Atherosclerosis 232 (2014) 141e148

Contents lists available at ScienceDirect

Atherosclerosis
journal homepage: www.elsevier.com/locate/atherosclerosis

Simvastatin treatment upregulates intestinal lipid secretion pathways
in a rodent model of the metabolic syndrome
Faye Borthwick, Rabban Mangat, Samantha Warnakula, Miriam Jacome-Sosa,
Donna F. Vine, Spencer D. Proctor*
Metabolic and Cardiovascular Diseases Laboratory, Molecular Cell Biology of Lipids Group, Alberta Diabetes and Mazankowski Heart Institutes,
University of Alberta, Edmonton, Alberta, Canada

a r t i c l e i n f o

a b s t r a c t

Article history:
Received 24 February 2013
Received in revised form
15 October 2013
Accepted 30 October 2013
Available online 13 November 2013

Objective: Statins are widely used for the treatment of hyperlipidemia to reduce cardiovascular disease
(CVD) risk. Intriguingly, recent reports suggest that whilst statins are effective in reducing hepatic
cholesterol synthesis, they in turn may up-regulate intestinal cholesterol absorption. The direct effects
and/or mechanisms of this phenomenon remain largely unknown. The aim of this study was to investigate the potential for statins to increase intestinal lipid absorption and/or secretion in a rodent model of
the metabolic syndrome (MetS).
Methods and results: Mets JCR:LA-cp rats received a 1% cholesterol diet containing Simvastatin (0.01% w/
w), for 8 weeks. Fasting and postprandial plasma biochemical proﬁle was assessed using enzymatic
assays and a modiﬁed apoB48 (chylomicron; CM) western blotting protocol. Statin treatment reduced
fasting plasma TG (49%), cholesterol (24%) and postprandial plasma apoB48 (58%). The intestinal
secretion of lipids into mesenteric lymph was assessed using lymph ﬁstulae procedures. Interestingly,
MetS rats treated with statin secreted greater cholesterol (1.9-fold) and TG (1.5-fold) per apoB48 particle,
into mesenteric lymph. This was shown to be as a result of simvastatin-induced increase in intestinal
cholesterol absorption (31.5%). Experiments using in vivo inhibition of lipoprotein lipase (LPL;
poloxamer-407) demonstrated statin treatment reduced hepatic cholesterol secretion (49%), but
signiﬁcantly increased hepatic (73%) TG secretion in MetS rats. Statin treatment also increased the
expression of genes involved in lipid synthesis (Hmgcr, Srebp1, Fas, Acc; 33e67%) and reduced those
involved in efﬂux (Abca1, Abcg8; 36 to 73%) in enterocytes and liver of MetS rats versus untreated
control.
Conclusions: In a rodent model of MetS, statin treatment adversely up-regulates intestinal lipid secretion
as a result of increased intestinal cholesterol absorption, and increases the intestinal expression of genes
involved in lipid synthesis; effects which may confound clinical beneﬁts to remnant dyslipidemia.
Ó 2013 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction
There is longstanding evidence of the association between
elevated plasma low-density lipoprotein cholesterol (LDL-C; hepatic derived-apoB100 containing particles) and increased risk for
cardiovascular disease (CVD) [1e3]. In addition, results from the
Copenhagen Heart Study report that remnant derived cholesterol
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(fasting (VLDL) or non-fasting (apoB48 remnants) triglyceride-rich
lipoproteins) are also an independent causative risk factor for coronary heart disease [4].
Therapeutically, statins are commonly used to reduce CVD risk
by lowering plasma LDL-C levels via inhibition of endogenous hepatic cholesterol synthesis (inhibition of 3-hydroxy-3methylglutaryl CoA (HMG-CoA) reductase). However, the direct
effect of statins on the intestine and corresponding triglyceriderich lipoprotein secretion is less well understood. For example,
despite maximal statin therapy in certain ‘high-risk’ populations
(where high LDL-C is likely not the predominant risk factor) the
