.
Although consistent results confirming the impact of di-
etary cholesterol on atherosclerosis using hamsters have
been reported in the next decades [11–13], until 1987, Nistor
and the colleagues [14] from Romania systemically
described the characteristics and progression of athero-
sclerosis in male Syrian golden hamsters on high fat diet
feeding. They challenged hamster with a high-fat diet
containing 3% cholesterol and 15% butter for 10 months.
As expected, they found that plasma total cholesterol and
LDL-C levels in high fat diet fed hamsters were markedly
increased at week 4, which is as high as 17 and 13 folds
after 10 months. Pathological analysis demonstrated that
large amounts of inflammatory cells were accumulated on
the surface of endothelium and lipids were largely depos-
ited in the aortic arch and thoracic aorta with smooth
muscle cell infiltration in the intima as early as 4 weeks
after diet intervention, which is so called “early stage of
atherosclerosis”. With the development of atherosclerosis
in those hamsters on high fat diet feeding, lipid deposition
was also observed in smooth muscle cells mainly localized
in the intima-media, which is called “advanced athero-
sclerosis”, suggesting that the atherosclerotic develop-
ment characterized in high fat diet fed hamsters is similarly
to those observed in human atherosclerotic lesions.
In 1990s, Chen et al. [15] and Wollett et al. [16] worked out
the effects of dietary cholesterol on lipoprotein profiles in
hamsters through enhancing hepatic very low density li-
poprotein (VLDL) secretion and LDL-C production without
affecting high density lipoprotein (HDL) transport. Mean-
while, a team led by Schaefer from the Tufts University in
Boston discovered that Lovastatin, a lipid lowering agent,
attenuated diet-induced atherosclerosis with Syrian golden
hamsters with the F1B strain through reducing non-high-
density lipoprotein cholesterol [17], indicating the good
responsiveness of Syrian golden hamsters to statins, which
could be used for a drug test.
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Since 2000s, using Syrian golden hamster models,
Adeli’s group at University of Toronto in Canada has
extensively investigated lipid metabolism and the related
disease. When treating hamsters with a fructose diet, they
identified new molecular mechanisms regulating lipid
metabolism in the setting of insulin resistance [18–20],
showing that high fructose intake elicitedhyperinsulinemia,
then leading to hypertriglyceridemia by overproduction of
hepatic VLDL, which could be ameliorated by statins [21].
Furthermore, the recent work from the same team has made
substantial contributions to ApoB metabolism and its role
in obesity, type II diabetes and metabolic syndrome when
using the hamster models [22–25], and verified glucagon-
like peptides (GLP-1 and GLP-2) as novel regulators of lipids
in intestine and liver [26–31].

In 1990s, two independent groups led by Breslow at
University of Rockefeller andMaeda at University of North
Carolina at Chapel Hill reported the first genetically
targeted mouse mode in the world using homologous
recombination technology, apolipoprotein E (ApoE)
knockout mouse, which showed hyperlipidemia and
spontaneous atherosclerosis under regular chow diet
condition [32, 33]. Whereas at the most same time, Brown
and Goldstein from University of Texas Southwestern
Medical Center at Dallas, two 1985 Nobel Laureates for
the discoveries of cholesterol metabolism through LDL
receptor (LDLR) pathway, reported the second dyslipi-
demic mouse model, LDLR knockout mice showing
hypercholesterolemia to mimic human familial hyper-
cholesterolemia (FH) [34]. Since these two mouse models
are prone to diet-induced hyperlipidemia and athero-
sclerosis, making them strong tools that have been widely
used for the research of lipid metabolism and ASCVD to

date, accumulating evidence has revealed more advan-
tages, suggesting that wild type Syrian golden hamster
model is still an ideal supplement for ApoE and LDLR
knockoutmice. For example, similar to humans, hamsters
possess endogenous cholesteryl ester transfer protein
(CETP), a key protein responsible for exchange of tri-
glycerides carried on VLDLs and LDLs and cholesterols on
HDLs [35], and reverse cholesterol transport (RCT) [35],
whereas mice lack CETP, implying that mice cannot
replicate the physiological process of lipid metabolism in
vivo. Furthermore, many human-like metabolic features
in Syrian golden hamsters have been demonstrated by
previous critical work when compared to mouse models: (1)
Higher endogenous CETP activity [35]; (2) Apolipo-
protein B (ApoB) editing only in small intestine, but not in
liver, leading to a truncated ApoB, so called ApoB48,
present on small intestine-derived chylomicrons (CMs),
and full length ApoB100 carried on hepatic VLDLs, but
mice have ApoB48 in both CMs and VLDLs due to the
ApoB editing observed in both small intestine and
liver [35]; (3) Extrahepatic cholesterol synthesis with more
than 85% is a major sources for total cholesterol in ham-
sters, which is much closer to 90% observed in humans
when compared tomice that only have 50% [36]; (4) ∼48%
of total plasma cholesterol is carried on LDL particles
and ∼49% is distributed on HDL, yet most of plasma
cholesterol is present on HDLs in mice [37]; (5) Relative
low hepatic LDLR activity in hamsters [38]; (6) More sus-
ceptible to hypercholesterolemia, hypertriglyceridemia,
and atherosclerosis, and then a development of coronary
artery disease under dietary interventions [39]; (7) Insulin
resistance and type 2 diabetes can also be induced by
high-sugar diet [40]. Collectively, these key findings and

Table : Comprehensive characteristics of lipid metabolism and immune response among human, hamster and mouse.

Characteristics Human Hamster Mouse Refs

Dominant plasma lipoproteins LDL LDL HDL []
CETP gene expression Abundant Abundant None []
ApoB editing Intestine Intestine Intestine/liver []
ApoB- Chylomicron Chylomicron Chylomicrons/VLDL []
Hepatic LDL receptor abundance Low Low High []
Extrahepatic cholesterol synthesis % % % []
High cholesterol diet Susceptible Susceptible Resistant []
Immune response Comparable infectious disease

progression to human, even the only
lethal model of some virus infection.

Not suitable candidate models for
some infectious diseases.

[–]

LDL: low density lipoprotein; VLDL: very low density lipoprotein; HDL: high density lipoproteincholesterol.
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overt advantages suggest that hamster model will play a
crucial role in the study of lipid metabolism disorders and
ASCVD.

