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Familial hypercholesterolemia (FH) is an autosomal dominant genetic disease caused mainly by LDL receptor
(Ldlr) gene mutations. Unlike FH patients, heterozygous Ldlr knockout (KO) mice do not show a dominant FH
trait. Hamsters, like humans, have the cholesteryl ester transfer protein, intestine-only ApoB editing and low he-
patic cholesterol synthesis. Here, we generated Ldlr-ablated hamsters using CRISPR/Cas9 technology. Homozy-
gous Ldlr KO hamsters on a chow diet developed hypercholesterolemia with LDL as the dominant lipoprotein
and spontaneous atherosclerosis. On a high-cholesterol/high-fat (HCHF) diet, these animals exhibited severe hy-
perlipidemia and atherosclerotic lesions in the aorta and coronary arteries. Moreover, the heterozygous Ldlr KO
hamsters on a short-termHCHFdiet also had overt hypercholesterolemia, which could be effectively ameliorated
with several lipid-lowering drugs. Importantly, heterozygotes on 3-month HCHF diets developed accelerated le-
sions in the aortas and coronary arteries.
Our findings demonstrate that the Ldlr KO hamster is an animal model of choice for human FH and has great po-
tential in translational research of hyperlipidemia and coronary heart disease.
rotein E;
diet; CHD
short pal
olemia; H
gous fam
KO, knoc
PL, lipop
low dens

. Xian), g

. This is a
©2017 TheAuthors. Published by Elsevier B.V. This is an open access article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Keywords:
LDL receptor
Golden Syrian hamster
Hyperlipidemia
Atherosclerosis
CRISPR/Cas9
1. Introduction

Familial hypercholesterolemia (FH) is a major form of hypercholes-
terolemia characterized by elevated blood cholesterol levels due to de-
layed clearance of plasma low density lipoproteins (LDLs), leading to
the early onset of cardiovascular and cerebrovascular diseases (Hobbs
CETP, cholesteryl ester
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et al. 1992). FH pathogenesis hinges upon loss-of-function mutations
in the Ldlr gene, which interacts with additional genetic and environ-
mental factors. Significant resources have been allocated to FH research,
including animal models based on various species in which human FH
can be simulated by deleting the Ldlr gene with current genetic engi-
neering techniques (Ishibashi et al. 1993; Li et al. 2016). Among these
species, mice have been the most popular because of their small size,
rapid breeding and low cost. However, lipid metabolism in mice differs
from that in humans with respect to 1) the absence of cholesteryl ester
transfer protein (CETP), 2) the presence of both intestinal and hepatic
ApoB editing activity, and 3) the high hepatic expression of Ldlr
mRNA. Thus, mice are “HDL predominant” because they lack CETP-
mediated cholesterol transfer fromHDL to VLDL and display a fast clear-
ance of ApoB48-containing lipoproteins resulting from additional he-
patic ApoB editing. Despite the current widespread use of Apoe KO
and Ldlr KO mice to mimic human atherosclerosis, obvious differences
in murine genetic andmetabolic profiles limit their further applications
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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(Getz and Reardon 2006). In contrast, golden Syrian hamsters are small
rodents that exhibit many features that are similar to those of humans,
including lipoprotein profile, high plasma CETP levels, and ApoB editing
only in the intestine (Reaves et al. 2000). In particular, hamsters are sus-
ceptible to high-fat diet-induced combined hyperlipidemia (Haidari
et al. 2002). In addition, one study (Bjorklund et al. 2014) recently
used AAV-mediated hepatic gene delivery to introduce a PCSK9 gain-
of-function mutant gene (rAAV8-D377Y-mPCSK9) to hamsters, and
their results revealed hypercholesterolemia and atherosclerosis that
were similar to those observed in mice when both species were fed a
western-type diet. However, this non-germline approach is question-
able because although N95% of hepatic LDLR is reduced in the rAAV8-
D377Y-mPCSK9 model, the plasma cholesterol levels are not as high
as those in the Ldlr−/− model, indicating that LDLR from extrahepatic
or other tissues can contribute to this cholesterol-lowering effect. Addi-
tionally, a systemic review of the literature reveals that genes associated
with atherosclerosis in mice are scarcely confirmed in human diseases
with common genetic variants, suggesting that the use of gene-
modified mouse models is insufficient to fully understand the potential
pathogenesis underlying atherosclerosis (Pasterkamp et al. 2016). Fur-
thermore, due to the technical limitations of hamster embryomanipula-
tion, genetically modified hamster models have not been generated to
study the human hereditary hyperlipidemia pathogenesis and experi-
mental interventions.

Recently, we achieved a technological breakthrough in hamster em-
bryo manipulation and successfully generated the genetically
engineered hamster (Gao et al. 2014). Herein, we report the generation
of Ldlr knockout hamsters using the CRISPR/CAS9 gene editing tech-
nique (Cong et al. 2013) and show that this model manifests patholog-
ical phenotypes similar to those of humans with respect to autosomal
inherited hypercholesterolemia and coronary atherosclerotic lesions.

2. Materials and Methods

2.1. Hamster Model

Golden Syrian hamsters were purchased from Vital River Laborato-
ries (Beijing, China) and maintained in an air-conditioned room with a
14/10-hour light/dark cycle. For HCHF diet intervention experiments,
8–10 weeks old animals were fed with HCHF for the indicated time
points. All experiments were monitored according to the principles of
laboratory animal care (NIH publication no.85Y23, revised 1996) and
approved by the Animal Care and Use Committee of the Peking univer-
sity health science center (LA2010-059).