residual risk for CVD still exists [5,6]. Moreover, results from the
JUPITER (Justiﬁcation for the Use of statins in Prevention: an
Intervention Trial Evaluating Rosuvastatin) trial demonstrated an
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increased (þ27%) risk of developing new onset diabetes in statin
treated patients [7,8].
It is also well established that total plasma cholesterol levels are
maintained via metabolic cross-talk between endogenous synthesis (predominantly hepatic) and exogenous dietary and biliary absorption pathways (via the intestine) [9]. We know that obese
individuals have increased cholesterol synthesis with concomitant
reductions in cholesterol absorption [10,11]. For example, treatment with the drug ezetimibe (inhibitor of NPC1L1-mediated intestinal cholesterol absorption [12]) has been reported to not only
reduce intestinal cholesterol absorption, but can simultaneously
increase the rate of cholesterol synthesis in humans [13]. These
studies elegantly demonstrate the reciprocal regulation between
the absorption and synthesis of cholesterol. Furthermore, recent
evidence suggests that while statin therapy can be effective at
reducing hepatic endogenous synthesis, it may be associated with a
compensatory increase in the intestinal absorption of cholesterol
[14e16], however the mechanisms pertaining to this remain
elusive. Here we hypothesized that statin therapy would cause an
increase in intestinal lipid secretion during conditions of MetS using the JCR:LA corpulent rat model.
The JCR:LA-cp rat, homozygous for the corpulent trait (cp/cp),
exhibits symptoms of the MetS and has been well established as a
model of over-production of intestinal apoB48-containing triglyceride rich lipoproteins, as well as end-stage vascular complications
[17,18]. Here, we investigated the effect of simvastatin treatment on
(1) circulating plasma lipids, (2) intestinal and hepatic lipid secretion, (3) intestinal cholesterol absorption and, (4) the expression of
key intestinal and hepatic lipogenic target genes.
2. Materials and methods
2.1. Animals and diets
Male JCR:LA corpulent (cp) rats, both MetS (cp/cp; n ¼ 48) and
lean control (þ/?; n ¼ 18), were raised in our established breeding
colony at the University of Alberta, as previously described [17].
Lean control rats, at 6 weeks of age, received a synthetic lipid
balanced diet (LBD) supplemented with 1% w/w cholesterol. MetS
rats of the same age were randomized to either a LBD þ 1%
cholesterol control diet (n ¼ 24), or LBD þ 1% cholesterol supplemented with Simvastatin (SV, 0.01% w/w; n ¼ 24), for 8 weeks. Food
intake and body weight were recorded weekly throughout the
study. All animal care and experimental procedures were conducted in accordance with the Canadian Council on Animal Care
and approved by the University of Alberta Animal Care and Use
Committee [ACUC-Livestock].
2.2. Oral fat challenge (postprandial) test
The postprandial (non-fasting) lipid response reﬂects the acute
change in plasma lipids in response to an oral fat load. Rats (n ¼ 6 of
each group), at week 7 of treatment and following an overnight fast
(16 h) were subjected to an oral fat challenge in order to assess
postprandial apoB48 and lipid responses [17]. In brief, rats
consumed a 5 g fat pellet (5001 laboratory chow consisting of 49%
carbohydrate, 24% crude protein, 10% moisture, 6.5% minerals, 6%
ﬁber, 4.5% fat, and further supplemented with 25% w/w dairy fat
from double cream (raising the total fat content to 30% w/w)). Blood
samples were collected from the tail into tubes containing Na2EDTA
at 0, 2, 4, 5, 6, 8 and 10 h following pellet consumption. Plasma was
collected by centrifugation (3900 g; 4  C; 10 min) and stored for
biochemical analyses. The postprandial response was analyzed as
the total area under the curve (AUC) (reﬂective of total lipid response
to the fat load) and incremental AUC (iAUC) (representative of