However, it is should be noted that although wild-type
hamsters possess many advantages described above, poor
reproducibility and a large degree of variation of consis-
tency in aortic lesions induced by high fat diets limit the
further use for the study of diet-induced atherosclerosis [41],
indicating that genetically modified hamsters would repre-
sent better animal models to mimic human diseases and
investigate the impact of monogenic risk on occurrence and
development of human genetic rare diseases, such as fa-
milial hypercholesterolemia, familial hypertriglyceridemia
and low HDL. With the development of gene editing tech-
nology and the breakthrough of in vitro fertilized egg culture
technology, several lines of genetically-modified hamster
models have been successfully generated in the past years.
In this review, we will summarize the crucial work on
genetically-engineered hamster models with elevated
plasma cholesterol, triglyceride or low HDL using CRISPR/
Cas9, a powerful gene editing system awarded for Nobel
Prize in chemistry 2020, and their applications and the
perspective in the field of lipid metabolism disorders and
ASCVD.

LDL, LDLR and LDLR knockout
hamsters

In 1950s, two major cholesterol-rich compositions, low
density lipoprotein (LDL) and high density lipoprotein
(HDL), were identified by John Gofman at the University
of California, Berkeley [42]. Unlike low HDL levels that re-
mains controversial in the study of CVD in the following
decades, the positive relationship between elevated plasma
LDL concentration and atherosclerosis has been consis-
tently reported, suggesting that LDL is a strong and reliable
risk factor for ASCVD [43–46]. However, as LDL particle was
pathogenic and gained increased attention, the molecular
mechanisms of LDL regulation and by which LDL elicited
atherosclerosis were unknown yet until the discoveries by
Michael Brown and Joseph Goldstein in 1970s, who identi-
fied a lipoprotein receptor so called LDLR in fibroblast cells
from the patients with FH [47] (Figure 1). FH is an autoso
mal dominant genetic disease characterized by increased
plasma total cholesterol and LDL-C levels, then leading to
premature coronary heart disease (CHD) [48–50], which is
primarily caused by the defect of LDLR attributable to vari-
able mutations in LDLR (c.85A>T, c.97C>T, c.191_313del,

c.195dupT…etc.), ApoB (c.523 + 2T>G, c.1069C>T,
c.1120G>A, c.1399C>G) and proprotein convertase subtilisin/
kexin 9 (PCSK9) (c.7057C>T, c.10579C>T, c.10580G>A,
c.12739C>T) [51]. According to the number of mutations in
allele, there are two forms reported for FH. Heterozygous FH
(HeFH) caused by one mutation in an allele with a preva-
lence of 1:250–500 is relatively common, whereas homozy-
gous FH (HoFH) with two mutations in two alleles show an
incidence of 1:160,000–1,000,000. Compared to normal
individuals, the former shows moderate hypercholesterole-
mia and increased risk for CHD by 20 folds without any
treatment or prevention; however, the latter exhibits severe
hypercholesterolemia with markedly elevated LDL-C, lead-
ing to early onset CHD observed in children. Although total
plasma cholesterol levels in Chinese populations are much
lower than the individuals in Western countries due to
ethnicity and dietary habit, recent epidemiological data
show that there are 687,728 cases of global FH in 2017, in
which China accounts for 8% of FH with predicted 7 million
HeFH cases and 5,000 HoFH cases, respectively, suggesting
that FH is a devastating disease and systemically basic and
clinical investigations are still warranted in China.

To better understand the mechanism underlying the
pathogenesis of FH in vivo, several animal models with
different species have been created to mimic FH, including
LDLR knockout mice [52], LDLR knockout rats [53], Wata-
nabe hereditary hyperlipidemia (WHHL) rabbits [54], LDLR
knockout rabbits [55] and LDLR knockout minipigs [56, 57].
Because LDLR knockout mice are themost commonly used
models for FH by far, which have been fully characterized
in different reviews and other species possess different
disadvantages of FH study, limiting the further applica-
tions for human FH and atherosclerosis. Herein, we only
listed a head to head comparison among these FH animal
models in Table 2 and mainly introduced CRISPR/Cas9
targeted-hamster with LDLR deficiency, a novel small
rodent model of FH.

Consistent with the phenotypes observed in human
FH, LDLR knockout hamsters on regular chow diet dis-
played hypercholesterolemia to different extent in the gene
dose dependent manner [58, 59]. The levels of plasma total
cholesterol were moderately increased to ∼500 mg/dL
in heterozygotes and significantly elevated to ∼1,000 mg/
dL in homozygotes. However, only homozygous LDLR
knockout mice exhibited a slight increase in plasma total
cholesterol levels, which were normal in heterozygous
LDLR knockout mice fed with chow diet. Cholesterol dis-
tribution analyzed by fast protein liquid chromatography
(FPLC) further confirmed that most of plasma cholesterol
was present on LDL to form a dominant peak contributing
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to hypercholesterolemia in both two forms of FH, whereas
HDLs were major components of plasma lipoproteins in
heterozygous LDLR knockout mice and comparable to
LDLs in homozygous LDLR knockout mice, demonstrating
that LDLR-deficient hamsters, but not mice, replicated the
characteristics of cholesterol metabolism described in FH
without any interventions. Previous studies reported the
difficulties to induce hypercholesterolemia in heterozy-
gous LDLR knockout mice, but when LDLR knockout
hamsters with heterozygous form were fed with a high fat
diet containing 0.5% cholesterol and 15% lard for
only 2 weeks, they showed combined hyperlipidemia with
increased total cholesterol and triglyceride,which have not
been seen in mice with the same genotype. As expected,
high fat diet resulted in a more severe hyperlipidemia in
homozygous LDLR knockout hamsters, thus leading to
high mortality rate caused. Taken together, loss of LDLR
predisposes only hamsters, but not mice, to diet-induced
hyperlipidemia.