2.2. sgRNA Design

The sgRNA targeting sites of interest were identified by searching for
the GG(N)18NGG motifs in the DNA sense or antisense strands. The
specificity of the sgRNA target sites was analyzed according to the
basic local alignment search tool (BLAST) applied to the golden Syrian
hamster genome. The targeting sequence of the Ldlr gRNAs was
gaaatgcatcgccagcaag[tgg].

2.3. Production of sgRNA and Cas9 mRNA

The sgRNA template was amplified by PCR. In a 50-μL PCR volume,
the reaction comprised a unique oligonucleotide (CRISPRF) harboring
the T7 polymerase binding site; the sgRNA target sequence, GG(N)18;
and a common oligonucleotide (sgRNAR) encoding the remainder.
The reaction was performed on a thermal cycler (98 °C for 30 s and
35 cycles of 98 °C for 10 s, 60 °C for 30 s, and 72 °C for 15 s, followed
by 72 °C for 10 min and 4 °C for ∞), and the PCR products were purified
using a Gel DNA Extraction Kit (TAKARA) and by phenol chloroform ex-
traction, with subsequent isopropanol precipitation. The sgRNA tem-
plate was transcribed using Megascript T7 Kit (Ambion) in vitro,
purified with the MEGAclear Kit (Ambion), diluted in RNase-free
water to a final concentration at 200 ng/μL and stored at−80 °C for fu-
ture use.

The PXT7 construct carrying a humanized cas9 cDNAwasused as the
DNA template for the amplification of the cas9 coding sequence. The
PXT7 vector was linearized with XbaI and purified by ethanol precipita-
tion. Cas9 mRNA was transcribed using linearized template DNA with
the mMESSAGE mMACHINE T7 kit (Ambion) and purified by phenol
chloroform extraction and isopropanol precipitation. Cas9 mRNA was
diluted into RNase-free water to a final concentration at 500 ng/μL and
stored at−80 °C for future use.

2.4. Microinjection

Microinjectionswere performed under amicroscopewith redfilters.
M2 medium covered by mineral oil was used as the injection medium.
sgRNA (20 ng/μL) and cas9 mRNA (50 ng/μL) were co-injected into
the cytoplasms of fertilized eggs with well-recognized pronuclei in M2
medium (Sigma-Aldrich, St. Louis, MO, USA). The injected zygotes
were cultured in HECM-10 medium at 37.5 °C under 10% CO2 for
30 min. Thereafter, the injected embryos with normal morphology
were transferred into each oviduct (approximately 15 embryos per ovi-
duct) through the fimbriae of the female recipients; the females were
naturally mated with male litters for 24 h before the transfer, as de-
scribed previously (Fan et al. 2014).

2.5. Genotyping

Genomic DNA was extracted from the toes into 200 μL of squishing
buffer (10 mM Tris-HCl, 1 mM EDTA, 25 mMNaCl, 500 mg/mL protein-
ase K, pH8.2) and incubated at 55 °C for 12 h, followed by inactivation at
95 °C for 10 min. The targeted fragments were amplified from the ex-
tracted DNA, and mutations were identified by Sanger sequencing.
The Ldlr KO hamsters were genotyped with primers Ldlr-F (5′-CGGCCC
AGATGTCAATAT-3′) and Ldlr-R (5′-GTGAAACCCTCCAAACCC-3′).

Furthermore, the amplified products were cloned into the pEASY-T1
vector (Transgen Biotech). After transformation of the reactions, the
targeted DNAs isolated from single clones were sequenced.

2.6. Off-target Analysis

Potential off-target analysis was based on the rules indicating that
sequences matching the final 12 nt of the target sequence and PAM se-
quence may cause off-target effects (Cong et al. 2013). Potential off-
target fragments were amplified from the extracted DNA and identified
by Sanger sequencing.

2.7. Plasma Lipids, Oral Fat Load, VLDL Secretion and LPL Activity Assay

The total plasma cholesterol (TC) and triglyceride (TG) levels were
determined enzymatically using commercially available kits (Sigma).
After ApoB-containing lipoproteinswere precipitatedwith20%polyeth-
ylene glycol solution, HDL cholesterol (HDL-c) was measured with the
aforementioned kit. Fast-Protein Liquid Chromatography (FPLC) of plas-
ma lipoproteins was performed from pooled plasma aliquots (250 μL)
and applied to Tricorn high-performance Superose S-6 10/300GL col-
umns using a fast-protein liquid chromatography system (Amersham
Biosciences), followed by elution with PBS at a constant flow rate of
0.25mL/min. Eluted fractions (500 μL per fraction)were assessed for tri-
glyceride and cholesterol concentrations using the same TG and choles-
terol kits.

In the oral fat load assay, 8–10 weeks old male hamsters on chow
diet were fasted for 12 h and then gavaged with olive oil (10 mL/kg
body weight). Plasmawas collected for TGmeasurement at the indicat-
ed time points (0 h, 0.5 h, 1 h, 2 h, 3 h, 4 h, and 8 h) after gavage.
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After male hamster on the indicated diets for twoweeks were fasted
for 12 h, VLDL secretion was evaluated by ip injection with 7.5%
Poloxamer (Sigma) at 1500 mg/kg. Blood was collected at different
time points after the injection (Millar et al. 2005). Plasma TG was mea-
sured as described above.

To assess the post-heparin plasma LPL activity in chowdiet-fedmale
hamsters, blood was drawn 10 min after iv injection of 100 U/kg hepa-
rin, and the plasma was isolated at 4 °C. LPL catalytic activity was mea-
sured and expressed asmicromole/mL/min of released FFA as described
previously (DI Filippo et al. 2014).

