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 The number of LDL receptors (LDLR) expressed on 
the surface of hepatocytes is a primary determinant for 
plasma LDL-cholesterol (LDL-C) levels ( 1 ). Hepatic LDLR 
mediates the uptake of LDL particles from the circulation 
and delivers the receptor-bound LDL to the endosomal 
system for degradation while the LDLR returns to the cell 
surface. Statins are competitive inhibitors of HMG-CoA re-
ductase, the rate-limiting enzyme in the cellular choles-
terol biosynthetic pathway. The inhibition of cholesterol 
de novo synthesis leads to increased numbers of cell sur-
face LDLR by activation of LDLR gene transcription. Thus, 
statins are the most widely prescribed drugs to treat hyper-
cholesterolemia and combined hyperlipidemia. 

 Contrary to human studies in which statins effectively 
lower plasma total cholesterol (TC) and LDL-C, in animal 
studies, the LDL reducing effects of statins exhibit great 
species differences. Statins reduce plasma TC and LDL-C 
as the major drug action in rabbits, miniature pigs, dogs, 
monkeys, and guinea pigs ( 2–4 ) but not in rodents such as 
rats and hamsters ( 5–7 ). In rats and hamsters fed either a 
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PCSK9. Furthermore, we demonstrated that berberine 
(BBR), a natural hypocholesterolemic compound, inhibits 
PCSK9 transcription through the HNF1 motif and SRE-1 
site. BBR treatment lowered the cellular abundance of 
HNF1 �  protein and the active form of SREBP2 in HepG2 
cells, which led to a strong inhibition of PCSK9 expres-
sion. We further demonstrated that BBR can counteract 
the PCSK9 transcription stimulating effects of lovastatin, 
simvastatin, and fl uvastatin in HepG2 cells. 

 In light of these new fi ndings in PCSK9-mediated LDL-C 
metabolism and its regulation by statins and BBR, we 
decided to investigate whether PCSK9 plays a critical role 
in the resistance of dyslipidemic hamsters to statin treat-
ment in LDL-C reduction and if BBR could enhance statin 
effi cacy by mitigating the PCSK9-mediated LDLR degrada-
tion under in vivo conditions. In the present study, we uti-
lized the high fructose diet-induced dyslipidemic hamsters 
as our in vivo model to examine the effects of rosuvastatin 
on liver PCSK9 and LDLR expression and serum lipid lev-
els. We also examined the effects of BBR alone and in 
combination with rosuvastatin in these biological events. 
Our studies yielded compelling results that rosuvastatin 
induced a dose-dependent elevation of PCSK9 mRNA to 
an extent that far exceeded the increase in LDLR mRNA 
expression in the hamster liver. As the net result, hepatic 
LDLR protein expression was not increased but rather re-
duced. This correlated closely with an increase in serum 
LDL-C levels by the statin treatment. More importantly, we 
demonstrated, for the fi rst time, that statin treatment not 
only increased the expression of SREBP2 but also stimu-
lated the mRNA and protein expression of hepatic HNF1 � , 
another key activator for PCSK9 transcription. Altogether, 
these new fi ndings provide a molecular mechanism ac-
counting for, at least in part, the high resistance of ham-
sters and perhaps rats to statin treatment with regard to 
LDL-C reduction. This mechanism might also have impli-
cations for the clinical fi ndings of relatively reduced effi -
cacy of statins at higher doses in human studies. 

 MATERIALS AND METHODS 

 Animal diet and drug treatment 
 Male Syrian Golden hamsters with body weights of 100–120 g 

were purchased from Harlan Sprague Dawley. Rosuvastatin was 
obtained from AstraZeneca, UK and BBR chloride was pur-
chased from Sigma. Hamsters were housed (3 animals/cage) 
under controlled temperature (72°F) and lighting (12 h light/
dark cycle). Animals had free access to autoclaved water and 
food. After an acclimatization period of 7 days, hamsters were 
switched to a high-fructose diet (60% fructose; Dyets, Inc., Beth-
lehem, PA) to induce dyslipidemia ( 7, 8, 10 ). After 21 days, 
while continuously on the fructose diet, hamsters were ran-
domly divided into 5 groups (n = 9 per group) and were given a 
daily dose of rosuvastatin at 10 mg/kg, rosuvastatin 20 mg/kg, 
BBR 100 mg/kg, or rosuvastatin 10 mg/kg plus BBR 100 mg/kg 
once a day by oral gavage. The control group received equal 
volume of vehicle (0.5 ml of 10% 2-hydroxypropyl- � -cyclodextrin 
in autoclaved water) by oral gavage. The drug treatment lasted 
7 days. Twenty-four hours after the last drug treatment, all ani-
mals were euthanized. At the time of dissection, body weight, 

normal chow or an atherogenic diet, statins only effectively 
lower plasma triglyceride (TG) but not plasma TC or LDL-C. 
For example, in dyslipidemic hamsters fed a high-fructose 
diet, rosuvastatin treatment for 10 days at a daily dose of 
10 mg/kg lowered plasma TG from 2 mM to 0.95 mM, a 
52% reduction, but the plasma TC was unchanged in 
these animals ( 8 ). In another study of aged male rats fed a 
normal rodent diet, atorvastatin treatment of 21 days at a 
therapeutic dose of 10 mg/kg reduced plasma TG by 36% 
compared with the control group; again, the plasma TC 
was not reduced by atorvastatin treatment ( 9 ). Although it 
has been well established that the inhibition of hepatic TG 
secretion is responsible for the TG lowering effect of stat-
ins in rodents ( 5, 10 ), the mechanisms underlying the 
high resistance to statin-induced cholesterol reduction ob-
served in these animal species are not fully understood. 

