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Aims: Bile acid sequestrants (BAS) and physical activity (RUN) decrease incidence of cardiovascular
events. Both treatments are often prescribed, yet it is not known whether their beneﬁcial effects are
additive. We assessed the effects of BAS treatment alone and in combination with RUN on cholesterol
metabolism, heart function and atherosclerotic lesion size in hypercholesterolemic mice.
Methods: Male Ldlr-deﬁcient mice remained either sedentary (CONTROL), were treated with Colesevelam
HCl (BAS), had access to a running wheel (RUN), or were exposed to BAS and RUN (BAS RUN). All groups
were fed a high cholesterol diet for 12 weeks. Then, feces, bile and plasma were collected. Atherosclerotic
lesion size was determined in the aortic arch and heart function by echocardiography.
Results: BAS RUN ran more than RUN (6.4  1.4 vs. 3.5  1.0 km/day, p < 0.05). BAS and BAS RUN displayed w3-fold reductions in plasma cholesterol levels (p < 0.001), w2.5-fold increases in fecal neutral
sterol (p < 0.001) and bile acid (p ¼ 0.01) outputs, decreases in biliary secretions of cholesterol (w6-fold,
p < 0.0001) and bile acids (w2-fold, p < 0.001) vs. CONTROL while no signiﬁcant effects were observed in
RUN. Compared to CONTROL, lesion size decreased by 78% in both BAS and BAS RUN, (p < 0.0001).
Conclusion: BAS reduce atherosclerosis in Ldlr-deﬁcient mice, coinciding with a switch from body
cholesterol accumulation to cholesterol loss. RUN slightly modulated atherosclerotic lesion formation but
the combination of BAS and RUN had no clear additive effects in this respect.
Ó 2013 Elsevier Ireland Ltd. All rights reserved. Open access under the Elsevier OA license.
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1. Introduction
Cholesterol has a central role in the pathogenesis of atherosclerosis. Strategies that increase fecal cholesterol excretion as
neutral sterols or bile acids, i.e., accelerate whole body cholesterol
turnover, improve the pro-atherogenic state by modulating plasma
lipid content and thus represent attractive strategies in the
amelioration of atherosclerosis.
Conversion of cholesterol into bile acids quantitatively represents a major route of cholesterol removal from the body. Bile acids
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are synthesized exclusively in the liver and enter the intestinal
lumen after a meal to stimulate solubilization and uptake of dietary
lipids and fat soluble vitamins [1]. About 95% of the bile acids is
reabsorbed from the terminal ileum, transported back to the liver
for resecretion into bile (enterohepatic circulation). Besides their
role in lipid uptake, bile acids have emerged as important metabolic
regulators of glucose, lipid and energy metabolism [2] all implicated in the pathogenesis of atherosclerosis.
Bile acid sequestrants (BAS) have long been utilized for treatment of hypercholesterolemia [3]. BAS are positively charged
indigestible resins. In the intestinal lumen BAS bind negatively
charged bile acids forming non-absorbable complexes, thus
increasing fecal bile acid excretion which subsequently stimulates
the liver to convert cholesterol into bile acids. A compensatory
increase in hepatic LDL receptor activity clears LDL-cholesterol
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from the circulation, thereby reducing plasma LDL-cholesterol
[3,4]. Additionally, human studies have shown that colestipol and
cholestyramine, two older generation BAS [3], induced reductions
in total and LDL-cholesterol that were not only accompanied by
reductions in relative coronary heart disease death [5] but also by
increased regression and decreased progression in coronary artery
lesion [6e9]. Colesevelam HCL is a more recent BAS that was speciﬁcally engineered for more speciﬁcity [3]. However, its effect on
atherosclerosis in humans has not been reported so far.
Physical activity has long been known as a beneﬁcial strategy for
cardiovascular risk reduction [10e17]. We have recently shown that
voluntary wheel running enhances cholesterol turnover into bile
acids in healthy chow-fed mice [18] as well as in hypercholesterolemic atherosclerotic mice [17]. Furthermore, the runninginduced increase in fecal bile acid secretion coincided with a
reduction in atherosclerotic lesion size development in hypercholesterolemic mice [17], demonstrating that physical activity beneﬁcially modulates atherosclerosis by enhancing cholesterol
turnover in mice. However, despite the recognized beneﬁts of
physical activity in the prevention and management of cardiovascular diseases, regular physical activity programs are frequently
reported to be underutilized, adherence to these programs proofs
poor or engagement in physical activity is not frequent enough
[19,20]. Moreover, physical activity will not result in adequate improvements in individuals presenting with more aggressive cardiovascular derangements. In these situations, pharmacological
intervention becomes necessary and is prescribed either alone or in
combination with physical activity.
Thus, the aim of this study was to evaluate the effects of BASinduced disruption of bile acid metabolism on parameters of
cholesterol metabolism, atherosclerosis development and parameters of heart function in hypercholesterolemic mice. Since pharmacological intervention and lifestyle changes are often coprescribed in cardiovascular disease risk management we further
evaluated whether a combination treatment of BAS and voluntary
wheel running would result in additional beneﬁts to BAS treatment
alone.
2. Methods
All experiments were approved by the Animal Care and Use
Committee of the University of Groningen, The Netherlands. The
University of Groningen is accredited by AAALAC (Association for
Assessment and Accreditation of Laboratory Animal Care International) and follows the Public Health Service Policy for the Care and
Use of Laboratory Animals (Local University approval number:
5599C). Animal care was provided in accordance with the procedures outlined in the Guide for the Care and Use of Laboratory
Animals.
2.1. Animals, voluntary cage wheel exercise and BAS treatment
Seventy-four 5-week-old male LDLR-deﬁcient (B6.129S7Ldlrtm1Her/J) mice were purchased from Jackson Laboratory (Bar
Harbor, ME, USA). Upon arrival, mice were singly housed
(47  26  14.5 cm cage) in a temperature-controlled room with a
12:12 lightedark cycle and had access to standard pelleted laboratory chow (RMH-B, ABDiets Woerden, the Netherlands). At 8
weeks of age, all mice were switched to a western diet (0.25%
cholesterol, 16% fat, Puriﬁed Western Diet, 4021.06, ABDiets,
Woerden, The Netherlands) and randomly selected to either of the
following treatment groups: Sedentary on western-type diet only
(CONTROL, n ¼ 17), BAS treatment (BAS, western diet supplemented with 2% (wt/wt) Colesevelam HCL (Daiichi Sankyo, Inc.,
Parsippany, NJ, USA, n ¼ 17)), western-type diet exposed to a