2.8. Pathological Analysis

8–10 weeks old hamsters fed indicated diets for 12 weeks, were
sacrificed and then perfused with 20 mL of 0.01 M cold phosphate-
buffered solution through the left ventricle. The hearts were harvested,
fixed in a 4% paraformaldehyde solution for 1 week and stored in a 20%
sucrose solution overnight. After fixation, the hearts were embedded in
OCT, cross-sectioned (7 μm per slice) and stored at −70 °C for future
use. Lipid deposition in the whole aorta (en face) and aortic root sec-
tions was examined by staining with a 0.3% Oil Red O solution (Sigma-
Aldrich, USA) for 30 min at room temperature, following by rinsing
with 60% isopropanol and distilled water. For lesion assessment in the
whole aorta or individual regions, we defined 3 segments as follow:
1) the aortic arch: aortic root to 3 mm below the left subclavian;
2) the thoracic aorta: the region between the end of the arch and the
last intercostal branch; 3) the abdominal aorta: the region between
the end of thoracic aorta segment to the iliac bifurcation. To characterize
the atherosclerotic lesions, Immunohistochemistry of CD68, VCAM-1
and SMAwas performed using cryo-sections of the hearts with a prima-
ry CD68 antibody (1:100 rabbit polyclonal IgG; BA3638, BOSTER),
VCAM-1 antibody (1:100 rabbit polyclonal IgG; BA3840, BOSTER) and
α-SMA antibody (1:100 rabbit polyclonal IgG; A03744, BOSTER). The
slices were then incubated with appropriate biotinylated second anti-
bodies (1:200, ABC Vectastain; Vector Laboratories, Burlingame, CA,
USA) in 2% normal blocking serum and visualized using 3, 3′-diamino-
benzidine (DAB, Vectastain; Vector Laboratories). Coronary arteries
were visually scored according to the severity of the stenosis as follow
with modification: unaffected (0%), minor occlusion (b5%) and partial
occlusion (5–20%). The hearts at the level of papillary muscle were em-
bedded in paraffin and cross-sectioned (5 μmper slice). Sirius red stain-
ing was performed to assess fibrosis in the myocardium.

2.9. Quantification and Statistical Analysis

Comparisons were analyzed by Student's t-test or two-way ANOVA.
VLDL secretion was analyzed by linear regression. Pearson's correlation
was used to analyze two independent variables. A p value b 0.05 was
considered to indicate statistical significance. All data were expressed
as the mean ± SEM.

3. Results

3.1. Generation of Ldlr Knockout Hamsters Using the CRISPR/Cas9 System

To generate Ldlr KO hamsters, we designed a gRNA targeting exon 2
of the hamster Ldlr gene (Fig. 1a). The gRNA and Cas9 mRNA were
microinjected into the cytoplasms of 120 fertilized eggs, and the fertil-
ized eggs were then transferred into 4 female hamsters, leading to the
birth of 16 offspring. DNA sequencing of the PCR products from the
targeted region showed that 2 of the offspring, founders 1 and 2, had
mutations in the targeted site and that therewere no off-targetmutants
(data not shown). Of these two Ldlrmutant lines, founder 1was a genet-
ic mosaic carrying 12, 10, 14 and 5 nucleotide deletions, whereas foun-
der 2 was a compound heterozygous mutant carrying a deletion of 194
nucleotides and a transition of AG to GC (Fig. 1b). All mutations could
undergo germline transmission. To confirm that the Ldlr gene had
been successfully targeted, we performed PCR and Western blots.
Genotyping by PCR using tail genomic DNA easily detected the 194-
nucleotide deletion (Δ194) in both the heterozygous and homozygous
F2 offspring (Fig. 1c). The Western blots of the liver homogenates
showed that the LDLR protein was undetectable in the homozygotes
and was only approximately 50% present in the heterozygotes com-
pared to the WT hamsters (Fig. 1d and e).

3.2. Characteristics of Plasma Lipids and Lipoproteins in Ldlr Knockout
Hamsters

When the 2 founderswere crossedwithwild-type (WT) hamsters, 6
different genotypes of heterozygous progeny were obtained. Two lines
of the Ldlrmutant hamsters (Δ194 andΔ10)were further bred to obtain
the offspring in our present study. Since Ldlr is a key determinant of
plasma lipids, we analyzed and characterized the lipid profiles of the
WT and Ldlr KO hamsters. As shown in Table 1, compared to the WT
hamsters (147.5 ± 4.56 mg/dL), the plasma TC levels in the Δ194 and
Δ10 Ldlrheterozygote hamsters at 2months of agewere significantly el-
evated to 230.1±9.95mg/dL and 219.1±5.54mg/dL, respectively. Ad-
ditionally, we also found increased plasma TG in the homozygotes of
both the Δ194 (490.4 ± 21.17 mg/dL) and Δ10 (504.6 ±
20.61 mg/dL) genotypes, compared to the control animals (169.7 ±
12.42 mg/dL), but no difference was observed between the Δ194
and Δ10 heterozygotes and the WT hamsters (197.7 ± 14.42 mg/dL,
221.1 ± 12.72 mg/dL and 169.7 ± 12.42 mg/dL, respectively). Surpris-
ingly, no significant changes in the plasma HDL-C levels were observed
between any genotype groups. Next,whenwe investigatedwhether the
lipid levels were sex-dependent in our animals, we found that there
were no sex discrepancies in plasma cholesterol, TG or HDL-C within
the same genotype for either the heterozygotes or homozygotes
(Fig. 2a, b and c). Because the two Ldlrmutant lines presentedwith sim-
ilar plasma lipid levels, only the animals from theΔ194 linewere chosen
for subsequent experiments in our study.