 Recent studies have identifi ed proprotein convertase 
subtilisin/kexin type 9 (PCSK9) as a critical new player in 
LDL metabolism ( 11–13 ). PCSK9, a member of the subtil-
isin family of serine proteases, is highly expressed in adult 
liver hepatocytes and in small intestinal enterocytes ( 14 ). 
It is synthesized as a 72 kDa zymogen that undergoes auto-
catalytic cleavage in the endoplasmic reticulum into a het-
erodimer of a prosegment (122 amino acids) and a 60 kDa 
active form, bound together noncovalently. The processed 
PCSK9 is rapidly and effi ciently secreted from liver-derived 
cells in culture and is abundant in human plasma where it 
modulates LDL-C levels by downregulation of hepatic 
LDLR. PCSK9 binds to the EGF-A extracellular domain of 
LDLR and the PCSK9:LDLR protein complex is endocy-
tosed and degraded in the lysosome compartment ( 15, 
16 ). Thus, PCSK9 plasma levels directly infl uence the level 
of circulating LDL-C ( 17, 18 ). 

 Previous studies have demonstrated that PCSK9 gene 
transcription is under the control of sterol response ele-
ment binding proteins (SREBPs) ( 19, 20 ). Statin treat-
ment depletes the intracellular cholesterol pool, which 
mobilizes the intracellular proteolytic processing machin-
ery to release ER-bound SREBP2. The processed mature 
form of SREBP2 enters the nucleus where it binds to the 
SRE-1 element of the PCSK9 promoter and activates tran-
scription. Because of the coexistence of an SRE-1 motif in 
the LDLR and PCSK9 promoters, statin treatment leads to 
increased transcription of both LDLR and its natural in-
hibitor, PCSK9 ( 21, 22 ), the protein product of which in 
turn tends to reduce LDLR protein levels ( 23, 24 ). This 
intrinsic regulatory loop has been recognized as a poten-
tially undesirable limitation to statin therapeutic effi cacy 
in further lowering plasma LDL-C ( 13, 25 ). 

 Recently, we have identifi ed a highly conserved hepato-
cyte nuclear factor 1 (HNF1) binding site residing 28 bp 
upstream from SRE-1 as a critical sequence motif for 
PCSK9 transcription ( 26 ). Inactivation of this regulatory 
binding sequence either by nucleotide mutation or alter-
natively by depletion of its cognate binding protein HNF1 �  
in liver-derived HepG2 cells severely reduced the expres-
sion of PCSK9 mRNA and protein to almost undetectable 
levels, thus confi rming the importance of this motif and 
transcription factor HNF1 �  to the gene expression of 
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cDNA pool. The amplifi ed products were separated on agarose 
gel and the primer pair resulting in a single PCR product of the 
expected size (204 bp) was identifi ed. This procedure was fol-
lowed by another round of new primer selection to amplify a seg-
ment of hamster HNF1 �  gene that encompasses the region 
amplifi ed by the fi rst pair of correct primers. The resulting larger 
PCR product of 552 bp was gel purifi ed and sequenced to unveil 
the precise sequence of the fi rst primer pair for hamster HNF1 �  
gene which was subsequently used in the real-time PCR reaction. 
A similar approach was used to obtain real-time PCR primers for 
hamster PCSK9 (real-time PCR product size: 216 bp; sequencing 
PCR products size: 249 bp and 360 bp). 

 The primer sequences used in real-time PCR were: hamster 
PCSK9: forward, 5 ′ - ATCCTCACAGGCCTGGAGTT-3 ′ , reverse, 
5 ′ -CTGTGATGACCTCTGGAGCA-3 ′ ; hamster HNF1 � : forward, 
5 ′ -ATTTGCAGCAGCACAATATC-3 ′ , reverse 5 ′ -GTGGGCTCT-
TCGATCAGTCC-3 ′ . 

 Western blot analysis of LDLR in liver tissues and in 
HepG2 cells 

 Approximately 90–100 mg of hamster’s frozen liver tissue 
from each animal was homogenized in 1 ml RIPA buffer (50 
mM Tris, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.5% 
sodium deoxycholate, 0.1% SDS, pH 7.4) containing 1 mM 
PMSF and protease inhibitor cocktail (Roche). After protein 
quantitation using BCA TM  protein assay reagent (PIERCE), an 
equal amount of homogenate proteins from three liver samples 
of the same treatment group was pooled together and a total of 
15 pooled samples from all fi ve treatment groups were resolved 
by SDS-PAGE and LDLR protein was detected by immunoblot-
ting using a rabbit anti-LDLR antibody obtained from Biovision 
(Mountain View, CA). The membranes were reprobed with an 
anti- � -tubulin antibody (Santa Cruz Biotechnology). Immuno-
reactive bands of predicted molecular mass were visualized us-
ing an ECL plus kit (GE Healthcare Life Sciences, Piscataway, 
NJ) and quantifi ed with the KODAK Molecular Imaging Soft-
ware (Kodak, New Haven, CT). The amount of LDLR protein in 
individual hamster livers was also determined by the above pro-
cedure and normalized with tubulin signals. Utilizing the same 
procedure, HNF1 �  expression in liver tissues of hamsters was 
detected by anti-HNF1 �  antibodies (sc-6547) obtained from 
Santa Cruz Biotechnology, Inc. Rabbit anti-PCSK9 antibody and 
anti-SREBP2 antibody were previously described ( 20 ). Mono-
clonal anti- � -actin antibody (Clone AC-15, Sigma) was used to 
probe  � -actin in HepG2 cells as a normalization control for pro-
tein loading. 