increased lipid response beyond the fasting/baseline lipid levels). Total
AUC was calculated using Graphpad Prism software.
2.3. Plasma biochemical measurements
The biochemical lipid proﬁle of all rats was assessed using
commercially available enzymatic kits, as previously described
[17]; including plasma triglyceride (TG) (Wako Pure Chemicals,
USA, Inc. Richmond, VA; Cat# 998-40391/994-40491), total
cholesterol (TC) (Wako; Cat# 439-17501), Low Density Lipoprotein
(LDL)-cholesterol (Wako; Cat# 993-00404/999-00504) and High
Density Lipoprotein (HDL)-cholesterol (Wako; Cat# 991-00101/
997-0020). The concentration of intestinally-derived CM particles
was determined by quantiﬁcation of plasma apoB48, using an
adapted immune-western blotting procedure, as previously
described [17]. Brieﬂy, total plasma was separated by sodium
dodecyl sulfate (SDS) gel electrophoresis (SDS-PAGE) on a 3e8%
tris-acetate polyacrylamide NuPageÒ gel (InVitrogen, USA). Separated proteins were transferred to a polyvinylidene ﬂuoride (PVDF)
membrane (0.45 mM; ImmobilonPÔ, Millipore, USA). Membranes
were incubated with a goat polyclonal antibody to apoB (1:4000;
Chemicon Millipore, USA). Detection was achieved using an antigoat secondary antibody and chemiluminescence (ECL advance,
Amersham Biosciences, UK); intensity was quantiﬁed using linear
densitometric comparison with a known mass of puriﬁed rodent
apoB48 protein.
2.4. Lymph lipid secretion and cholesterol absorption studies
(lymph ﬁstulae procedure)
Rats (n ¼ 4 of each group), at week 8 of treatment were fasted
overnight to equilibrate gastro-intestinal contents and then re-fed
equal quantities of standard rat chow prior to lymphatic surgery.
The superior lymph duct was cannulated, as previously described
[17]. In brief, for secretion studies, the duodenum of rats (n ¼ 4/
group) was infused with intralipid (20% intralipid, 4% glucose;
representative of the fed state) and the subsequent lymph collected
over a 6hr period. Lymphatic total cholesterol and triglyceride
concentrations were measured, as above. Lymphatic apoB48 was
quantiﬁed by western blotting, as described above. In order to assess
the contribution from intestinal cholesterol absorption, we also
cannulated an additional group of MetS rats treated with a combination of Simvastatin and Ezetimibe (Merck pharmaceuticals;
USA) (0.01% w/w SV þ 0.01% w/w EZ, 8 weeks; n ¼ 4), an inhibitor of
NPC1L1-mediated cholesterol absorption [12].
For lymph absorption experiments, the duodenum of rats
(n ¼ 4/group) was infused with a triolein (Glycerol Trioleate,
SigmaeAldrich, USA) emulsion containing [3H]-cholesterol (1 mCi)
(PerkinElmer, USA) and 1 mg of cold cholesterol (SigmaeAldrich,
USA), and the subsequent lymph collected over 8 h. The radioactivity (decays per minute; dpm) in the lymph and administered
emulsion was measured by scintillation counting. Cholesterol absorption was determined as a % of [3H]-cholesterol in the lymph
relative to that administered in the emulsion, divided by the total
volume of lymph (% absorption/ml of lymph).
2.5. In vivo inhibition of lipoprotein lipase
The hydrolysis of lipoprotein triglyceride was inhibited by
intraperitoneal injection of poloxamer-407 (P-407; SigmaeAldrich,
USA). For hepatic TG and TC secretion, blood samples were
collected from the tail of rats (n ¼ 4/group) prior to (0 h) and 1, 2, 3,
4 and 6 h post-injection with P-407 (1 g/kg body weight). Plasma
was collected from the blood by centrifugation (3900; 4  C; 10 min)
and TG and TC measured, as above. Rats were placed back on their
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Table 1
Fasting plasma biochemical parameters in Metabolic Syndrome (MetS) JCR:LA-cp
rats treated with simvastatin (SV).
Fasting Plasma Parameters