To better understand the plasma cholesterol distribution in different
species on chow diet, we performed FPLC to analyze lipoprotein frac-
tionation from male WT, heterozygous and homozygous hamsters and
compared the results to those counterparts. As expected, the FPLC re-
sults revealed a distinct LDL peak in the WT hamsters that was more
pronounced in the heterozygous Ldlr (Ldlr+/−) hamsters (Fig. 2d,
right panel), a characteristic phenotype that was similar to humans
(Fig. 2d, left panel). Interestingly, the homozygous Ldlr (Ldlr−/−) mu-
tant hamsters displayedmarkedly elevated cholesterol levels in the LDL
fraction. In the meantime, we also observed a significant increase in
VLDL-C in the Ldlr−/− hamsters. Unlike humans and hamsters, the
Ldlr−/− mice only exhibited a moderate increase in the LDL fraction
(Fig. 2d, middle panel). In addition, compared to the WT controls, we
found that the Ldlr+/− hamsters showed a modest increase in TG in
the VLDL fraction; however, the Ldlr−/− hamsters exhibited markedly
elevated TG in the VLDL fraction (Supplemental Fig. 1), suggesting that
the metabolisms of both cholesterol and triglycerides in lipoproteins
were impaired in the Ldlr-ablated hamsters in a gene dose-dependent
manner.

To assess if the distinct VLDL fraction and increased TG in the
Ldlr−/− hamsters were attributable to the impaired clearance of circu-
lating lipoprotein from the plasma or to the over-production of VLDL by
the liver, we performed assessments of the oral fat load and of hepatic
VLDL secretion. In the oral fat load experiment, after 12 h of fasting,
8–10 weeks old male hamsters were given olive oil at a dose of
10mL/kg bodyweight, and bloodwas collected for plasma TGmeasure-
ments at indicated time points. As shown in Fig. 2e, compared to theWT
controls, the TG levels were significantly increased in both the Ldlr+/−
and Ldlr−/− hamsters beginning at 2 h after gavage, and the Ldlr−/−
hamsters displayed much higher TG levels during the whole experi-
mental period, indicating that lipoprotein clearance was delayed in



Fig. 1.Generation of Ldlr knockout hamstermodel. (a) Schematic diagramof the gRNA targeting sites at the Ldlr loci. The gRNA target sequence is labeled in blue. The letters in red indicate
theprotospacer adjacentmotif (PAM). (b) Sequencingof the targeted site in the twomutant founders. The gRNA-targeted sequence is labeled in blue, and the PAMsequence is in red. GC in
green from founder 2 means two point mutations. On the right side of each allele, the type of mutation and sizes of deletions (Δ) are indicated. (c) PCR analysis was performed using tail
genomic DNA from WT (+/+), heterozygote (+/−) and homozygote (−/−) with the Δ194 deletion. (d) Representative Western blot of hepatic LDLR from the indicated hamsters
described in (c). (e) Quantitative analysis of hepatic LDLR protein levels in the 8–10 weeks old male hamsters with different genotypes. Data are the mean ± SEM from 6 animals. All
values are expressed as the mean ± SEM. ** and *** denote p b 0.01 and p b 0.001, respectively, vs WT.
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the Ldlr-mutant hamsters. Next, VLDL secretionwas evaluated by inves-
tigating the change in plasma TG during a 4-hour course after blocking
lipoprotein lipase (LPL) activity via ip injection of Poloxamer
(1500 mg/kg), an LPL inhibitor. As shown in Fig. 2f, the secretion rate
of VLDL-TG was not altered in these three genotypes. Furthermore, we
measured the activity of LPL, which is responsible for the hydrolysis of
circulating TG, and no differences were observed in the 8–10 weeks
old male WT and Ldlr−/− hamsters (Fig. 2g). Taken together, these
data suggest that elevated TG levels are attributable to the impaired
receptor-mediated clearance of large TG-rich lipoproteins in Ldlr mu-
tant hamsters and that these levels are also dependent on the copy
number of Ldlr gene.

3.3. Response of Plasma Lipids to a High-Cholesterol/High-Fat Diet and Hy-
polipidemic Agents

Due to the nature of autosomal dominant inheritance, most FH pa-
tients with heterozygous Ldlr gene mutations develop premature coro-
nary artery disease (CAD). Although WT hamsters have been reported
to be sensitive to a high-fat diet, it would be intriguing to knowwhether
the loss of only one copy of the Ldlr genewould further predispose ham-
sters to diet-induced hyperlipidemia, as observed in FH patients. To test
our hypothesis, 8–10 weeks old WT and Ldlr+/− hamsters were
Table 1
Analysis of plasma lipids in indicated hamsters on the chow diet.