 Hamster liver nuclear extract preparation 
 Individual hamster liver nuclear extracts from control and 

rosuvastatin 20 mg/kg-treated groups were prepared as de-
scribed ( 28 ). Briefl y,  � 100 mg frozen hamster liver tissue were 
dounce-homogenized 15 times in buffer A [10 mM KCl, 1.5 mM 
MgCl 2 , 10 mM HEPES, pH 7.9, 1 mM DTT, 1 mM PMSF, pro-
tease inhibitor cocktail (Roche), and phosphatase inhibitor 
cocktail (Sigma)]. After centrifugation at 2,000  g  for 10 min at 
4°C, the pellet was resuspended in the same buffer and incu-
bated on ice for 10 min, followed by dounce-homogenization of 
10 times and centrifugation at 2,000  g  for 10 min at 4°C. The 
nuclei-containing pellet was resuspended in buffer B (420 mM 
NaCl, 10 mM KCl, 20 mM HEPES, pH 7.9, 20% glycerol, 1 mM 
DTT, 1 mM PMSF, protease inhibitor cocktail, and phosphatase 
inhibitor cocktail) and extracted for 30 min at 4°C on a shaking 
rotor. After centrifugation at 16,000  g  for 15 min at 4°C, the 
supernatant was collected and stored in  � 80°C. The protein 
concentration was determined using BCA protein assay kit 
(Thermo Scientifi c). 

liver weight, and the gross morphology of the liver were re-
corded. Livers were immediately removed, cut into small pieces, 
and stored at –80°C for RNA isolation and protein isolation. 
Animal use and experimental procedures were approved by the 
Institutional Animal Care and Use Committee of the VA Palo 
Alto Health Care System. 

 Serum isolation and cholesterol determination 
 Blood samples (0.2 ml) were collected from the retro-orbital 

plexus using heparinized capillary tubes under anesthesia (2–3% 
isofl urane and 1–2 L/min oxygen) after a 16 h fast (5 PM to 9 
AM) before and after the drug treatments. Serum was isolated at 
room temperature and stored at  � 80°C. Standard enzymatic 
methods were used to determine TC, TG, LDL-C, and HDL-C 
with commercially available kits purchased from Stanbio Labora-
tory (Texas). Insulin level was determined by a commercial kit 
obtained from LINCO Research (cat. no. EZRMI-13K). Each 
sample was assayed in duplicate. 

 HPLC analysis of lipoprotein profi les 
 A total of 20  � l of each serum sample from the same treatment 

group (n = 9 per group) was pooled. Cholesterol and TG levels of 
each of the major lipoprotein classes, including chylomicron, 
VLDL, LDL, and HDL in the pool sera, were analyzed with a dual 
detection HPLC system consisting of two tandem connected 
TSKgel Lipopropak XL columns (300 × 7.8-mm; Tosoh, Japan) at 
Skylight Biotech, Inc. (Tokyo, Japan) ( 27 ). Cholesterol and TG 
contents in each fraction were determined. 

 RNA isolation and real-time RT-PCR 
 Total RNA was isolated from fl ash-frozen hamster tissues using 

an RNeasy kit (Qiagen, CA) and from HepG2 cells. RNA integrity 
was confi rmed by agarose gel electrophoresis and ethidium 
bromide staining. Two micrograms of total RNA was reverse-
transcribed with a high-capacity cDNA reverse transcription kit 
(Applied Biosystems, Foster City, CA) using random primers 
according to the manufacturer’s instructions. Real-time PCR 
was performed on the ABI PRISM® 7900HT Sequence Detection 
System (Foster City, CA) with SYBR PCR master mix (Applied Bio-
systems). Each cDNA sample was run in duplicate. Primer se-
quences used in real-time PCR were: 