voluntary running wheel (RUN, n ¼ 20) and BAS exposed to a
voluntary running wheel (BAS RUN, n ¼ 20). All treatments lasted
for 12 weeks, mice had ad libitum access to food and water
throughout the study.
The voluntary running wheel set-up utilized has previously
been described [21]. Brieﬂy, the cage of RUN mice was equipped
with a hamster-sized metal cage wheel with a diameter of 11 cm
which was ﬁtted with a cycle computer containing a digital magnetic counter (Art NO.: K-13-TL SET-P3-NL, Xiron, Netherlands).
Each morning, total distances ran were recorded. Once a week,
bodyweight and food intake were recorded. Exposing mice to a
voluntary running wheel for two weeks has previously been shown
to result in cardiac and skeletal muscle adaptations consistent with
those of endurance exercise [21]. Six mice with access to a voluntary running wheel were excluded from all analyses because they
showed no running wheel activity.
2.2. Experimental procedures
To examine the effect of BAS treatment and the combination of
BAS and voluntary wheel running on cholesterol and bile acid
metabolism fecal, plasma, biliary, hepatic and intestinal parameters
were collected at the endpoint of the experiment after 12 weeks of
respective intervention when mice were 20 weeks of age and
analyzed as described in the Supplement.
2.3. Tissue collection
Mice were opened immediately after blood collection. The heart
was slowly perfused with PBS at physiological pressure. Then, the
liver was excised, weighed and snap frozen in liquid nitrogen. The
small intestine was excised, ﬂushed with ice cold PBS (4  C) and
divided into three sections of equal lengths and subsequently snap
frozen in liquid nitrogen. Lastly, the thoracic aorta was excised and
epididymidal fat pads were removed and weighed. Thoracic aorta,
liver and intestine were stored at 80  C for later analysis. Hearts
were ﬂushed with PBS to remove the excess of blood before ﬁxation
in formaldehyde 1% (Formal-Fixx, Thermo Electron Corporation,
Pittsburgh, Pa.) for 24 h, cut in an angle eventually revealing the
aortic sinus and stored at 80  C embedded in OCT (Tissue-Tek
O.C.T., Sakura, Zoeterwoude, The Netherlands).
2.4. Determination of atherosclerotic lesion size and aortic
cholesterol content
Atherosclerotic lesion size was determined as described earlier.
In brief, surface lesion area in the aortic sinus was measured after
Oil Red O staining by computer-assisted image quantiﬁcation with
Leica QWin software (Leica Microsystems, Wetzlar, Germany). Images were captured with a Leica DFC420 video camera. At least 5
sections per mouse were examined for each staining.
2.5. Heart function
Under 2% isoﬂurane anesthesia and maintenance of body temperature mice were subjected to transthoracal echocardiography
utilizing a Vivid 7 machine (GE Healthcare, Diegem, Belgium)
equipped with special rodent software and a 14 MHz transducer as
described [22]. Cardiac dimensions were measured using parasternal short-axis view and M-mode tracings to determine enddiastolic and end-systolic LV internal diameter, posterior wall
thickness (LVPW), and interventricular septal thickness (IVS). Left
ventricular mass was calculated as described [23]: LV mass ¼ 1.05
([LVIDd þ LVPWd þ IVSd]3  [LVIDd]3) g. The cardiac output was
calculated by measuring the left ventricular outﬂow tract (LVOT)
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Table 1
Cardiac function.