WT Ldlr+/−

(mg/dL) (N = 28) Δ194bp Δ

(N = 28) (

TC 147.5 ± 4.56 230.1 ± 9.95⁎⁎ 2
TG 169.7 ± 12.42 197.7 ± 14.42 2
HDL-C 92.2 ± 4.19 92.4 ± 3.77 9

⁎⁎ denote p b 0.01 vs WT.
## denote p b 0.01 vs Ldlr+/−.
subjected to a high-cholesterol/high-fat (HCHF, 0.5% Cholesterol and
15% lard) diet for 2 weeks, and parallel comparisons were made be-
tween WT and Ldlr+/− mice. On the chow diet, both the Ldlr+/−
hamsters and mice had slightly higher TC levels than their correspond-
ingWT controls. However, after the HCHF challenge for 2 weeks, the TC
levels in the WT hamsters increased by 4-fold from 131.6 ± 11.6 to
513.3 ± 35.5 mg/dL (Fig. 3a). Striking changes were observed in the
Ldlr+/− hamsters; the plasma TC levels of the Ldlr+/− hamsters
were N10-fold higher than those of the WT hamsters (170.8 ± 8.2 to
2078 ± 163.9 mg/dL) (Fig. 3a). Hence, the Ldlr+/− hamsters were
more susceptible to diet-induced hyperlipidemia. Analysis of the cho-
lesterol distribution by FPLC showed dramatic increases in LDL and
VLDL fractions in the Ldlr+/− hamsters that were fed HCHF for only
2 weeks compared to the WT controls (Fig. 3b, right panel). However,
there were no significant changes in the plasma cholesterol levels and
cholesterol distribution between the WT and Ldlr+/− mice on the
HCHF diet for 2 weeks (Fig. 3b, left panel). Interestingly, in the setting
of the 2-week HCHF diet, hamsters displayed marked elevation of plas-
ma lipids (the TC and TG levels were 3099.1 ± 381.2 and 5898.3 ±
892.5 mg/dL, respectively for the Ldlr−/− hamsters; 1089.9 ± 112.6
and 1296.1 ± 445.0 mg/dL, respectively for the Ldlr+/− hamsters,
and 632.9 ± 120.8 and 553.2 ± 199.6 mg/dL, respectively for the WT
hamsters). Moreover, when compared to WT and Ldlr+/− animals,
Ldlr−/−

10bp Δ194bp Δ10bp

N = 28) (N = 16) (N = 16)

19.1 ± 5.14⁎⁎ 735.9 ± 30.02⁎⁎,## 722.2 ± 17.64⁎⁎,##

21.1 ± 12.72 490.4 ± 21.17⁎⁎,## 504.6 ± 20.61⁎⁎,##

5.9 ± 3.94 94.9 ± 4.55 99.0 ± 4.69



Fig. 2.Analysis of plasma lipids, oral fat load, VLDL secretion and post-heparin plasma LPL activity. (a–c) Plasma TC, TG andHDL-C of the chow diet-fedmale hamsters at 8–10weeks of age
(n=8 to 16 per group). (d) FPLC analysis of the lipoprotein distribution in pooled plasma fromnormal and Ldlr-mutated humans, mice and hamsters on a regular chow diet (5–6 animals,
mixed sex). (e) Oral fat load was assessed in 8–10 weeks old male hamsters on a regular chow diet that were fasted for 12 h and gavaged with olive oil at 10 mL/kg body weight. Plasma
was collected at different time points for TGmeasurements (n=6 per group). (f) VLDL secretionwas conducted in the 12-h fasted 8–10weeks oldmale animals on a regular chowdiet by
injecting 1500mg/kg poloxamer. Plasmawas collected at the indicated time points for TG assays (n=6 per genotype). (g) Post-heparin plasma LPL activity in the 8–10weeks oldWT and
Ldlr−/− hamsterswith chowdiet feeding. LPL activitywasmeasured using blood on ice thatwas collected10min after an intravenous injection of 100U/kg heparin (n=6per genotype).
All data are expressed as the mean ± SEM. ** denotes p b 0.01 vs WT hamsters. ## denotes p b 0.01 vs Ldlr+/− hamsters.
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Ldlr−/− hamsters had severe hyperlipidemia, but did not display accu-
mulated TG in circulation after the P407 injection, indicating that hepat-
ic VLDL secretionwas completely blunted in theHCHF diet-fed Ldlr−/−
hamsters (Supplemental Fig. 2).

To evaluatewhether the Ldlr+/− hamsters responded to treatments
with different lipid-lowering agents, we treated 8–10 weeks old ham-
sters on the HCHF diet for 2 weeks with Rosuvastatin (2 mg/kg),
Ezetimibe (2mg/kg) and Fenofibrate (100mg/kg), which are three com-
mon clinically available lipid-lowering agents. Oral administration of
these agents resulted in a marked decrease in plasma TC and TG in the
hyperlipidemic Ldlr+/− hamsters, with Ezetimibe being most effective
(Fig. 3c). Ezetimibe also had a highly potent effect toward lowering the
TC levels in the WT hamsters on the HCHF diet; however, Rosuvastatin
and Fenofibrate at the chosen dose had little to no effect. The FPLC data
also demonstrated that, similar to the plasma total cholesterol levels,
Ezetimibe significantly reduced the cholesterol concentrations in the
VLDL/LDL fractions in the HCHF-fed animals (Fig. 3d).
3.4. Aortic and Coronary Atherosclerotic Lesion Development in Ldlr+/−
Hamsters

Atherosclerosis is the major consequence of hypercholesterolemia
both clinically and in research animal models. Attempts were therefore
made to explore whether Ldlr+/− hamsters on the HCHF diet devel-
oped accelerated atherosclerosis. When 8–10 weeks old WT and
Ldlr+/− hamsters were challenged with the HCHF diet for 12 weeks,
we found that the lack of one copy of the Ldlr gene in hamsters elicited
severe hypercholesterolemiawith TC levels higher than 2000mg/dL be-
ginning at 2 weeks, which was consistent with the findings of the drug
intervention (Fig. 4a). The TG levels in the Ldlr+/− hamsters were also
significantly increased after being fed the HCHF diet for 4 weeks
(Fig. 4b). After 12 weeks of the HCHF diet, Oil Red O staining of the ath-
erosclerotic lesions in the aorta revealed significantly increased lesion
areas in the whole aorta and aortic roots (Fig. 4c–g) in Ldlr+/− ham-
sters compared to the WT controls (Fig. 4h and i). To confirm the