Lean

Triglyceride (mg/dl)
Total cholesterol (mg/dl)
LDL-cholesterol (mg/dl)
HDL-cholesterol (mg/dl)
Insulin (mg/ml)
Glucose (mg/dl)

35.0
83.0
16.2
18.9
1.3
79.8

MetS þ SV

MetS







9.0
5.0
1.9
1.5
0.01
3.9

170
182
34.4
49.4
46.9
141.9








21*
5.0**
3.6*
4.9**
6.5***
2.2***

86.0
139
24.8
35.6
6.3
100.5








28^
4.0^
2.0
0.7
1.5^
8.2^

Values are mean  s.e.m of n ¼ 6 per group. *p < 0.05; **p < 0.01; ***p < 0.001 versus
lean control.^p < 0.05,^
^p < 0.01;^
^p < 0.001 versus untreated MetS control.

respective diets for a 7 day washout period before carrying out
intestinal TG secretion studies. In this case, 30 min following injection of P-407, rats were orally gavaged with [3H]-triolen (10 mCi
in 500 ml olive oil). Blood samples were collected at 0 h (prior to P407 injection) and 1, 2 and 3 h post-gavage. Plasma samples were
collected by centrifugation (above) and total lipids extracted by the
Folch method [19]. Lipids were separated by thin-layer chromatography (TLC) using a mobile phase of heptane:isopropyl ether:acetic acid (60:40:4) to separate neutral lipids. Lipid bands were
visualized by iodine exposure, scraped and the radioactivity
measured by scintillation counting (LS 6500 BeckmaneCoulter).
Upon sacriﬁce (3 h post-gavage), a segment of the jejunum and
fecal sample was collected from each rat. The radioactivity associated with both the fecal and jejunal samples was measured by
scintillation counting (above) and recorded as a measure of dpm per
gram of sample.
2.6. Real-time PCR
Following an overnight fast (16 h), livers were collected from
rats and snap frozen in liquid nitrogen for subsequent mRNA
analysis. Jejunal enterocytes were also collected from the intestine
of rats as per an adapted protocol of the Weiser method [20]. In
brief, enterocytes were detached by incubation of jejunal tissue
segments (w30 cm) with dithiothreitol and citrate with shaking.
Isolated cells were pelleted by centrifugation (1000 rpm, 2 min).
Total RNA (TRIzol; InVitrogen, USA) was isolated from enterocytes
and liver collected from rats (n ¼ 6) of each group and reverse
transcribed to cDNA using MultiScribeÔ Reverse Transcriptase
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(High-Capacity cDNA Reverse Transcription kit; Applied Biosystems, USA). The expression of select lipogenic targets genes
(Hmgcr, Ldlr, Abca1, Abcg5, Abcg8, Npc1l1, Mtp, Fas, Acc, Srebp-1 and
Srebp-2), relative to the housekeeping gene b-actin, were measured
by quantitative real-time PCR (StepOnePlusÔ Real-Time PCR system and software; Applied Biosystems, USA). PCR reactions contained sample cDNA and 100 nM of commercially available target
speciﬁc TaqmanÒ FAMÔ-labeled probes (Applied biosystems, USA).
Gene quantiﬁcation was assessed relative to b-actin and as a fold
change to MetS control using the 2DDCt method.
2.7. Statistical analysis
All data is expressed as mean  SEM. Statistical analysis were
performed using Graphpad Prism software, version 4.0. The differences between lean (þ/?) control, MetS (cp/cp) untreated control, and MetS þ simvastatin (MetS þ SV) groups were analyzed
using one-way analysis of variance (ANOVA) and post-hoc differences were analyzed using the Tukey method with signiﬁcance
achieved at p < 0.05.
3. Results
3.1. Effects of simvastatin treatment on fasting and postprandial
lipids in the MetS JCR:LA-cp rat
There was no change in either food intake or body weight in
MetS rats treated with simvastatin, as compared to untreated MetS
control (Supplementary Fig. 1). Simvastatin treatment signiﬁcantly
lowered both fasting plasma insulin (86.5%, p < 0.001) and
glucose (29.2%, p < 0.01) in MetS rats (Table 1). Following treatment with simvastatin (SV; 0.01% w/w, 8 weeks), MetS rats also had
signiﬁcantly lower fasting plasma TC (23.6%, p < 0.05) and TG
(49.4%, p < 0.05), but only a trend to reduced fasting plasma LDLcholesterol (27.9%, p > 0.05) and HDL-cholesterol (28%, p > 0.05)
concentrations (Table 1).
Simvastatin treatment signiﬁcantly reduced postprandial
plasma apoB48 levels (AUC 58%, p < 0.05; iAUC 61%, p < 0.05),
but not the postprandial plasma lipid response for TC or TG (Fig. 1,
Table 2), in MetS rats as compared to untreated controls.

Fig. 1. Postprandial (non-fasting) plasma response time-response (0e10 h) curves for total cholesterol (TC) (a), triglyceride (TG) (b) and apolipoprotein-B48 (apoB48) (c), following
an oral fat challenge in lean and MetS control rats, and MetS rats treated with 0.01% w/w simvastatin (MetS þ SV), for 8 weeks. Values are mean  s.e.m of n ¼ 6 per group. *p < 0.05
versus lean control.^p < 0.05 versus untreated MetS rats.
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Table 2
Postprandial plasma lipid response in JCR:LA-cp rats following statin treatment.

AUC
PP TC
PP TG
PP apoB48
iAUC
PP TC
PP TG
PP apoB48

Lean

MetS

MetS þ SV

867.4  1.1
522.6  50.9
306.7  47.2

2113  35.3***
5212  34***
1130  185.4**

1894  3.8
3752  499
473.1  91.8^

33.1  2.7
265.3  36.6
71.9  17.4

70.4  14.7**
2940  325.5**
312.1  64.6**

59.3  3.2
2152  97.5
121.6  37.3^

Values are mean  s.e.m n ¼ 6 per group. **p < 0.01; ***p < 0.001 versus lean control.
^p < 0.05 versus untreated MetS control. AUC ¼ Area under the curve;
iAUC ¼ incremental AUC.