LV mass (mg)
% Fractional
shortening
Heart
rate (bpm)
Cardiac output
(ml/min)

CONTROL

RUN

BAS

BAS RUN

95.2  16.5
43  4

96.3  24.7
43  3

88.4  17.2
45  4

86.1  15.4
47  5

443  49

415  56

395  41

417  26

31.7  4.7

28.5  5.0

29.4  4.9

28.5  5.8

Values represent mean  SD at 12 weeks of running in CONTROL, RUN, BAS and BAS
RUN, (n ¼ 8 for each group), LV ¼ left ventricular, bpm ¼ beats per minute.

weights. (Table S1). All mice exposed to a voluntary running wheel
progressively ran less during the 12-week running wheel intervention. While a daily average running distance of w10 km was
observed at the beginning of the experiment, it dropped to 6.4 km/
day in BAS-treated mice and to 3.5 km/day in non-BAS-treated
running mice (p < 0.05) (Supplemental Figure 1). Furthermore,
we observed a signiﬁcant decrease in running wheel activity in
non-BAS-treated mice compared to BAS-treated mice starting at 11
weeks of running wheel exposure (p < 0.05, Supplemental
Figure 1).
3.2. BAS treatment decreases atherosclerotic lesion size
development in LDLR-deﬁcient mice

Fig. 1. BAS treatment reduces atherosclerotic lesion size. (A) Representative morphological sections of aortic sinus stained with Oil Red Oil of CONTROL, RUN, BAS and BAS
RUN mice, (B) Quantiﬁcation of lesion size in aortic sinus of CONTROL (n ¼ 9), RUN
(n ¼ 9), BAS (n ¼ 10) and BAS RUN (n ¼ 7) mice at 12 weeks of intervention. *p < 0.05
vs. CONTROL.

diameter and measuring a PW doppler signal over the LVOT (using
the formula: LVOT radius 2 p (3.14) LVOT VTI Heart rate).
2.6. Statistics
Multiple group comparisons were done by the KruskaleWallis H
test, followed by Posthoc Conover test, using BrightStat software
[24] unless stated otherwise. The Wilcoxon Signed Rank test was
utilized for Supplemental Figure 1, comparing each week to week 1
separately. All data are expressed as means  SD. A P-value of <0.05
was accepted as statistically signiﬁcant.
For more extended description of Methods see Supplement.
3. Results
3.1. Effect of BAS treatment on morphometric parameters and
running wheel activity
Despite an increased food intake compared to control mice,
BAS-treated running and sedentary mice both displayed a w14%
decrease in bodyweight which was paralleled by a decrease in liver