Fig. 3. Response of plasma total cholesterol and lipoprotein profile inWT and Ldlr+/−mice and hamsters to short-term feeding of the HCHF diet and effect of oral rosuvastatin, ezetimibe
and fenofibrate on plasma lipids. (a) Analysis of plasma total cholesterol levels in different male animals on the CD or HCHF diet for 2 weeks (n = 6 per group). ** denotes p b 0.01.
(b) Cholesterol distribution in different lipoprotein fractions by FPLC in different animals on the indicated diet for 2 weeks (pooled plasma from 5 to 6 animals per group). (c) Plasma
total cholesterol levels were monitored in WT and Ldlr+/− hamsters on the HCHF diet with oral administration of 3 common lipid-lowering medications, namely, Rosuvastatin
(2 mg/kg), Ezetimibe (2 mg/kg) and Fenofibrate (100 mg/kg) (n = 10 per group). * and ** denote p b 0.05 and b0.01, respectively. (d) The cholesterol concentrations in the different
FPLC fractions were analyzed in the indicated animals described above in (c). All values are expressed the mean ± SEM.
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content in the lesions, we performed immunohistochemical staining and
found that more positive staining for CD68 (a macrophage maker) and
VCAM1 (an inflammatory marker) was observed in the lesion areas
(Fig. 4j). However, the expression levels of SMA, amarker of smoothmus-
cle cells (SMCs), were identical between both genotypes, indicating that
macrophages, but not SMCs, were the major drivers of the pathogenesis
underlying atherosclerosis. In addition, it was noted that the Ldlr+/−
hamsters also exhibited atherosclerotic lesions in the circumflex branches
of the left coronary artery (LCA) (Fig. 4k). The semi-quantitative data
demonstrated that the coronary arterieswere not affected in theWT con-
trols; however, although 52% of the coronary arteries were unaffected in
the Ldlr+/− group, 26%of the coronary arteries showed lesionswithb5%
occlusion (minor occlusion), and 21% of the coronary arteries had occlud-
ed lesions between 5% and 20% (partial occlusion) (Fig. 4l).



Fig. 4.Analysis of plasma lipids and aortic and coronary atherosclerotic lesions in theWT and Ldlr+/−hamsters on theHCHFdiet for 12Weeks. (a andb)PlasmaTC andTGweremeasured
at the indicated time points inWT (n= 16) and Ldlr+/− (n= 20) hamsters on the HCHF diet for 12weeks. The lesion size in thewhole aorta was quantified in themixed-sex hamsters.
(c) Representative en face image of the whole aorta in theWT and Ldlr+/− hamster. (d–g) The lesion sizes in the whole aorta (D), aortic arch (e), thoracic aorta (f) and abdominal aorta
(g) were quantified in themixed-sex hamsters. (h) Representative Oil Red O staining of the aortic root in theWT and Ldlr+/− hamsters. (i) Lesion areas in the aortic rootwere quantified
(WT, n = 16; Ldlr+/−, n = 20). ** denotes p b 0.01. (j) Immunohistochemical analysis of the atherosclerotic lesions in the WT and Ldlr+/− hamsters after 12 weeks on the HCHF diet.
Representative staining of HE, CD68, VCAM1 and SMA in the lesion from the aortic root. (k) Representative image of the coronary atherosclerotic lesion in theWT and Ldlr+/− hamsters.
(l) Semi-quantitative measurements of lesions in the coronary arteries of the WT (n = 16) and Ldlr+/− hamsters (n = 20). The arrows indicate positive staining. The black arrows
indicate Oil Red O positive staining. Scale bar = 200 μm. All values are expressed the mean ± SEM.
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3.5. Spontaneous Atherosclerosis andDiet-Induced Coronary ArteryDisease
in Ldlr−/− Hamsters

Because hyperlipidemia is a major risk factor for atherosclerosis and
the Ldlr−/− hamsters showed elevated TC and TG levels while on the
chow diet, we investigated whether the Ldlr−/− hamster model was
sensitive to atherogenesis. As shown in Fig. 5, the male Ldlr−/− ham-
sters at 12 months had undetectable lesions in both the whole aorta
and aortic root. However, the aged male Ldlr−/− hamsters at
18 months had significant development of atherosclerosis compared
to those at 12 months, and this phenotype was also observed in the
aged Ldlr−/− mice on the chow diet. In addition to spontaneous ath-
erosclerosis, homozygous FH patients without any treatment die from
premature coronary artery disease (CAD), but nomortality has been re-
ported for homozygous Ldlr KO mice. Moreover, a special diet contain-
ing 3% cholesterol and 20% butter was used to demonstrate that this
treatment induced coronary atherosclerosis in WT hamsters (Sima
et al. 1990). To study CAD in our model, we fed 8–10 weeks male
Ldlr−/− hamsters the HCHF diet for 12 weeks. As shown in Fig. 6a,
the Ldlr−/− hamsters had severe hypercholesterolemia over
4000 mg/dL at 4 weeks and approximately 6000 mg/dL at 8 to
12weeks, and these levels weremuch higher than those of theWT con-
trols on the 3% high-cholesterol diet. In themeantime, both theWT and
Ldlr−/− hamsters also exhibited markedly increased TG levels
(Fig. 6b). The survival rate demonstrated that the Ldlr−/− hamsters
on the HCHF diet started to die on day 14 and that half of the animals
died on day 30 (Fig. 6c). This remarkable finding drove us to analyze
the pathological changes in the cardiovascular system. Oil Red O stain-
ing revealed that the HCHF-fed Ldlr−/− hamsters displayed advanced
atherosclerosis in the both aorta and coronary arteries (Fig. 6d–f). We
also observed severe fibrosis in the myocardium using Sirius red stain-
ing, suggesting that myocardial infarction could be a leading cause of
death in Ldlr−/− hamsters (Fig. 6g). It was noted that dietary treat-
ment with 3% cholesterol did not elicit severe atherosclerotic lesions
in the aortas and did not elicit lesions in the coronary arteries of the
Fig. 5. Spontaneous atherosclerosis in Ldlr−/− hamsters on the chowdiet. Atherosclerotic lesio
(a) Representative image en face. (b) Lesion areaswere quantified (n=8per group). (c) Repres
per group). All data are expressed as the mean ± SEM. ** denotes p b 0.01.
WT hamsters. Collectively, these data demonstrate that the Ldlr KO
hamster is a human-like animal model of cardiovascular disease.