The development of atherosclerotic plaques in coro-
nary arteries is a major consequence of hypercholester-
olemia in FH, who always dies from heart attacks,
suggesting that atherosclerotic progress should be closely
monitored. The lesionswere observed in aged homozygous
LDLR knockout hamsters (–18 months) under a normal
chow diet, whereas animals with the same genotype at the

age of 12 months did not develop obvious atherosclerotic
lesions in whole aorta and aortic root. Importantly, ho-
mozygous LDLR knockout hamsters with hypercholester-
olemia and hypertriglyceridemia rapidly developed
atherosclerotic lesions not only throughout whole aorta,
but also in coronary artery, which resembles human
ASCVD. Aswe have known that HeFH is relatively common
in human populations, the use of heterozygous LDLR
knockout hamsters for atherosclerosis study will provide
new insights into the pathogenesis of HeFH and the
development of lipid lowering agents because no species
lacking one copy of LDLR gene have been suggested due to
a normal lipid profile when maintained on normal chow
diet and the difficulties to induce hyperlipidemia by dietary
intervention. Guo and the colleagues [58] found that
in response to a high cholesterol/high fat feeding
for 12 weeks, heterozygous LDLR knockout hamsters dis-
played accelerated atherosclerotic lesions in whole aorta,
aortic roots and coronary artery. In a following study,
Wang et al. [60] reported that in heterozygous LDLR
knockout hamsters fed with diets containing variable
contents of cholesterol for different indicated time points,
severity of atherosclerosis was positively associated with
plasma cholesterol levels, which were easily modulated by
dietary cholesterol. Given that previous work using both
ApoE and LDLR-deficient mice showed that atherosclerotic

Figure 1: Genetic causes of familial hypercholesterolemia. A: After synthesized and secreted from endoplasmic reticulum (ER), low density
lipoprotein (LDL) receptor (LDLR) molecules are processed in the Golgi, and finally transported to the plasma membrane of cells, where LDLR
binds apolipoprotein B (ApoB)100-containing LDL particles. The complex undergoes endocytosis. In the endosomes, LDL particle and LDLR are
disassociated, leading to a direct delivery of LDL to lysosomes for degradation, whereas LDLR is recycled to the cell surface for future use. In
the meantime, intracellular cholesterol upregulates the expression of the proprotein convertase subtilisin/kexin 9 (PCSK9), which binds to
and internalizes LDLR for lysosomal degradation to maintain lipid homeostasis under normal condition. B: In familial hypercholesterolemia
(FH),① The LDLR mutations, namely LDLR（c.85A>T, c.97C>T, c.191_313del, c.195dupT…etc.) inhibit the product and recycle of LDLR;② The
gain-of-function ofmutations in PCSK9, namely PCSK9(c.7057C>T, c.10579C>T, c.10580G>A, c.12739C>T) cause increaseddegradationof LDLR;
③ The ApoB100 mutations, namely ApoB (c.523 + 2T>G, c.1069C>T, c.1120G>A, c.1399C>G) block the interaction between LDL and LDLR, all of
which impair LDLR-mediated cholesterol transport, thus leading to hypercholesterolemia.
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lesion sizes were not dependent on plasma cholesterol
levels and time [61], these crucial findings are encouraging
that heterozygous LDLRknockout hamsterswill be an ideal
animal model used for atherosclerosis study.

Many novel genes and/or proteins modulating plasma
LDL through LDLR pathway have been identified over the
past decades, such as PCSK9 and inducible degrader of
LDLR (IDOL), but their functions are still not completely

understood. Based on that LDLR is a master regulator of
LDL and the key discoveries of lipid metabolism and
atherosclerosis observed in heterozygous LDLR knockout
hamsters, it is important to test the agonist or inhibitor
targeting PCSK9 or IDOL. Recently, a collaborative study
led by Liu at Peking University and Chen at Novo Nordisk
Research Centre China, Beijing, confirmed a good response
of heterozygous LDLR knockout hamsters to Evolocumab,
a PCSK9 antibody, with lower plasma cholesterol and
reduced atherosclerotic lesions after high cholesterol/high
fat diet feeding [62]. Moreover, Ezetimibe, an inhibitor
of intestinal cholesterol absorption, also significantly
reduced plasma cholesterol in heterozygous LDLR
knockout hamsters. Of note that both Evolocumab and
Ezetimibe have been applied to the patients with hyper-
lipidemia for clinical trials, including FH, the positive
results fromheterozygous LDLRknockout hamsters treated
with Evolocumab or Ezetimibe suggest that this model also
be a helpful tool for drug development. Furthermore, Sun
et al. [63] found that lack of one copy of LDLR gene in
hamsters promoted pathological cardiac remodeling in the
setting of diabetes through Galectin 3-mediated pathway,
providing new ideas on the prevention of diabetic cardiac
remodeling. Interestingly, recent work by Gu et al. [63]
demonstrated that heterozygous LDLR knockout hamsters
showed cognitive impairment similar to that reported in
elderly HeFH patients attributed to impaired blood brain
barrier (BBB) caused by elevated LDL-C, which could
be attenuated by Yangxue qingnao wan and silibinin
capsules, the two Chinese medicines. In summary, LDLR
knockout hamsters targeted by CRISPR/Cas9, including
both heterozygous and homozygous form, represent a
valuable animal model with the characteristics of FH,
which will be a promising platform for the study of lipid
metabolism disorders and the related diseases, such
ASCVD, diabetes and neurodegeneration.

Triglyceride metabolism,
hypertriglyceridemia and ASCVD

Triglycerides (TGs) are major molecules carried on liver-
derived VLDLs and intestine-derived chylomicrons (CMs)
required for the usage and storage of energy and transport
of fatty acids. The process of TG metabolism is complex, in
which lipoprotein lipase (LPL) plays a central role. Under
normal conditions, TG-rich lipoproteins (TRLs) are hydro-
lyzed by LPL complex at the vascular surface of adipose
tissue, heart, muscle and other tissues, leading to the

Table : Current mammal animal models with FH.

Animal
model

Advantages Disadvantages Refs

LDLRKO
mouse

. Amenable to genetic
alterations.
. Atherosclerotic
plaques formation within
short time.

. Modest hypercholes-
terolemia in homozy-
gotes.
. Hard to develop
atherosclerotic lesions
under normal condition.
. Atherosclerotic lesions
distinct from those of
human.
. CETP deficiency.

[,
]

LDLRKO
rat

. Useful for studying not
only atherogenesis, but
obesity and insulin
resistance as well.
. More capable of surgi-
cal operations than
mouse.