3.2. Lymphatic lipid concentrations in response to simvastatin
treatment in MetS rats
To investigate the effect of simvastatin treatment directly on
intestinal lipid secretion, we carried out lymph ﬁstulae methods to
assess lymphatic lipid composition. Following a duodenal infusion
of intralipid (representative of the fed state), MetS rats treated with
simvastatin had signiﬁcantly increased lymphatic TC (1.9-fold,
p < 0.05) and TG (1.5-fold, p < 0.05) concentrations, versus untreated MetS controls (Fig. 2a). When presented as a ratio of lipid
per apoB48 particle, simvastatin treatment markedly increased the

ratio of both lymphatic TC:apoB48 (3.8-fold, p < 0.01) and TG:apoB48 (2.5-fold, p < 0.001) in MetS rats, as compared to untreated
controls (Fig. 2b; Suppl. Fig. 2).
3.3. Effect of simvastatin treatment on hepatic and intestinal lipid
secretion in MetS rats
To assess hepatic TC and TG secretion rate, rats were injected
with poloxamer-407 (P-407), an inhibitor of lipoprotein lipase (LPL)
activity [21]. The hepatic secretion of TC, as measured by AUC and
iAUC, was signiﬁcantly reduced in MetS rats treated with simvastatin (AUC 49.7%, p < 0.01; iAUC 66.3%, p < 0.01). Interestingly
hepatic TG secretion was up-regulated (AUC 78.9%, p < 0.05; iAUC
84.2%, p < 0.05) in MetS rats, as compared to untreated control
(Fig. 3, Table 3).
To assess intestinal TG secretion rate, following injection with P407, rats were administered an oral gavage of olive oil containing
[3H]-triolein (Methods). Simvastatin treatment induced a signiﬁcant
increase (AUC 122.7%, p < 0.05; iAUC 171.6%, p < 0.05) in intestinal
TG secretion in MetS rats, as compared to untreated MetS controls
(Fig. 4, Table 4). Radioactivity (dpm/g tissue) in jejunal tissue and
fecal samples of MetS rats was unaltered by simvastatin treatment
(Suppl. Fig. 3).
3.4. Intestinal absorption of [3H]-cholesterol in MetS rats treated
with simvastatin
To assess the direct effect of simvastatin treatment on intestinal
cholesterol absorption, we adapted our lymph ﬁstulae procedure to
measure the appearance of radiolabeled cholesterol into lymph.
The appearance of [3H]-cholesterol into the lymph was increased
(31.5%, p < 0.05) in MetS rats in response to simvastatin treatment,
as compared to MetS control (Fig. 5).
3.5. Effect of cholesterol absorption inhibitor on statin-induced
lymphatic cholesterol secretion
In order to further assess the contribution of increased intestinal
cholesterol absorption to net secretion in simvastatin treated MetS
rats, we carried out additional lymph ﬁstulae experiments to
include MetS rats treated with simvastatin in combination with
ezetimibe (NPC1L1 cholesterol absorption inhibitor). MetS rats
treated with both simvastatin and ezetimibe had signiﬁcantly less
lymphatic TC concentration (42.1%, p < 0.05), but greater
lymphatic apoB48 levels (2.5-fold, p < 0.05), as compared to MetS
rats treated with simvastatin alone (Fig. 6a). Furthermore, when
presented as a ratio of TC per apoB48 particle, MetS rats treated
with the combination of simvastatin and ezetimibe had markedly
lower lymphatic TC:apoB48 (88.7%, p < 0.01) as compared to
simvastatin treatment alone (Fig. 6b).
To further understand whether contribution of increased
cholesterol secretion could also be a net result of reduced excretion
via the TICE (trans intestinal cholesterol efﬂux) pathway, Ussing
chamber experiments were performed (described in Suppl. Fig. 4).
We found that despite TICE being signiﬁcantly decreased in MetS
rats (compared to control); simvastatin was unable to reverse this
effect (Suppl. Fig. 4)

Fig. 2. Concentration of total cholesterol (TC), triglyceride (TG) and apolipoproteinB48 (apoB48) in lymph (a) collected from lean and MetS control rats, and MetS rats
treated with 0.01% w/w simvastatin (MetS þ SV), for 8 weeks. Lymph was collected
from the mesenteric lymph duct for 6 h following a gastric infusion of intralipid
(representative of the fed state). The data was further presented as a ratio of TC:apoB48
and TG:aopB48 (b) in lymph. Values are mean  s.e.m of n ¼ 4 per group. *p < 0.05
versus lean control.^p < 0.05;^
^p < 0.01;^^p < 0.01 versus untreated MetS rats.