 Human LDLR: forward, 5 ′ -GACGTGGCGTGAACATCTG-3 ′ ; 
reverse, 5 ′ -CTGGCAGGCAATGCTTTGG-3 ′ ; human PCSK9: for-
ward, 5 ′ -AGGGGAGGACATCATTGGTG-3 ′ ; reverse, 5-CAGGTT-
GGGGGTCAGTACC-3; human HNF1 � : forward, 5 ′ -GTGGCG-
AAGATGGTCAAGTCC-3 ′ , reverse, 5 ′ -CCCTT GTTGAGGTGTT-
GGG-3 ′ ; human SREBP2: forward, 5 ′ -CCCTGGGAGACA TCG-
ACGA-3 ′ , reverse, 5 ′ -CGTTGCACTGAAGGGTCCA-3 ′ ; human 
GAPDH: forward, 5 ′ -ATGGGGAAGGTGAAGGTCG-3 ′ , reverse, 
5 ′ -GGGGTCATTGATGGCAACAATA-3 ′ ; hamster LDLR: forward, 
5 ′ -CTCCACTCTATCTCCAGCATTG-3 ′ , reverse, 5 ′ -TTT CAG C-
CACCAAATTAACATC-3 ′ ; Hamster SREBP1: forward, 5 ′ -GCA-
CTTTTTGACACGTTTCTTC-3 ′ , reverse: 5 ′ -CTGT ACAGGCTC-
TCCTGTGG-3 ′ ; hamster SREBP2 forward, 5 ′ -GAGAGCT GT G-
AATTTTCCAGTG-3 ′ , reverse: 5 ′ -CTACAG ATGATATC CGGA C-
CAA-3 ′ ; hamster GAPDH: forward, 5 ′ -ACCCAGAA GACT GT GG-
ATGG-3 ′ , reverse, 5 ′ -CGACATGTGAGATCCACGAC-3 ′ . 

 Because gene sequences for hamster PCSK9 and HNF1 �  are 
not available yet, we employed the following strategy to obtain 
real-time RT-PCR primers to measure hamster PCSK9 and 
HNF1 �  mRNA levels. For hamster HNF1 �  gene, we fi rst used 
available human, mouse, and rat HNF1 �  cDNA sequences to de-
sign multiple sets of primers with the assistance of an online ver-
sion of primer 3 software (http://frodo.wi.mit.edu/primer3/). 
PCR was carried out with each of the primer sets and a hamster 

 at Y
onsei U

niversity M
edical Library, on January 1, 2014

w
w

w
.jlr.org

D
ow

nloaded from
 

http://www.jlr.org/
http://www.jlr.org/


Upregulation of PCSK9 by rosuvastatin 1489

 Statistical analysis 
 Signifi cant differences between control and treatment groups 

were assessed by one-way ANOVA and two-way ANOVA with a 
Bonferroni post test and Student’s  t -test. A  P -value of <0.05 was 
considered statistically signifi cant. 

 RESULTS 

 Resistance of dyslipidemic hamsters to 
rosuvastatin-induced LDL-cholesterol reduction 

 Forty-fi ve hamsters were fed a fructose-enriched diet for 
3 weeks, which increased plasma TC by 40% from 102 to 
140 mg/dl ( P  < 0.05) and plasma TG by 60% from 103 to 
162 mg/dl ( P  < 0.01) compared with hamsters fed a nor-
mal diet. After this initial feeding period, while continu-
ously on the fructose diet, hamsters were randomly divided 
into control and four treatment groups of nine animals 
per group. One group was treated with rosuvastatin at a 
daily dose of 10 mg/kg; the second group was treated with 
20 mg/kg of rosuvastatin, the third group was treated with 
BBR at a daily dose of 100 mg/kg, and the last group was 
treated with the combination of 10 mg/kg of rosuvastatin 
and 100 mg/kg of BBR. The control group received an 
equal amount of vehicle.   Figure 1A   shows the plasma lipid 
levels of different groups after 7 days of drug treatment. 
Plasma TC was unchanged by rosuvastatin at 10 mg/kg 

 Electrophoretic mobility shift assays  
 Wild-type and mutated oligonucleotide probes were annealed 

and end-labeled with T4 polynucleotide kinase in the presence of 
[ � - 32 P]ATP. Each binding reaction comprised 10 mM Tris, pH 
7.5, 5 mM MgCl 2 , 1 mM DTT, 50 mM KCl, 2.5% glycerol, 1  � g of 
poly (dI-dC), 0.05% NP-40, and 10  � g of liver nuclear extracts 
in a fi nal volume of 20  � l. The nuclear extracts were incubated 
with 0.4–0.5 ng of  32 P-labeled probe (1× 10 5  cpm) for 10 min at 
room temperature. The reaction mixtures were loaded onto 
a 5% polyacrylamide gel and run in 0.5× TBE buffer at 30 mA for 
2 h at 4°C. Gels were dried and visualized on a PhosphoImager. 
The sense sequences of electrophoretic mobility shift assay 
probes were as follows: HNF1-wt: 5 ′ - AGTCCGGGGGTTCC-
 GTTAATGTTTAAT CAGATAGGATC-3 ′ ; HNF1-mu: 5 ′ -GTCCGG-
GGGTTCC GTTcgTGTTgccTCAG ATAGGATC-3 ′ . The HNF1 
binding site is underlined. 

 Identifi cation of HNF1 binding site of hamster PCSK9 
promoter 

 To identify the putative HNF1 binding site on hamster PCSK9 
promoter, we fi rst compared the sequences encompassing the 
HNF1 site from human, mouse, and rat PCSK9 promoters and 
selected regions that are highly homologous among these species 
for primer design. Using primers identifi ed by such approach, a 
DNA fragment (213 bp) was amplifi ed from hamster genomic 
DNA purifi ed from normal hamster livers using a DNeasy blood 
and tissue kit (Qiagen, CA) and sequenced. Primers used were: 
TGGGGAGGGCGAGGCCGAAA (forward); GGCTCAGTCCT-
CTAGCCTCA (reverse). 