Without gallbladder,
more resistant to diet
induced atherosclerosis
compared to mouse.

[]

WHHL
rabbit

. Human-like lipoprotein
metabolism and athero-
sclerotic lesion features.
. Smaller individual
heterogeneity.
. Hypercholesterolemia
at birth.

Breeding is difficult,
limiting its further
application.

[]

LDLRKO
rabbit

. Human-like lipoprotein
metabolism profile.
. Spontaneous athero-
sclerosis when fed a
normal chow diet.
. Abundant plasma CETP
activity.

Rabbits are more expen-
sive than mice and they
also have no hepatic
lipase activity and
ApoA.

[]

LDLRKO
minipig

. Similar to humans in
physiology, anatomy,
genetics, and size.
. Spontaneous
atherosclerosis on a
normal chow diet.

. Require specialized
housing, trained staff,
unique study facilities,
and specially formulated
diets.
. Absence of CETP.
. No phenotypes in
heterozygous minipig
fed with HCHF diet.
. High variability caused
by genetic backgrounds.

[,
]

KO: knock out.
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formation of large lipoprotein remnants and lipid transfer
between TRLs andHDL (Figure 2).When this LPL-mediated
hydrolysis process is dysfunctional, plasma TG levels
are significantly increased to different extents, eventually
resulting in hypertriglyceridemia (HTG). To our knowl-
edge, HTG is a multifactorial disease classically divided
into hereditary and non-hereditary disorders caused by
gene mutations and environmental intervention, respec-
tively (Table 3). Unlike hypercholesterolemia that has been
recognized as a risk factor of ASCVD, whether HTG is an
independent contributor to ASCVD still remains conflicting
and elusive for a long time. It is proposed that the size
of TRLs is a major determinant of their proatherogenic
property because TRL particles with large sizes, such as
CMs, cannot enter the subendothelial space to form foam
cells, a key component of atherosclerotic plaques [64].
However, recent emerging data with lipidomics and

proteomics show that TRL associated apolipoprotein C2
(ApoC2) and apolipoprotein C3 (ApoC3), two crucial mod-
ulators required for LPL activity, are closely linked to the
risk of CVD [65, 66], suggesting that they are potential
predictors for ASCVD. Considering the importance of
ApoC2 and ApoC3 in TG metabolism and ASCVD, in this
review we mainly discussed the Syrian golden models
lacking these two gene.

Familial hypertriglyceridemia and
Syrian golden hamsters with ApoC2
and ApoA5 deficiency

Familial chylomicronemia (FCS), one type of severe HTG,
largely caused by loss-of-functionmutations in Lpl gene, is

Figure 2: Triglyceride-rich lipoprotein metabolism. Triglyceride-rich lipoproteins (TGRLs) are classified into endogenous and exogenous,
which are derived from the liver and the small intestine, respectively. In the endogenous pathway, triglycerides (TGs) are synthesized in
hepatocytes using free fatty acids and then incorporated into the core of ApoB-containing very low density lipoprotein (VLDL) particles. After
secreted into plasma, VLDLs are hydrolyzed by lipoprotein lipase (LPL) generate smaller VLDLs and then intermediate density lipoproteins
(IDLs). IDL particles can be further catabolized by LPL and hepatic lipase (HL) to produce LDL particles. In the exogenous pathway, dietary fats
are absorbed by enterocytes and incorporated into ApoB48-containing chylomicrons (CMs), which then enter the circulation. Circulating CMs
are quickly hydrolyzed by LPL to form CM remnants that are cleared from circulation through receptor mediated pathway by the liver. The
released free fatty acids (FFAs) can be taken up bymuscle for energy usage and by adipose tissue for lipid storage, respectively. LPL-mediated
TG hydrolysis is the rate-limiting step during TG metabolism, which is highly regulated by other factors, including apolipoprotein C2 (ApoC2)
and apolipoprotein A5 (ApoA5), two critical activators required for LPL hydrolytic activity, and apolipoprotein C3 (ApoC3), an inhibitor. CE:
cholesteryl ester; LRP1: LDLR related receptor 1; MG: monoglyceride; TG: triglyceride.
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a rare genetic disorder with a prevalence of one per
million [67, 68]. It has been reported that ApoC2 functions
as a key activator required for LPL catalytic activity, thus
playing a central role in the TG hydrolysis process medi-
ated by LPL [69]. Until now, there are more than 30 ApoC2
mutations reported in different clinical cases world
wide [68]. Clinical data show that hypertriglyceridemic
patients with TG>1,000 mg/dL always present a high risk
of acute pancreatitis. Therefore, individuals with severe
HTG (TG>10,000 mg/dL) caused by ApoC2 mutations
are predisposed to recurrent acute pancreatitis, a life-
threatening disease seriously influencing life quality,
who need repeated hemodialysis all life.

Given the crucial role of ApoC2 in TGmetabolism, it is
rational to establish an experimental animal model
lacking ApoC2 to investigate the impact of ApoC2 on
human disease and build up a powerful tool for the
screening of TG lowering compounds. However, Shachter
et al. [70] found that overexpression of human ApoC2 also
present unexpected HTG in mice similar to the patients
with ApoC2 mutations, in which the amounts of plasma
ApoC2 were reduced, indicating that the role of ApoC2 in
TG metabolism is complex and more animal models
will be needed. Unfortunately, no homozygous ApoC2-
deficient mice with HTG were obtained due to embryonic
lethality using homologous recombination. Recently, a

team from Remaley’s laboratory at the National Institutes
of Health (NIH) applied zinc finger nuclease technology to
target mouse ApoC2 [71]. They observed that this mouse
model has a full length and immature ApoC2 protein that
cannot be efficiently cleaved to form an active structural
conformation and largely accumulates on cholesteryl
ester-rich HDLs, but not TRLs, leading to the inability to
hydrolyze plasma TG and thus HTG [71]. Further investi-
gation discovered that ApoC2 mutant mice showed an
increase in circulating ApoC2 concentration similar to
that observed in mice overexpressing human ApoC2, but
ApoC2 deficient patients, meaning that this is not an
ApoC2 knockout mouse model [71]. At the same time,
Liu et al. [72] at the University of California, San Diego,
successfully deleted the Apoc2 gene from zebrafish and
an experimental model with ApoC2 deficiency, showing
reduced LPL activity and then FCS, a phenotype that is
similar to ApoC2-deficient patients in clinics. Although
zebrafish as a laboratory animal model has many
advantages in biological study, including lipid research,
it is not a mammal with an obvious difference in vascular
biology and its application for atherosclerosis study is
limited.