3.6. Enterocyte and hepatic lipogenic gene expression in response to
simvastatin treatment in MetS rats
The expression of lipogenic genes was measured in the enterocytes and livers of rats from all groups (Fig. 7). Simvastatin
treatment signiﬁcantly up-regulated the enterocytic mRNA levels
of Hmgcr (57.4%, p < 0.01), Ldlr (40.7%, p < 0.05), Srebp1 (40%,
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Fig. 3. Hepatic lipid secretion in MetS rats treated with simvastatin (0.01% w/w, 8 weeks). Under fasting conditions, in vivo inhibition of lipoprotein lipase (LPL; poloxamer-407) in
lean and MetS control rats, and MetS rats treated with Simvastatin (MetS þ SV) was utilized to assess hepatic total cholesterol (TC; a) and triglyceride (TG; b) secretion. Values are
mean  s.e.m of n ¼ 4 per group. *p < 0.05; ***p < 0.001 versus lean control.^p < 0.05;^^p < 0.01 versus untreated MetS rats.
Table 3
Hepatic lipid secretion in JCR:LA-cp rats in response to statin treatment.

AUC
Hepatic
Hepatic
iAUC
Hepatic
Hepatic

Lean

MetS

MetS þ SV

TC
TG

294.8  36.6
1739  18.4

404.1  16.7*
2248  706.2

203.3  23.4^
4022  331.5^

TC
TG

322.2  24.6
2767  318.7

387.3  5.0*
3729  1163

130.3  46.7^
6868  611.9^

Values are mean  s.e.m n ¼ 4 per group. *p < 0.05 versus lean control.^p < 0.05;
^p < 0.01 versus untreated MetS control. AUC ¼ Area under the curve;
iAUC ¼ incremental AUC.

p < 0.05), Fas (66.9%, p < 0.01), Acc (33%, p < 0.05) and Mtp (39.6%,
p < 0.05), whilst down-regulating the levels of Abca1 (73.3%,
p < 0.001) and Abcg8 (35.9%, p < 0.01) mRNA in MetS rats, as
compared to untreated MetS rats (Fig. 7a). Treatment with simvastatin induced a signiﬁcant up-regulation in hepatic Hmgcr (49%,
p < 0.05), Ldlr (47%, p < 0.05), Mtp (48%, p < 0.05), Fas (52%,
p < 0.01), Acc (52%, p < 0.01) and Srebp2 (46%, p < 0,01) mRNA, but
reduced hepatic levels of Abcg5 (48%, p < 0.05), Abcg8 (71%,
p < 0.01) and Srebp1 (39%, p < 0.01) mRNA in MetS rats, as
compared to untreated controls (Fig. 7b).
4. Discussion
4.1. Simvastatin treatment in MetS rats lowers fasting, but not postprandial, plasma triglyceride and cholesterol
The ability of statins to lower fasting plasma LDL-C levels in
humans is well documented [22e24]. However, it is just as common that some patients fail to reach target plasma LDL-C levels