  Fig.   1.  Differential modulation of lipid parameters 
by rosuvastatin and BBR. Hamsters on the fructose 
diet were administered vehicle (C), 10 mg/kg of ro-
suvastatin, 20 mg/kg of rosuvastatin, 100 mg/kg of 
BBR, and the combined treatment of rosuvastatin 10 
mg/kg plus BBR at 100 mg/kg for 7 days. The serum 
samples were collected 24 h after the last treatment. 
TC, TG, LDL-C, HDL-C, and insulin were measured 
using commercial kits. Serum glucose was measured 
by a clinical chemistry analyzer (Olympus AU5431). 
Values are mean ± SEM of nine animals. * P  < 0.05, ** 
 P  < 0.01, and ***  P  < 0.001 compared with the vehicle 
control group;  ###   P  < 0.001 compared with rosuvasta-
tin 10 mg/kg group (two-way ANOVA). mpk, mg/kg.   
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the amount of LDLR mRNA and a 50% decrease in PCSK9 
mRNA. The inducing effect of rosuvastatin on PCSK9 
mRNA expression was mitigated by BBR concomitant 
treatment to a level not signifi cantly above the control. In 
contrast to PCSK9 mRNA, the increase in LDLR mRNA by 
rosuvastatin and BBR was additive. 

 The stronger induction of PCSK9 mRNA expression by 
rosuvastatin versus that of LDLR could lead to a reduced 
LDLR protein level due to the protein degradation medi-
ated by PCSK9. Therefore, we examined LDLR protein 
abundance in individual liver samples as well as in pooled 
liver protein extracts of different treatment groups by 
Western blot analysis using an antibody recognizing the 
mature form of hamster LDLR. The results shown in   Fig. 
4A   are a representative Western blot in which each sample 
consisted of equal amounts of pooled protein extracts 
from three livers of the same treatment group. Quantita-
tive analyses of the results of Western blot of LDLR protein 
using individual liver samples are presented in  Fig. 4B . 
Both analyses show that the amount of LDLR protein in 
the liver was reduced by rosuvastatin dose dependently 
by 21% and 42% ( P  < 0.05) compared with the vehicle 

and was increased from 141 mg/dl to 174 mg/dl by rosu-
vastatin at the dose of 20 mg/kg (23% increase,  P  < 0.01) 
compared with vehicle control. BBR alone reduced TC by 
23% ( P  < 0.05). In the presence of rosuvastatin, the TC 
lowering effect of BBR was not signifi cant. 

 The change in plasma LDL-C levels mirrored the TC 
change. Rosuvastatin at 10 mg/kg did not lower LDL-C 
and at 20 mg/kg rosuvastatin caused an 18% increase in 
LDL-C despite not reaching a statistical signifi cance. BBR 
treatment reduced LDL-C by 34.5%. The combination of 
BBR and rosuvastatin resulted in a modest reduction of 
LDL-C compared with each drug alone. 

 In contrast to TC and LDL-C, plasma TG was strongly 
reduced by rosuvastatin at both doses by 45% and 38%, 
respectively. Interestingly, BBR alone did not lower the 
TG, but it enhanced the TG lowering effect of rosuvasta-
tin, reaching a 60.5% reduction ( P  < 0.01 compared with 
statin alone). The plasma level of HDL-C was not changed 
by rosuvastatin but was reduced by BBR to 25% of vehicle 
control. 

 In addition to the TG lowering effect, rosuvastatin treat-
ment at both doses lowered the plasma level of insulin by 
29% and 32%, respectively ( Fig. 1B ). BBR alone lowered 
insulin by 40%. While the combination of BBR with statin 
did not further reduce insulin level, it produced a statisti-
cally signifi cant effect in decreasing fasting glucose ( Fig. 
1C ). 

 We further performed HPLC analysis of lipoprotein-
cholesterol and TG profi les in pooled serum of untreated 
hamsters and hamsters treated with different regimens. 
The results showed a prominent increase in LDL-associated 
cholesterol by rosuvastatin treatment in a dose-dependent 
manner (  Fig. 2  , upper panel). The HPLC analysis also 
demonstrated that the TG lowering effect of rosuvastatin 
was confi ned to VLDL and chylomicron fractions of the 
lipoproteins ( Fig. 2 , lower panel), which was consistent 
with previous studies ( 7 ). All together, these results dem-
onstrated that the effi cacy of rosuvastatin in hamsters fed 
the high-fructose diet is limited to TG and insulin reduc-
tion but not TC and LDL-C reductions, which were in line 
with previous reports ( 7, 8 ). 