Quantiﬁcation of atherosclerotic lesion size in aortic sinus
showed a 78% reduction in BAS-treated mice compared to CONTROL (Fig. 1). The combination treatment of BAS and voluntary
wheel exercise yielded no additional effects on reducing atherosclerotic lesion size. Running mice not treated with BAS, showed a
23% reduction in atherosclerotic lesion size compared to CONTROL.
Atherosclerosis can over time lead to hemodynamic impairments
in the heart and thus to acute myocardial events. Impairments in
cardiac function have previously been reported for 36-week-old
LDLR-deﬁcient mice fed a western diet [25,26]. Thus, we evaluated
whether the BAS-mediated reduction in atherosclerotic lesion size
would impact on cardiac function in the 20-week-old LDLRdeﬁcient mice of this study. However, no differences were
observed in left ventricular mass, percent of fractional shortening,
heart rate or cardiac output upon BAS and combination treatment
(Table 1).
3.3. BAS treatment beneﬁcially affects lipid metabolism in LDLRdeﬁcient mice
Elevated lipid levels are key in the development of atherosclerosis. We evaluated the effect of BAS treatment alone and in combination with voluntary wheel running on plasma lipid levels,
plasma lipoprotein proﬁles as well as on hepatic parameters
involved in lipoprotein and lipid metabolism. BAS-treated mice
displayed signiﬁcant reductions in plasma levels of total cholesterol
(2.8-fold), cholesterol-ester (2.5-fold), free cholesterol (3.7-fold)
and triglycerides (3.9-fold) compared to CONTROL (Table 2), while
no additional improvements were observed in the combination
treatment. Importantly, we found improved plasma lipoprotein
proﬁles with reduced levels of VLDL- and LDL-sized lipoproteins in
all BAS-treated mice compared to CONTROL (Figure S2).
Further beneﬁcial effects of BAS treatment were observed on
hepatic lipid storage. BAS-treated mice displayed 1.8-fold reductions in hepatic triglyceride stores compared to control mice
(Table 2), which was paralleled by a 40% reduction in hepatic
expression of the lipogenic gene Srebp1c (Table 3). The combination treatment of BAS and voluntary wheel running led to further
reductions in hepatic triglyceride stores and hepatic Srebp1c levels
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Table 2
Plasma and liver lipids.

Table 4
Parameters of bile acid and cholesterol metabolism.
CONTROL

Plasma lipids (mmol/L)
Total cholesterol
30.4 
Free cholesterol
10.8 
Cholesterol esters
19.6 
Triglycerides
11.9 
Liver lipids (nmol/mg liver)
Triglycerides
40.6 
Total cholesterol
18.0 
Free cholesterol
8.2 
Cholesterol-ester
10.0 
Phospholipids
26.7 

RUN

BAS

BAS RUN

3.4
1.0
2.4
1.3

30.2
10.8
19.4
10.9






4.3
1.5
2.9
1.3

10.7
2.9
7.8
3.0






1.2*
0.6*
0.7*
0.5*

12.5
3.8
8.7
3.3






3.0*
1.4*
1.7*
1.2*

7.7
3.3
0.7
3.1
1.3

23.3
21.1
8.2
13.0
28.2







5.5*
4.0
0.7
3.4
1.3*

23.4
8.2
5.6
2.6
26.1







3.4*
0.8*
0.4*
0.5*
3.1

13.6
8.1
5.8
2.3
27.1







1.2*,y
0.8*
0.3*
0.5*
1.3

Values represent mean  SD at 12 weeks of running in CONTROL, RUN, BAS and BAS
RUN, (n ¼ 8 for each group). *p < 0.05 vs. CONTROL. yp < 0.05 vs. BAS.