with statin treatment alone [25,26]. The literature reports a variance in the ability of statins to lower LDL-C, ranging from 70%
to þ10% changes in plasma LDL-C levels [27e29]. Moreover, the
magnitude of response to statin treatment may vary by statin form
(i.e. simvastatin versus rosuvastatin), and by dose, with higher
doses producing larger effects [30]. Of note, the human equivalent
dose of that used in our study is 56 mg/day, falling within the 10e
80 mg/day range used clinically. As anticipated, we found that
simvastatin treatment in MetS rats signiﬁcantly reduced fasting
plasma TC and TG levels. However, simvastatin did not induce a
statistically signiﬁcant reduction in LDL-C despite achieving a 27%
decrease (p > 0.05) in plasma levels in this rat model.
Statins have been shown to signiﬁcantly reduce postprandial
(non-fasting) plasma lipoprotein concentrations in subjects with
coronary heart disease [31]. For example, the ability of atorvastatin
to lower non-fasting plasma apoB48 pool size has also been reported in subjects with hypercholesterolemia [32,33], hypertriglyceridemia [32,34], type 2 diabetes [35] and coronary artery
disease [36]. However, in subjects with familial combined hyperlipidemia, atorvastatin was found to have no effect on the plasma
levels of apoB48 [37,38]. In the present study, we found simvastatin
treatment signiﬁcantly lowered postprandial plasma intestinalderived apoB48, likely via increased LDL-R uptake [39e41], in
good agreement with the majority of existing literature. However,
post-prandially simvastatin treatment was unable to lower plasma
TG and TC levels in MetS rats thus suggesting increased contribution from intestinal-derived lipids.
4.2. Intestinal cholesterol secretion and absorption is signiﬁcantly
increased in response to simvastatin treatment
To assess differences to intestinal cholesterol absorption and
synthesis, studies often rely on the plasma levels of plant sterols
(e.g. camposterol, sitosterol and cholestanol) and cholesterol precursors (e.g. lathosterol, desmosterol) respectively [42]. Studies
have reported that treatment with a range of different statins
substantially increase markers of cholesterol absorption, whilst
reducing levels of synthetic markers in hypercholesterolemic and
type 2 diabetic subjects [15,27,43,44]. In this study, we found
simvastatin treatment in MetS rats induced a marked increase in
the intestinal secretion of both TG and TC into mesenteric lymph.
Additionally, we observed a reduction in hepatic cholesterol
Table 4
Intestinal triglyceride secretion in JCR:LA-cp rats treated with statin.

Fig. 4. Intestinal lipid secretion in MetS rats treated with Simvastatin (0.01% w/w, 8
weeks). Following an oral gavage ([3H]-triolen þ olive oil), in vivo inhibition of lipoprotein lipase (LPL; poloxamer-407) in lean and MetS control rats, and MetS rats
treated with simvastatin (MetS þ SV) was utilized to assess intestinal triglyceride (TG)
secretion. Values are mean  s.e.m of n ¼ 4 per group. *p < 0.05 versus lean control.
^p < 0.05 versus untreated MetS rats.

AUC intestinal TG
iAUC intestinal TG

Lean

MetS

MetS þ SV

46,829  7150
44,133  9836

108,300  27981*
82,677  20873*

241,238  36077^
224,585  32918^

Values are mean  s.e.m n ¼ 4 per group. *p < 0.05 versus lean control. ^p < 0.05
versus untreated MetS control. AUC ¼ Area under the curve; iAUC ¼ incremental
AUC.
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Fig. 5. Intestinal absorption of [3H]-cholesterol in MetS rats treated with simvastatin
(0.01% w/w, 8 weeks). Lymph was collected from the mesenteric lymph duct for 8 h
following a gastric infusion of triolein containing [3H]-cholesterol in lean and MetS
control rats, and MetS rats treated with simvastatin (MetS þ SV). Data was presented
as % of [3H]-cholesterol absorbed per ml of lymph. Values are mean  s.e.m of n ¼ 4 per
group. ***p < 0.001 versus lean control.^p < 0.05 versus untreated MetS rats.

secretion, likely due to reduced endogenous synthesis [45], however hepatic triglyceride secretion was increased in MetS rats
treated with simvastatin.
To further conﬁrm the impact of simvastatin on intestinal
cholesterol absorption directly, we used a radiolabeled lymph
cannulation procedure. Results from these experiments suggest
that simvastatin-induced increase in cholesterol secretion can
almost be completely explained by an increase in absorption, and
not by other indirect pathways (e.g. TICE; Suppl. Fig. 4).
4.3. Simvastatin up-regulates intestinal genes involved in lipid
synthesis, but down-regulates those responsible for efﬂux
Consistent with previous studies, we ﬁnd increased expression
of intestinal HMG-CoA reductase and LDL-R mRNA in response to
statins [16,46e48]. Statins are known to induce hepatic LDL-R
mediated uptake of apoB-containing lipoproteins from the circulation [39e41], therefore we speculate the same may occur in the
intestine.
The intestinal membrane transporter Niemann-Pick C1-Like 1
(NPC1L1) is crucial in the intestinal absorption of cholesterol [49].
NPC1L1 mRNA (but not protein) was recently shown to be signiﬁcantly up-regulated in the duodenum of male hyperlipidemic patients treated with atorvastatin [16]. This was accompanied by an
increase in the plasma levels of markers of cholesterol absorption
(campesterol and sitosterol) [16]. In contrast, we did not detect any