 Correlation of highly elevated PCSK9 mRNA levels 
with reduced LDLR protein abundance in livers of 
rosuvastatin-treated hamsters 

 To seek a better understanding of the confounding 
LDL-C modulating activity of rosuvastatin in these animals 
at the molecular level, hamsters from control and treated 
groups were euthanized at the end of treatment and levels 
of liver LDLR and PCSK9 mRNA were individually assessed 
by quantitative real-time RT-PCR using hamster-specifi c 
primers. As shown in   Fig. 3  , the expression of hepatic 
LDLR mRNA was increased 1.5-fold ( P  < 0.05) by rosuvas-
tatin at the dose of 10 mg/kg and 3.7-fold ( P  < 0.001) at 
the dose of 20 mg/kg. However, the increase in PCSK9 
mRNA levels far exceeded those of LDLR with 2.4-fold 
( P  < 0.01) and 5.9-fold ( P  < 0.001) by the rosuvastatin 
treatment at these doses, respectively. Consistent with the 
in vitro effect, BBR treatment led to a 1.5-fold increase in 

  Fig.   2.  Demonstration of a dose-dependent increase in LDL-C by 
rosuvastatin treatment by HPLC analysis of plasma lipoprotein cho-
lesterol profi les. Serum from the vehicle and drug-treated groups 
were pooled, and the pooled sera were subjected to HPLC analysis 
of lipoprotein profi les associated with TC (upper panel) and TG 
(lower panel).   
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control. In contrast to rosuvastatin, LDLR protein level 
was increased 59% by BBR treatment ( P  < 0.001). The ten-
dency to reduce LDLR protein by rosuvastatin treatment 
was not apparent when BBR was coadministered and the 
LDLR protein level remained at the level of untreated ve-
hicle control, thus indicating a weak counteraction of BBR 
on the statin effect in vivo. 

 Induction of HNF1 �  expression by rosuvastatin in vivo 
 Our recent studies in liver-derived HepG2 cells have 

demonstrated that HNF1 �  has an important  trans -activat-
ing role in PCSK9 gene transcription and works coopera-
tively with SREBP2 to stimulate PCSK9 promoter activity 
( 26 ). To determine whether rosuvastatin treatment could 
alter HNF1 �  gene expression, we performed real-time 
PCR to determine the mRNA levels of HNF1 �  along with 
SREBP2 and SREBP1 in liver samples of different treat-
ment groups. The results showed that the amount of 
HNF1 �  mRNA was increased 1.4-fold and 1.9-fold ( P  < 
0.01) by rosuvastatin at 10 mg/kg and 20 mg/kg doses, 
respectively (  Fig. 5A  ). As expected, rosuvastatin also in-
creased the expression of SREBP2 mRNA, whereas the 
level of SREBP1 mRNA was not affected by the statin 
treatment. 

 These real-time PCR results are the fi rst to show the in-
ducing effect of statins on HNF1 �  expression in vivo. To 
confi rm this important new fi nding, we performed West-
ern blot analysis to detect HNF1 �  protein expression along 
with SREBP2 in liver samples of untreated and rosuvasta-
tin 20 mg/kg-treated hamsters.  Figure 5B  shows that the 
amount of hepatic HNF1 �  protein was increased 1.6-fold 
by rosuvastatin treatment ( P  < 0.05). The protein abun-
dance of SREBP2 was increased 2.3-fold by rosuvastatin 
treatment ( P  < 0.001). 

 To further demonstrate a functional role of HNF1 �  in 
rosuvastatin-induced upregulation of PCSK9 gene tran-
scription, we isolated nuclear extracts from individual liver 
samples of untreated and rosuvastatin 20 mg/kg-treated 
hamsters and performed gel mobility shift assays using a 

  Fig.   3.  Quantitative real-time PCR analysis of the liver mRNA ex-
pression of PCSK9 and LDLR. Twenty-four hours after the last 
treatment, all animals were euthanized and liver total RNA was iso-
lated. Individual levels of LDLR mRNA or PCSK9 mRNA were as-
sessed by quantitative real-time PCR using hamster-specifi c PCR 
primers as described in the Methods section. After normalization 
with GAPDH mRNA levels, the relative PCSK9 or LDLR mRNA lev-
els are presented, and the results are means ± SEM of eight to nine 
animals per group. * P  < 0.05, **  P  < 0.01, and ***  P  < 0.001 com-
pared with the vehicle control group.   

  Fig.   4.  Western blot analysis of liver LDLR protein abundance. 
Individual liver protein extracts were prepared and protein con-
centrations were determined. A: Equal amount of homogenate 
proteins from three liver samples of the same treatment group 
were pooled together and a total of 15 pooled samples from all fi ve 
treatment groups were resolved by SDS-PAGE and LDLR protein 
was detected by immunoblotting using a rabbit anti-LDLR anti-
body. The membrane was reprobed with an anti- � -tubulin antibody. 
B: Individual liver samples were analyzed by Western blotting and 
the expression levels of LDLR were quantifi ed with the KODAK 
Molecular Imaging Software with normalization by  � -tubulin. 
Values are mean ± SEM of nine samples per group.  P  < 0.05 and 
***  P  < 0.001 compared with the vehicle control group.   