4. Discussion

In the present study, we have generated a human-like animal model
of familial hypercholesterolemia using the CRISPR/Cas9 editing system
to delete the Ldlr gene in hamsters. In striking contrast to mice, the
loss of one copy of the Ldlr gene in hamsters results in amodest increase
in the plasma cholesterol level when the hamsters are fed a chow diet
and in susceptibility to diet-induced combined hyperlipidemia and cor-
onary artery disease caused by the impaired clearance of circulating
large lipoproteins. Moreover, homozygous Ldlr KO hamsters on the
chow diet display severe hypercholesterolemia and develop spontane-
ous atherosclerosis, in which atherosclerosis is accelerated and prema-
ture death is elicited as a response to HCHF treatment. These findings
suggest that Ldlr KO hamster can be an informative tool for both basic
and translational research in human atherosclerosis.

Consistent with the FH patients with Ldlr gene mutations who have
severe hypercholesterolemia in homozygous formandmoderate hyper-
cholesterolemia in heterozygous form, both the Ldlr−/− and Ldlr+/−
hamsters exhibited severe and moderate forms, respectively, of hyper-
cholesterolemia compared to the control animals. The homozygous
form of the Ldlr gene deletion demonstrates various extents of hyper-
cholesterolemia in many other species, including mice, rats, rabbits
and pigs; however, the plasma cholesterol levels for the heterozygous
form in these species are not elevated significantly (Ishibashi et al.
1993; Atkinson et al. 1989; Davis et al. 2014; Li et al. 2016). These find-
ings suggest that hypercholesterolemia in hamsters with Ldlr ablation is
an autosomal dominant disease and that Ldlr ablation has a gene-dosage
effect on hypercholesterolemia, which has been well established in FH
patients, indicating that targeted strategies based on studies of hamsters
with different Ldlr defects aremore valuable. However, in contrast to FH
patients, the cholesterol concentration in the VLDL fraction is higher in
chow diet-fed homozygous Ldlr KO hamsters than in humans. As CETP
nswere analyzed inmale Ldlr−/− hamsters on a regular chow diet for 12 and 18months.
entative image of the sections from the aortic root. (d) Lesion areaswere quantified (n=8



Fig. 6.HCHF-Induced CoronaryArteryDisease in Ldlr−/−Hamsters.Male Ldlr−/− hamsters aged8–10weeks (n=17)were fed theHCHF diet for 12weeks. Sex-matchedWTcontrols at
the same age (n=10)were on a special diet containing 3% cholesterol and 20% butter. (a and b) Plasma TC and TG. (c) Survival rate on the HCHF diet. (d-f) Oil Red O staining of thewhole
aorta, aortic root and coronary artery from the Ldlr−/− hamsters. (g) Sirius red staining of the myocardium from the WT and Ldlr−/− hamsters on the indicated diets. All data are
expressed as the mean ± SEM. ** denotes p b 0.01.
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is highly expressed in hamsters, in which the transfer capacity of TG to
CE is highest compared to other species (Morton and Izem 2015), we
speculate that the complete loss of Ldlr in the hamster can affect CETP
expression and activity through unknownmolecularmechanisms, lead-
ing to cholesterol accumulation in very large lipoproteins, such as
VLDLs.

Unlike plasma total cholesterol, triglyceride levels are not altered in
heterozygous hamsters but are significantly increased in homozygous
animals. Since the rates of hepatic VLDL-TG secretion are identical in
chow diet-fed hamsters, it is unlikely that VLDL-TG overproduction
from the liver accounts for an increase in plasma TG. In addition, plasma
LPL activity is also normal in Ldlr−/− hamsters, indicating that LPL can
effectively hydrolyze very large TG-rich chylomicrons derived from the
diet to form chylomicron remnants. Previously, Ishibashi et al. reported
that chylomicron remnants were accumulated in Ldlr−/− mice and
demonstrated a central role for the LDLR pathway in chylomicron rem-
nant metabolism. Consistent with these findings, our results from the
oral fat load experiment showed markedly increased TG levels in the
Ldlr-ablated hamsters, suggesting that the accumulated TG-rich chylo-
micron remnants from LPL-mediated lipolysis could not be effectively
removed via the LDLR pathway. Interestingly, the data of VLDL secretion
demonstrated that Ldlr deficiency did not impair hepatic VLDL secretion
in chow diet-fed hamsters; however, HCHF diet predisposed Ldlr−/−
hamsters to severe hyperlipidemia, then probably leading to fatty liver
to impair normal liver function, including VLDL secretion. More experi-
ments will be needed to investigate the regulatory mechanisms under-
lying the pathogenesis of impaired VLDL secretion in Ldlr−/− hamsters
after HCHF diet feeding.