To better understand the precious function of ApoC2
in TG metabolism, we used CRISPR/Cas9 technology for
the first time to generate a small rodent animalmodel with

Table : A summary of primary and secondary causes of HTG.
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ApoC2 deficiency using Syrian golden hamster [73].
Unlike ApoC2 deficient mice with embryonic lethality,
ApoC2 knockout hamsters could survive up to 9 days after
birth, showing small size, pink blood vessels and milky
plasmawithmarked elevation of TG (∼20,000mg/dL) and
total cholesterol (∼2,000mg/dL) during lactation. Further
biochemical and pathological analysis revealed that
ApoC2 pups exhibited morphological changes in multiple
organs, such as liver, kidney and pancreas with a signif-
icant reduction in blood glucose level. However, repeated
injection of glucose could not rescue the early death,
demonstrating that multiple organ injury caused by
severe HTG, but not low glucose, probably contributed
to this death. To prevent neonates with ApoC2 deficiency
from early death, we continuously administered WT
hamster serum containing endogenous ApoC2 to ApoC2
pups though intravenous injection every 3 days till
weaning and found that 80% of ApoC2 knockout pups
could survive to adulthood without any overt morpho-
logical changes in different tissues, but still showing
severe HTG because administration of WT hamster serum
only temporarily corrects severe HTG due to a fast
catabolic rate of endogenous ApoC2 by kidney in vivo.
Thus, adult ApoC2 knockout hamsters rescued using
WT hamster serum present no endogenous ApoC2. In the
following experiments, we found that adult ApoC2
knockout hamsters with severe HTG showed a resistance
to different lipid lowering agents. A special diet contain-
ing medium chain fatty acids could partially reduce
TG levels, whereas recombinant human ApoC2 expressed
by adeno-associated virus (AAV-hApoC2) completely
corrected this refractory hyperlipidemia in both neonatal
and adult ApoC2 knockout animals in a long-termmanner
without any adverse effects [74], suggesting that
AAV-mediated gene therapy will be a potential thera-
peutic approach for severe HTG caused by ApoC2 muta-
tions. Furthermore, a causal link between HCS with very
large TRLs and atherogenesis was discovered in our
model because ApoC2 knockout hamsters developed
spontaneous atherosclerotic lesions through whole aorta
and aortic toot at the age of 8 months on a regular chow
diet; however, before that the relationship betweenApoC2
and atherosclerosis was not clear due to lacking of
a proper animal model and a very small size of case
number. It is worth to note that WT and LDLR knockout
hamsters receiving AAV-hApoC2 showed moderate HTG
and severe HTG, while as in another study, Pulawa
et al. [75] at the University of Colorado at Denver found
that HTG in ApoC2 transgenic mice was improved by
overexpressing LPL inmuscle, suggesting that the ratio of
ApoC2 and LPL should be considered as a more important

determinant factor of plasma TG levels when ApoC2 is
targeted for the treatment of severe HTG.

Additionally, apolipoprotein A5 (ApoA5), another
protein secreted by liver, is also important for
LPL-mediated TG hydrolysis in plasma. Clinical data
reported that ApoA5 variants always affect LPL activity
to elicit HTG and then increase the incidence of athero-
sclerosis in different populations [76–78]. Transgenic
mice overexpressing human ApoA5 had a lower plasma
TG levels and reduced atherosclerotic lesions in the
atherosclerosis prone mice compared to control
mice [79]; however, hepatic TG contents were significantly
increased [80]. In ApoA5 knockout mice, Berg et al. [81]
from Leiden University Medical Center, Netherlands, re-
ported that ApoA5 deficiency exacerbated high fat diet-
induced obesity, but Shulman and his team [82] from Yale
University, New Haven, found that knocking down hepatic
ApoA5 using an antisense oligonucleotide (ASO) improved
whole-body insulin sensitivity in high fat-diet fed
mice.These controversial observations from mice indicate
a puzzlement over the role of ApoA5 in TG metabolism,
leading to no conclusion on whether ApoA5 deficiency
accelerated atherosclerotic development to date. Based on
this unsolved problem, we constructed ApoA5 knockout
hamsters using CRISPR/Cas9 and found that ApoA5 defi-
ciency in hamsters resulted in a phenotype of HTG
resembling the patients with decreased ApoA5 caused by
loss-of-function mutations (data unpublished). Future
comprehensive studies will be conducted using this
hypertriglyceridemic model to investigate TG meta-
bolism and atherosclerosis, and we believe that ApoA5
knockout hamster will provide new insights into the
relationship between HTG cause by ApoA5 deficiency
and atherosclerosis.

ApoC3, hypolipoproteinemia and
ApoC3 knockout hamsters

Unlike ApoC2 and ApoA5 described above, which activate
LPL function, the key function of ApoC3 is to inhibit the
hydrolysis of TG on TRLs mediated by LPL [83], impair the
clearance of TRL remnants by lipoprotein receptors in
liver [84]. Therefore, ApoC3 is an important regulator of
plasma TG, and the relationship between ApoC3 and HTG
has been well documented. Large scale population-based
cohort studies have found that the elevated levels of
plasma ApoC3 are positively correlated with higher con-
centrations of circulating triglyceride and the incidence of
CHD [85]. In agreement with the findings observed in
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human studies, transgenic mice overexpressing human
Apoc3 gene show overt HTG, which predisposes animals to
diet-induced atherosclerosis in the ApoE or LDLR deficient
background [86, 87]. Moreover, some epidemiological
cases report that patients carrying loss-of-function of
Apoc3mutants show both reduced levels of plasma ApoC3
protein and triglyceride associated with a decreased risk of
ASCVD supporting the concept that ApoC3 would be a
promising target for HTG and atherosclerosis [88–90].
Indeed, several clinical trials with antisense nucleotide and
monoclonal antibodies are nowunder development [91–93].
However, recent controversial findings are reported by
other studies of human and experimental animals. Homo-
zygotes lacking ApoC3 caused by a mutation called C19X
display anti-atherogenic lipid profile, but their CHD pro-
portion does not have any difference when compared
to normal people or heterozygotes. Consistently, the bene-
ficial effect of ApoC3 deficiency on atherosclerotic devel-
opment in LDLR-deficient mice is not observed in our
previous study [87], suggesting that ApoC3 plays a central
role in triglyceride metabolism, but how it relates to ASCVD
still remains elusive.