 32 P-labeled oligonucleotide probe (HNF1-wt) containing 
HNF1 motif of human PCSK9 promoter that is highly ho-
mologous to the HNF1 site of hamster PCSK9 promoter 
with only one nucleotide difference in the extreme 5 ′  end 
of the motif ( Fig. 5C ). Results in  Fig. 5D  showed that the 
signal intensity of the complex formed with  32 P-labeled 
PCSK9-HNF1 wild-type probe was clearly higher in rosu-
vastatin-treated livers (lanes 7–12) as compared with un-
treated control samples (lanes 1–6). This DNA/protein 
complex was not detected in a binding reaction that con-
tained  32 P-labeled HNF1 mutated probe (lane 13) or in 
the reaction that contained a 100× excess amount of the 
wild-type unlabeled probe (lane 14). The quantifi cation of 
the signal intensity of the complex indicated a 2-fold in-
crease ( P  < 0.05) in the binding of HNF1 �  to the HNF1-
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ine the mRNA and protein expression of LDLR, PCSK9, 
SREBP2, and HNF1 � .   Figure 6A   shows that rosuvastatin 
produced modest effects in upregulating LDLR and 
SREBP2 mRNA expression in HepG2 cells. Rosuvastatin 
increased PCSK9 mRNA up to 3-fold at the maximal dose 
(10 µM), which was slightly higher than that of LDLR. In 
contrast to the effect observed in hamsters, rosuvastatin 
did not induce HNF1 �  mRNA expression over this dose 
range. This fi nding was further corroborated by Western 
blot analysis that detected elevated LDLR, PCSK9, and 
SREBP2 protein expression without an appreciable in-
crease in the cellular abundance of HNF1 � . We obtained 
similar results in Huh7 cells, another human hepatoma-
derived cell line (data not shown). The lack of inducing 

PCSK9 sequence ( Fig. 5D , lower panel). Altogether, these 
results suggest that the mechanism underlying statin-
induced PCSK9 transcription in hamsters involves two 
trans-activators, HNF1 �  and SREBP2, which is different 
from the mechanism of statin-induced LDLR transcrip-
tion involving only the SREBP pathway. 

 Rosuvastatin-mediated stimulation of PCSK9 expression 
in HepG2 cells occurring in the absence of HNF1 �  
induction 

 To discern whether HNF1 �  induction by rosuvastatin 
also occurs in a human cellular model, we treated HepG2 
cells for 24 h with a broad concentration range of rosuvas-
tatin and isolated both RNA and total cell protein to exam-

  Fig.   5.  Induction of HNF1 �  mRNA and protein expression in hamster livers by rosuvastatin. A: Individual levels of HNF1 � , SREBP2, or 
SREBP1 mRNA were assessed by quantitative real-time PCR using hamster-specifi c PCR primers as described in the Methods section. Re-
sults are means ± SEM of nine animals per group. * P  < 0.05, **  P  < 0.01, and ***  P  < 0.001 compared with the vehicle control group. B: Six 
individual liver protein extracts from the control group and from the rosuvastatin 20 mg/kg-treated group were analyzed for HNF1 �  and 
SREBP2 protein expression by Western blotting. The target protein signals were normalized to the signal intensities of  � -tubulin individu-
ally. Values are means ± SEM. * P  < 0.05 and ***  P  < 0.001 compared with the vehicle group (C).  C: Sequence comparison of HNF1 and 
SRE-1 sites in proximal regions of PCSK9 promoter of human, mouse, rat, and hamster. Yellow-highlighted letters indicate HNF1 site, 
green-highlighted letters indicate SRE-1 site, and gray-highlighted letters indicate divergent nucleotides among the four promoter se-
quences. D: A double-stranded oligonucleotide (HNF1-wt) corresponding to human PCSK9 promoter region  � 400 to  � 362 was radiola-
beled and incubated with 10  � g of hamster liver tissue nuclear extracts of untreated (lanes 1–6) and the rosuvastatin 20 mpk group ( 7–12 ) 
for 10 min at 22°C. In lane 13, the nuclear extract of lane 12 was incubated with  32 P-labeled mutated probe (designated as HNF1-mu). In 
lane 14, the binding reaction mixture contained nuclear extracts of lane 12 with the labeled wt probe and 100-fold molar amounts of un-
labeled wt probe as competitor. The reactions in lane 13 and lane 14 were designed to demonstrate the binding specifi city.   
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treated hamsters fed a fructose-enriched diet. This effort 
led to the discovery of HNF1 �  being a new molecular me-
diator for the drug action of statins in modulating PCSK9 
gene transcription in the dyslipidemic hamster model. 

 While plasma TG was effi caciously reduced in rosuvasta-
tin-treated hamsters, we observed a modest and dose-
dependent increase in LDL-C by rosuvastatin treatment in 
these animals. Reciprocally, the abundance of LDLR pro-
tein in the liver of rosuvastatin-treated hamsters was re-
duced in a similar dose-dependent fashion as demonstrated 
by Western blot analysis. Our examination of hepatic 
mRNA expression of LDLR and PCSK9 by real-time PCR 
analysis revealed that while rosuvastatin treatment in-
creased LDLR gene expression 2–3-fold, its effect on 
PCSK9 transcription was stronger, leading to a 6-fold in-
crease in PCSK9 mRNA level at a dose of 20 mg/kg. Al-
though we were unable to confi rm this induction at the 
protein level due to the unavailability of a specifi c anti-
body recognizing hamster PCSK9, it has been demon-
strated that PCSK9 protein expression correlates with its 
mRNA abundance and is primarily regulated at the gene 
transcription level ( 20, 29 ). Thus, our data strongly sug-
gest that the higher induction of PCSK9, which function-
ally mediates LDLR protein degradation, is responsible 
for the reduction of liver LDLR and the increased circulat-
ing LDL-C in this animal model. 