Compared to homozygous FH (HoFH, prevalence 1:160,000–
1,000,000), heterozygous FH (HeFH) is relatively common (prevalence
1:250–500). HeFH patients without treatments show a 20-fold increase
in risk for cardiovascular heart disease (CHD), suggesting that not only
HoFH but also HeFH needs diagnosis, monitoring and treatment
(Cuchel et al. 2014). However, heterozygous Ldlr-mutant mice are resis-
tant to diet-induced hyperlipidemia, making the use of this model diffi-
cult for studies of HeFH and its related symptoms. Although the Paigen
diet (1.25% cholesterol with 0.5% cholate supplement) can elicit hyper-
cholesterolemia in mice, this special diet is preferably avoided because
the high concentration of dietary cholate is highly toxic to the liver and
induces steatohepatitis in animals. In contrast to the findings in HCHF-
fed Ldlr+/− mice, HCHF diet accelerated severe hypercholesterolemia
in the Ldlr+/− hamsters. This significant discrepancy of diet-induced
hypercholesterolemia between the mouse and hamster further con-
firmed the high similarities between hamsters and humans, suggesting
that Ldlr+/− hamsters would be highly selective for assessing drug effi-
cacy in the future. Statins are the drugs originally used for lowering the
plasma cholesterol concentration, but accumulative evidence demon-
strates that statins are not potent enough to reduce CHD risk and that
conflicting outcomes have been observed in different clinical trials due
to muscle-related side effects of these drugs (Lu et al. 2016; Wadhera
et al. 2016; Dubroff and de Lorgeril 2015; Pursnani et al. 2015; Genest
Jr et al. 1992). Recently, experimental data from animals have indicated
that statins have anti-inflammatory activities and reduce the progression
of atherosclerosis independently of their plasma cholesterol lowering ef-
fects (Kleemann et al. 2003). Moreover, Fenofibrate, an agonist of perox-
isome proliferator-activated receptor alpha (PPAR alpha), has specifically
been used to reduce triglyceride levels in patients with metabolic syn-
drome. Similar to Rosuvastatin, Fenofibrate also partially reduced both
the TC and TG levels in the Ldlr+/− hamster with high cholesterol and
high triglycerides after 2 weeks on the HCHF diet. This effectiveness of
Fenofibrate in the Ldlr+/− hamster is clinically relevant to the advice
that the combination of statin and fibrate is applicable for treating pa-
tients with combined hyperlipidemia. Hereby, our findings suggest that
a promising therapeutic strategy for FH should be considered.

A buildupof atherosclerotic plaque in the coronary and carotid arter-
ies is the endpoint consequence of FH (Goldstein et al. 1983). Although
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Ldlr−/− and Apoe−/− mice exhibit atherogenic lesion development
and are extensively used for studying atherosclerosis, these 2 models
rarely develop clinically relevant coronary artery atherosclerosis with-
out any special genetic or environmental manipulation (Getz and
Reardon 2016). Importantly, the loss of one copy of Ldlr in mice does
not cause marked alterations in plasma lipids. Thus, the heterozygous
formsof Ldlr- andApoe-ablatedmice have not beenused for atherogenic
studies (Ishibashi et al. 1993). Rationally, the possibility to investigate
atherosclerotic development is one of the important features of our an-
imal models. In our present study, the Ldlr+/− hamsters showed se-
vere hypercholesterolemia beginning at 2 weeks after being fed the
HCHF diet to the experimental endpoint and accelerated atherosclerotic
plaque found in different segments, whichwere not affected by the sex.
In the clinical studies, the conclusions of sex effect on atherosclerosis in
FH patients are controversial; however, a HuGE association study has
revealed that different ethnicities contribute to diverse associations be-
tween FH and CHD (Austin et al. 2004), suggesting that sex is not a crit-
ical determinant of atherosclerotic development using animal models
for FH study. This valuable information from the HCHF-fed Ldlr+/−
hamsters provides strong evidence for the use of a different animal
model that potentially mimics CHD in FH patients.

It is to be noted that hamsters display similar lipoprotein profiles
and coronary atherosclerosis to those observed in FH patients, however,
our present study leaves some unanswered questions. 1) Since ham-
sters have high plasma CETP activity and the CETP inhibitor Anacetrapib
was recently shown to significantly reduce major coronary events
(Group et al. 2017), do Ldlr-ablated hamsters respond to Anacetrapib
treatment and whether CETP inhibition would be effective to lower
VLDL cholesterol in our model? 2) Given the marked reduction in TC
in the HCHF-fed Ldlr+/− hamsters by Ezetimibe, which acts by de-
creasing cholesterol absorption in the small intestine, does lowering di-
etary cholesterol contribute to the improved lipoprotein profile and
consequent outcomeof coronary disease in HCHF-fed Ldlr-ablated ham-
sters? In the future, it is tempting to use our special hamster model to
solve these issues and provide insights into translational research of
human atherosclerosis.

In conclusion, our results demonstrate that Ldlr-mutant hamsters
display special advantages over other species in terms of autosomal
dominant inheritance, plasma lipid metabolism and the development
of coronary atherosclerotic lesions. Advantages also include the easy
breeding of hamsters with a short pregnancy term (17 days) and large
litter size (~12 per litter), and thus, Ldlr-ablated hamsters will definitely
serve as an ideal platform over other small animal models for basic and
translational research of dyslipidemia and atherosclerosis.
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