On this basis, we targeted ApoC3 in Syrian golden
hamsters using CRISPR/Cas9 and fully characterized the
lipoprotein metabolism and atherosclerosis of ApoC3
knockout hamsters. We found that plasma TG was signif-
icantly reduced in chow diet-fed ApoC3 knockout hamsters
due to an increased clearance of circulating TRLs, which
was consistent with the findings in ApoC3 knockout mice
and hypertriglyceridemic patients receiving ASO of ApoC3.
In addition, the key finding of less VLDLs and more LDLs
uncovered by the lipoprotein disc electrophoresis was in
agreement with the observation in carriers with ApoC3
R19X null mutation, indicating an increased conversion of
VLDLs to LDLs, then leading to an elevation of
LDLs [94, 95]. These elevated LDLs could be effectively
cleared by liver through lipoprotein receptor-mediated
uptake pathways. Although HDL-C levels did not alter in
ApoC3 knockout hamsters on regular chow diet whereas
homozygotes with ApoC3 R19X showed lower HDL-C levels,
this difference in HDL-C between hamster and human could
be attributed to the distinct diet ingredients. To our knowl-
edge, unlike human diets that contain variable amounts
of cholesterol and fat, the regular chow diets for rodent
animals are generally poor in cholesterol and fat [96].
Moreover, HDL-C is susceptible to the environmental
interventions, including high fat diets [97]. Therefore, the
changes in HDL-C levels in WT and ApoC3 knockout ham-
sters were only observed upon high cholesterol/high fat diet
feeding, but not regular chow diet, demonstrating that
ApoC3 knockout hamsters also exhibited a trait of HDL

metabolism similar to that observed in human with R19X
mutation.

Consistently, ApoC3 knockout hamsters fedwithHCHF
diet for 4months exhibited an anti-atherogenic profile with
reduced TC and TG levels accompanied increased HDL-C
level [98].We speculated that quick clearance of large TRLs
was still the major contributor to the reduction in the
concentrations of TC and TG in ApoC3 knockout hamsters.
As a consequence of the anti-atherosclerotic changes in
lipid metabolism, the atherosclerotic plaque formation in
vascular wall was obviously alleviated in ApoC3 knockout
hamsters, suggesting that ApoC3 played a detrimental role
in atherosclerosis. Importantly, the differences of aortic
lesions betweenWT and ApoC3 knockout hamsters may be
related to the distribution of lesions in hamsters because
there are more lesions found in abdominal and thoracic
aorta than aortic arch and sinus in hamsters than in
mice [59]; therefore, the differences in these regions can be
detected easily.

To our knowledge, inhibitors of ANGPTL3 and ApoC3
have been tested in patients with HTG in phase 3 clini
cal trials, whereas Evinacumab, a monoclonal antibody
against ANGPTL3 was reported to reduce LDL levels in the
patients with refractory hypercholesterolemia through
endothelial lipase (EL) [99], but the beneficial effect of
ApoC3 inhibition on FH has not been investigated yet.
It will be tempting for us to elucidate the relationship be-
tween targeting ApoC3 and FH using LDLR and ApoC3
double knockout hamster and explore novel mechanisms
bywhich ApoC3 inhibition lowers circulating lipid levels in
the absence of LDLR in the near future.

HDL metabolism,
hypoalphalipoproteinemia and
Syrian golden hamsters with LCAT
or ABCA1 deficiency

Under normal HDL metabolism condition, apolipoprotein
A1 (ApoA1) is primarily synthesized and secreted by the liver
and the intestine. Circulating ApoA1 serves as a receptor for
phospholipid and unesterified cholesterol from phospho-
lipid transfer protein (PLTP)-mediated lipid transfer and
ATP-binding cassette transporter A1 (ABCA1)-mediated
cholesterol efflux, respectively. This reaction is the initial
step of reverse cholesterol transport (RCT), an important
process to modulate cholesterol homeostasis and play
beneficial roles in atherogenesis in vivo. Lecithin cholesterol
acyltransferase (LCAT), a secretory protein that is mainly
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synthesized by the liver and the only cholesterol esterase in
plasma [100] promotes the formation of αHDL, a mature
form, by converting cholesterol and phosphatidylcholine
into cholesteryl esters and lysolecithin, which is indis-
pensable to maintain HDL stability and RCT [101] (Figure 3).
Loss-of-function mutations in ABCA1 and LCAT cause
hypoalphalipoproteinemia with extremely low HDL-C
in patients and mice lacking these two genes also show
undetectableHDL-C.However, unlike hypercholesterolemia
and hypertriglyceridemia with elevated plasma cholesterol
and triglyceride, respectively, which are positively associ-
ated with the increased risk of ASCVD, the relationship
between low HDL cholesterol (HDL-C), so called “good
cholesterol”, andASCVD still needs to be investigated based
on the inconsistent results from the studies of both human
and experimental animal models, including mice and rab-
bits (Table 4). We will introduce two novel hamster models
with LCAT and ABCA1 deficiency in this review.

LCAT, low HDL and LCAT knockout
hamsters

As an enzyme, LCAT has two different catalytic activities.
On one hand, it exerts the function of phospholipase A2

activity to release fatty acids from the sn-2 position
of phosphatidylcholine; on the other hand, it possesses
transesterification activity, which transfers fatty acids to
hydroxyl group of cholesterol. In humans, the symptoms of
LCAT deficiency aremainly characterized by extremely low
HDL-C levels, elevated free cholesterol and triglyceride
levels. Basically, LCAT deficiency is divided into two types:
familial LCAT deficiency (FLD)with complete loss of both α
and β activities required for the esterification of free
cholesterol in HDL and LDL, respectively, whereas fish eye
disease (FED) with partial loss of LCAT activity with
preserved β activity. Anemia and renal dysfunction are
the most common manifestations in FLD patients, while
corneal turbidity is always observed in FED patients.
Although LCAT has been proposed to have α and β activ-
ities, which have different impacts on atherosclerosis [102].
However, there is no direct evidence elucidating this
unsolved problem to date since LCAT was discovered in
1967.