 The above-described results were quite different from 
human studies in which statins robustly lowered plasma 
LDL-C and raised an important question as to whether dif-
ferent mechanisms were involved in the regulation of 
PCSK9 transcription by statins in hamsters versus humans. 

 Previous studies have demonstrated that SREBP2 is one 
common mediator for LDLR and PCSK9 transcription 
through its binding sites embedded in the gene promoters 
( 19, 20 ). Statin treatment increases SREBP2 expression 
and translocation to the nucleus where it activates LDLR 
and PCSK9 through direct interaction with the SRE-1 ele-
ment. As expected, levels of mRNA and protein of SREBP2 
in the hamster liver were increased by rosuvstatin treatment 
dose dependently. We did not detect a change in SREBP1 
mRNA expression by statin treatment, which is consistent 
with the notion that in vivo SREBP2 is the primary activator 
for PCSK9 despite the observation that SREBP1c also acti-
vates PCSK9 gene transcription in cell cultures ( 29 ). 

 More importantly, our recent work has identifi ed 
HNF1 �  as a pivotal transcription activator for the PCSK9 
gene. HNF1 �  binds to a highly conserved HNF1 motif lo-
cated 28 bp upstream of the SRE-1 site of the PCSK9 pro-
moter. This binding is critical to the basal transcriptional 
activity as well as to the SREBP2-mediated transactivation 
of the PCSK9 promoter. The fact that rosuvastatin induced 
a higher level of PCSK9 mRNA than LDLR led us to exam-
ine the possible involvement of HNF1 �  in the statin drug 
action in hamsters. Indeed, HNF1 �  mRNA levels were in-
creased 1.5- and 1.9-fold by rosuvastatin and this induction 
was corroborated at the protein level by Western blot. 
By conducting electrophoretic mobility shift assay with 
nuclear extracts prepared from livers of untreated and ro-
suvastatin 20 mg/kg-treated hamsters, we further demon-

effect of rosuvastatin on HNF1 �  expression likely ac-
counts for the modest induction of PCSK9 in HepG2 
and Huh7cells. Our data thus provide one possible mech-
anistic explanation for the opposite effects of rosuvastatin 
on LDLR protein levels between human and hamster sys-
tems through the differential regulation of HNF1 � . 

 DISCUSSION 

 It has been well documented by several studies ( 5–7 ) 
that the effi cacy of statins in rodent models such as rats 
and hamsters is measured by its TG reduction instead of its 
primary drug action of LDL-C reduction due to the 
observed resistance of these animals to statins. To gain 
a better insight into this complex cholesterol homeostatic 
regulation in these species, in this current study, we 
explored a possible link between this resistance to LDL 
reduction and elevated PCSK9 expression in rosuvastatin-

  Fig.   6.  Rosuvastatin induces PCSK9 expression without induc-
tion of HNF1 �  in HepG2 cells. HepG2 cells were seeded in 6-well 
culture plate for 24 h. Cells were cultured in medium containing 
10% lipoprotein defi cient serum overnight prior to the addition of 
rosuvastatin at the indicated doses for 24 h. The expression levels 
of mRNA of interest were assessed by real-time quantitative PCR 
after normalization with GAPDH. * P  < 0.05, ** P  < 0.01, and *** P  < 
0.001 compared with untreated control cells. The abundances of 
the gene products were analyzed by Western blot and quantifi ed 
after normalization with  � -actin as in  Fig. 5 . PCSK9-P and PCSK9-M 
represent the proprotein and cleaved mature form of PCSK9, re-
spectively. SREBP2-P represents the precursor form ( � 120 kDa) of 
SREBP2.   
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in statin-mediated regulation of HNF1 �  between hamsters 
and HepG2 cells, the ineffectiveness of BBR in modulating 
HNF1 �  expression in hamster livers further implies that 
the regulatory mechanism governing HNF1 �  expression 
between humans and rodents could be different, which 
could be a contributing factor for different effi cacies of 
statins and other lipid modulating drugs observed in vari-
ous animal studies. 

 While the exact mechanisms underlying the differential 
effects of statins in regulating HNF1 �  expression in hu-
mans and hamsters await further investigations, results 
from the current study allow us to propose a model (  Fig. 7  ) 
in which PCSK9 is more signifi cantly upregulated by sta-
tins in hamsters where both SREBP2 and HNF1 �  are the 
driving force for gene expression in contrast to the use of 
only SREBP2 in LDLR induction. Thus, the net balance is 
in favor of PCSK9-induced degradation of LDLR over 
SREBP2 induction. The resulting net loss of LDLR leads to 
LDL-C accumulation in the plasma of hamsters, confer-
ring the drug resistance phenomena. Interestingly, in hu-
man HepG2 or Huh7 cells, HNF1 �  is not induced by 
rosuvastatin and thus we see no net degradation of LDLR 
protein. This observation in HepG2 cells could have impli-
cations to statin effi cacy in treating hypercholesterolemic 
patients. The question of whether HNF1 �  induction is in-
volved in the elevation of PCSK9 plasma levels in patients 
treated with higher doses of statins needs to be thoroughly 
addressed with further investigations.  

 We thank Dr. Michael R. Briggs for his critical review of the 
manuscript and other members of Liulab for their general 
support.  
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