signiﬁcant alterations in NPC1L1 mRNA or protein (data not shown)
in jejunal enterocytes of MetS rats treated with simvastatin. However, we did ﬁnd intestinal cholesterol absorption to be upregulated in response to simvastatin treatment and that NPC1L1mediated absorption (via ezetimibe inhibition of NPC1L1) appears
to be a major contributor. This may be explained by the fact that
NPC1L1 protein levels are increased in the enterocyte of MetS
versus lean rats (data not shown) and may already be at maximal
threshold in these rats.
Intestinal microsomal triglyceride transfer protein (MTP) facilitates the assembly of TC, TG, phospholipid and apoB48 [50,51].
Whilst Tremblay et al. found intestinal (and hepatic) MTP mRNA
unchanged in response to atorvastatin treatment [16], diabetics
treated with statins had signiﬁcantly lower intestinal MTP mRNA
[52]. In contrast, we found intestinal MTP mRNA up-regulated in
MetS rats treated with statin, suggesting an increase in the incorporation of lipid into chylomicron particles (or hepatic-derived
VLDL) for secretion.
ATP-binding cassette transporters-G5 and G8 (ABCG5 and
ABCG8) are heterodimers which promote biliary sterol excretion
and limit the absorption of dietary sterols [53]. Hepatic ABCG5/G8
mRNA is up-regulated in rats [54] and in the intestine of diabetics
[52], treated with statins. In agreement with Tremblay et al. (2011)
[16], we found Abcg8 mRNA levels to be down-regulated in
response to simvastatin, but ﬁnd Srebp2 mRNA, the cholesterolgenic transcription factor [55], unchanged despite up-regulation of
its common downstream target gene HMG-CoA reductase [56].
The down-regulation of intestinal (and hepatic) Abcg8 and
Abcg5 in response to statin treatment suggests statins reduce
biliary sterol excretion [53], supporting increased packaging of
lipids into chylomicrons for subsequent secretion into the lymph.
Additional to these ﬁndings, we also report a statin-induced upregulation of intestinal and hepatic genes involved in fatty acid
synthesis (Fas and Acc). The up-regulation of these lipid synthetic
genes may be indicative of increased endogenous lipid synthesis in
response to simvastatin treatment, which may contribute further to
the increase in intestinal and hepatic triglyceride secretion.
5. Conclusion
We provide direct evidence that simvastatin treatment, during
MetS, triggers a substantial increase in the intestinal secretion of
cholesterol, explained by increases in cholesterol absorption and
concomitant up-regulation of intestinal expression of genes
involved in lipid synthesis (Srebp-1; FAS and ACC) and downregulation of those responsible for efﬂux (Abca1; Abcg8). These
data support the potential for statins to increase intestinal

Fig. 6. Concentration of total cholesterol (TC) and apolipoprotein-B48 (apoB48) in lymph (a) collected from MetS control rats, and MetS rats treated with either 0.01% w/w
simvastatin (MetS þ SV), or the combination of simvastatin (0.01% w/w) and ezetimibe (0.01% w/w) (MetS þ EZ þ SV) for 8 weeks. Lymph was collected from the mesenteric lymph
duct for 6 h following a gastric infusion of intralipid (representative of the fed state). The data was further presented as a ratio of TC:apoB48 and TG:aopB48 (b) in lymph. Values are
mean  s.e.m of n ¼ 4 per group. *p < 0.05; **p < 0.01 versus MetS control.^p < 0.05;^^p < 0.01 versus MetS þ SV rats.
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Fig. 7. Intestinal (a) and hepatic (b) expression of genes involved in lipid synthesis and transport in lean and MetS control rats, and MetS rats treated with 0.01% w/w simvastatin
(MetS þ SV), for 8 weeks. Target gene expression was corrected for the housekeeping gene, b-actin and expressed as a fold change relative to MetS untreated controls. Values are
mean  s.e.m of n ¼ 6 per group. *p < 0.05; **p < 0.01; ***p < 0.001 versus lean control.^p < 0.05;^^p < 0.01;^^p < 0.001 versus untreated MetS rats.

cholesterol absorption in the clinical setting and may be particularly relevant for those patients with either MetS or diabetes.
Therefore, combination therapies to simultaneously target hepatic
cholesterol synthesis and intestinal cholesterol absorption may
present a more effective line of treatment to reduce CVD risk.
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