It has been reported that HDL plays multiple favorable
roles of RCT, anti-inflammation and anti-oxidation in
atheroprevention. Low HDL is closely associated with
hypertriglyceridemia and diabetes mellitus, contributing
to accelerated atherosclerosis. Although deficit of LCAT
activity leads to a significant reduction in HDL levels,
which might theoretically exacerbate atherosclerosis,

Figure 3: HDL metabolism and reverse
cholesterol transport.Nascent high density
lipoprotein (HDL) particles (preβ-HDL),
originally formed from apolipoprotein A1
(ApoA1) secreted by the liver, become
lipidated when cholesterols are loaded via
ATP-binding cassette A1 (ABCA1) or
ATP-binding cassette A1 (ABCG1) from
different cell types. Free cholesterol within
the HDL is transformed into CE by lecithin–
cholesterol acyltransferase (LCAT). Lipid-
rich HDL particles (α-HDL) undergo lipid
exchange with ApoB-containing particles
(VLDL, LDL) through cholesteryl ester
transfer protein (CETP) and phospholipid
transfer protein (PLTP), followed by a he-
patic degradation through scavenger re-
ceptor class B type 1 (SR-B1) mediated
pathway, which is called reverse choles-
terol transport (RCT) that is important for
lipid homeostasis in vivo.
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clinical findings are contradictory, even showing that
low HDL is not associated with atherosclerotic develop-
ment [103]. Recently, Oldoni et al. [102] reported that pre-
served β activity of LCAT to maintain cholesterol
esterification in ApoB-containing lipoproteins, such as
LDLs, was a determinant of atherosclerosis in the patients
with LCAT mutations when using carotid intimal-media
thickness (cIMT); however, the application of cIMT for the
evaluation of atherosclerosis in vivo may be revisited
because it cannot accurately measure the atherosclerotic le-
sions in vascular wall [104, 105]. In the studies using exper-
imental animals, LCAT knockout mice crossed with
atherosclerosis pronemousemodels, LDLR or ApoE-deficient
mice, showed either pro-atherogenic or antiatherogenic ef-
fects, depending on lipoprotein profilesmodulatedbydietary
interventions, but not LCAT per se [106, 107].

To answer this question, LCAT knockout hamsters were
created using CRISPR/Cas9 technique. Maintained on
normal chow diet, LCAT knockout hamsters displayed
extremely low HDL andmarkedly increased free cholesterol
in plasma, accompanied by elevated TG, a phenotype
similar to that observed in humans with LCAT deficiency.
Lipidomics analysis revealed that circulating phosphati-
dylcholine and phosphatidylethanolamine, two substra-
tes of LCAT-mediated cholesteryl esterification were

significantly increased, whereas cholesteryl ester and lyso-
lecithin, two products of LCAT-mediated reaction, were
largely reduced [108]. Moreover, TG (54:2), one of the 3 top
lipid species used to predict the risk of CVD in the
prospective population-based Bruneck [108], was also
increased by 2.5 folds in LCAT knockout hamsters. Accu-
mulation of free cholesterol in plasma inhibitedLPL activity,
leading to elevatedTG levels.Uponhighcholesterol/high fat
diet feeding, LCAT knockout hamsters developed more
atherosclerotic lesions relative to wild type controls [109]. In
the following study, Guo et al. [110] investigated the influ-
ence of LCAT deficiency on spontaneous atherosclerosis.
They found that although male and female LCAT exhibited
different blood lipid profiles, especially total cholesterol,
aged LCAT knockout hamsters (>16 months) present accel-
erated atherosclerotic lesions, which was only positively
correlated with plasma malondialdehyde (MDA) indepen-
dent of total cholesterol levels, indicating that the ratio of
HDL-C and TG or lipid status could be considered as a reli-
able predictor for atherosclerosis in FLD patients. Of note,
these observations confirm that LCAT plays a protective role
in atherosclerosis, suggesting that LCAT will be a promising
target for ASCVD and the hamster model with LCAT defi-
ciency will provide a platform to develop therapeutic
approaches to low HDL and ASCVD caused by FLD.

Table : LCAT, ABCA, low HDL-C and ASCVD.

Genes Species Gene loci Intermediate phenotypes ASCVD risk Refs

LCAT Human LCAT mutant Extremely low HDL-C Unchanged [, ]

Increased [, ]

Heterozygous LCAT deficiency Extremely low HDL-C Increased [, , ]

Homozygous LCAT deficiency Unchanged []
Mouse LCAT overexpression Increased HDL-C Increased []

LCAT deficiency Decreased HDL-C Unchanged []

Decreased [, ]

Decreased HDL-C, increased cholesteryl
esters in apoB-containing lipoproteins

Increased []

Rabbit LCAT overexpression Increased HDL-C Decreased [–]

ABCA Human SNPs located near the ABCA gene Small changes in the levels of HDL-C Unchanged [, ]
Missense variants in ABCA Decreases in cholesterol efflux Increased [–]

Lower plasma levels of HDL cholesterol Unchanged [, ]
Mouse Macrophage ABCA deficiency Low HDL-C Increased []

Hepatic ABCA deficiency Increased [, ]

Leukocyte ABCA deficiency Unchanged HDL-C Increased []

ABCA global knockout Low HDL-C Unchanged []

HDL-C: high density lipoprotein-cholesterol; ASCVD: atherosclerosis-related cardiovascular disease.
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ABCA1, hypolipoproteinemia and
ABCA1 knockout hamsters

Since ABCA1 participates in the initial step of RCT and HDL
maturation, it is referred as RCT gatekeeper [111]. This
ABCA1 is a key modulator of cholesterol efflux to reduce
foam cell formation and thus inflammatory response to
lipid accumulation in vascular wall [112]. Previous work
demonstrate that an increase in cholesterol efflux by 50%
and plasma HDL-C levels by 30%, both of which are
mediated by ABCA, is associated with reduced incidence of
CAD by up to 50% [113]. Recently, ABCA1 expression at
the transcript levels is inversely associatedwith plasma hs-
CRP concentration by Li et al. [114]. In vitro experiments
showed that could directly inhibit the expression of
inflammatory markers, such as ABCA1 interleukin-1β
(IL-1β), interleukin-6 (IL-6) and tumor necrosis factor-α
(TNF-α) [115]. This evidence demonstrates that ABCA1 also
possesses anti-inflammatory property [113, 114].

In 1999, ABCA1 gene was firstly linked to Tangier’s
disease (TD) in humans, a rare genetic disorder with
complete loss of HDL in circulation, abnormal intracel-
lular cholesterol accumulation and impaired efflux of
cholesterol and phospholipid together with obvious sys-
temic inflammation, which was originally reported
in 1959. Today, there are approximately 100 cases iden-
tified worldwide. Patients with TD have been reported to
have an increased risk of atherosclerosis [116] and kidney
glomerulonephritis [117]. Surprisingly, ABCA1 knockout
mice with very low HDL-C and normal TG levels, had
no spontaneous atherosclerosis nor significant renal
damage on normal chow diet. After crossed with ApoE- or
LDLR-deficient mice, atherosclerotic lesions were not
significantly aggravated by ABCA1 deficiency, which
was attributable to a marked reduction in plasma total
cholesterol. A significant difference in atherosclerotic
lesion was observed only when ABCA1 was specifi
cally deleted from macrophages without affecting total
cholesterol levels compared to control mice [118]. Unfor-
tunately, such inherited tissue-specific genemutations do
not occur in humans, implying that conditional knockout
mice cannot mimic TD for future translational study.

Therefore, it is rational to establish another ABCA1

knockout animal model with different species to study the

relationship between ABCA1 and atherosclerosis. Using

CRISPR/Cas9, we and Qin generated a hamster model

lacking ABCA1 in China. As expected, ABCA1 knockout

hamsters showed similar characteristics in terms of dysli-

pidemia to TD patients with loss-of-function mutations in

ABCA1gene: (1) undetectableHDLandApoA1; (2) increased
free cholesterol levels; (3) no significant change in total
cholesterol; (4) elevated TG concentration in VLDL frac-
tions; (5) decreased CETP activity (unpublished data).
Importantly, while ABCA1 knockout hamsters present a
significantly shorter lifespan of 6–8 months with reduced
body weight and abnormal blood biochemical parameters,
while wild type hamsters could survive up to 3 years.
Spontaneous atherosclerosis was observed in normal
chow-fed ABCA1 knockout hamsters before they died
(unpublished data).

Vascular dementia not only triggers atherosclerotic
plaques, but also brain dysfunction. As ABCA1 plays an
important role in vascular disease, the same gene definitely
affects central nerve systembecauseof its highexpression in
brain. Previously, Nordestgaard et al. [119] found that loss-
of-function ABCA1 gene mutations predisposed individuals
to a high risk of Alzheimer’s disease, suggesting that
disrupting normal ABCA function will cause impairment of
recognitionandmemory. Inour studyofY-mazeandnovelty
recognition, ABCA1 knockout hamsters showed impaired
ability of learning and memory compared with WT ham-
sters, suggesting that loss of ABCA1 had a detrimental effect
on brain function. Further study demonstrated that this
impairment in brain was largely attributed to serious
inflammation, leading to the disappearance of cytoplasmic
Nissl bodies, neuronal swelling.

These results described above suggest that the ABCA1
knockout hamsters resemble TD patients in clinics caused
by loss-of-function mutations in ABCA1 gene, providing
the encouraging experimental evidence for clinical prac-
tice and will be a reliable tool to study ABCA1, hypo-
alphalipoproteinemia and related diseases.

Limitations and perspective of
hamsters as animal models of
dyslipidemia and atherosclerosis

Although hamsters have many advantages over other
species as a rodent model similar to human in the traits of
lipid metabolism and the distribution of atherosclerotic
lesions, the limitations cannot be ignored summarized
below, which need to be improved in future study.
(1) The establishment of standardized experimental

methods. Small rodent species, such as mice and
rats, are widely used for basic research with standard
protocols that has not been established and optimized
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in hamsters due to the small application range of
hamsters. For example, blood collection. As we know,
the tail of hamster is short,making it impossible to use
regular tail vein injection for some experiments, but
intravenous administration should be considered.
Herein, we suggest that a route of administration
through the external jugular vein is the best method.
Although technically, it is more complex, the reli-
ability of intravenous administration can be ensured.

(2) Lack of dedicated equipment and tools. Recently, the
existing experimental equipment and reagents are
mostly designed for humans andmice. Because there is
no equipment specific for hamsters, sometime it is
inconvenient to set up experiments. To our knowledge,
a common sphygmomanometer used for mice and rats
cannot be applied for hamsters due to differences in
body size between hamsters and other small rodent
animals. The probes of B-ultrasonography are also
designed for mice and rats, but not hamsters. More-
over, various commercially available antibodies
against different hamster antigens are still lacking,
indicating that only polyclonal antibodies with cross
reaction among different species can be used.

(3) Lack of inbred strains. Currently, most hamsters for
laboratory use belong to the close colony, but inbred
strains, leading to a relatively large variation in the
individuals from intra-group sample and difficulty to
make a clear conclusion when the sample size is small
in some experiments. Therefore, the sample size
required for the experiment is large to make the
experiment more difficult. However, given that hu-
man populations over the world are diverse, this trait
of hamsters is highly similar to that of human, giving
hamsters a lead in precision medicine and trans-
lational research of human diseases. Eventually, the
conclusions drawn from the experiments using ham-
sters as experimental animal models may be closer to
the discoveries in humans when the sample size is
appropriately increased.

In summary, although there still are those limitations,
hamster as a valuable experimental model will gain more
attention in the fields of metabolic disorders and ASCVD
because of its high similarity to human in terms of lipid
metabolism and the success of more genetically engi-
neered models. With the development of gene editing
technology, the standardization of experimental protocols
and new experimental products, and the generation of
inbred strains, we believe that the application perspective

of genetically engineered hamster models in the field of
lipid metabolism and ASCVD will be brilliant.
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