compared to BAS treatment alone. Moreover, all BAS-treated mice
displayed reductions in hepatic total cholesterol (2.2-fold), free
cholesterol (1.5-fold) and cholesterol-ester contents (3.8-fold)
compared to control mice. Despite the BAS-induced decrease in
hepatic cholesterol stores, we found increased hepatic levels of
Hmgcr (4.3-fold induction), which encodes the rate-limiting
enzyme in cholesterol biosynthesis, and Srebp2 (2-fold induction),
a protein implicated in control of cholesterol synthesis upon
cellular cholesterol depletion, in BAS-treated mice (Table 3).
Collectively, these data show that BAS provokes favorable changes
in lipid metabolism. To investigate whether the decrease in TG
stores induced on BAS treatment may have been caused by an
increased rate of FFA oxidation in muscle we have determined
mRNA expression levels of Cpt1 and2; Mcad and Ppara and g, no
changes were observed (data not shown).

Liver
lipogenesis
Srebf1
1.0
Cholesterol synthesis
Hmgcr
1.0
Srebf2
1.0
Cholesterol excretion
Abcg5
1.0
Abcg8
1.0
Bile acid metabolism
Cyp7a1
1.0
Cyp8b1
1.0
Cyp27a1
1.0
Abcb11 (Bsep)
1.0
Intestine
Cholesterol metabolism
Jejunal Abcg5
1.0
Jejunal Abcg8
1.0
Jejunal Abca1
1.0
Bile acid metabolism
Ileal slc10a2 (Asbt)
1.0
Ileal Fabp6 (Ibabp)
1.0
Ileal Fgf15
1.0

RUN

BAS

BAS RUN

 0.2

0.7  0.2*

0.6  0.1*

0.5  0.1*,y

 0.3
 0.1

0.6  0.2*
0.9  0.2

4.3  1.0*
2.0  0.3*

5.0  1.0*
1.9  0.2*

 0.2
 0.2

0.9  0.2
1.0  0.3

0.8  0.1*
0.9  0.3

0.7  0.2*
0.8  0.2






0.7
0.8
0.9
1.0

0.6
0.2
0.2
0.1






0.4
0.2
0.2
0.2

3.8
2.1
1.3
1.2






1.6*
0.4*
0.2*
0.2

CONTROL

RUN

BAS

BAS RUN

5.47  0.90

6.00  0.49

4.86  0.62*

5.12  0.82

302  32

361  151

136  53*

146  52*

92

13  5

40  4*

53  14*

92

13  5

40  4*

53  14*

293  31

312  121

96  55*

93  61*

97  1
31

96  3
43

65  18*
35  18*

59  20*
41  20*

83  4

97  8*

3.25  0.40

2.69  1.17

21  6

62  8

135  7*

156  14*

0.58  0.54*

1.08  0.76*

17  5*

36  10*

22  14*

79  8

171  12*

178  19*

This table represents measured and calculated values of ﬂuxes involved in the
enterohepatic system and parameters of cholesterol metabolism Values for bile acid
synthesis were assumed to equal the measured values for bile acids excreted via the
feces. Daily bile acid reabsorption was calculated by the difference in measured bile
acids secreted in the bile and feces. Dietary cholesterol balance was calculated by the
difference between dietary cholesterol intake and fecal cholesterol excretion.
Values represent mean  SD at 12 weeks of interventions for CONTROL (n ¼ 6),
RUN (n ¼ 8), BAS (n ¼ 8) and BAS RUN (n ¼ 8); *p < 0,05 vs. CONTROL.

3.4. Effects of BAS treatment on sterol metabolism

Table 3
Hepatic and intestinal genes of cholesterol and bile acid metabolism.
CONTROL

Bile ﬂow
(ml/min/100 gBW)
Bile acids
Bile (mmol/day/
100g BW)
Feces (mmol/day/
100 gBW)
Synthesis
(mmol/day/
100 gBW)
Reabsorption
(mmol/day/
100 gBW)
Absorption (%)
Feces (%)
Cholesterol
Dietary intake
(mmol/day/
100 gBW)
Bile (mmol/day/
100 gBW)
Dietary cholesterol
balance
(mmol/day/
100 gBW)
Feces (mmol/day/
100 gBW)

5.3
2.1
1.3
1.2






2.0*
0.3*
0.2*
0.1*

 0.2
 0.3
 0.2

1.3  0.2
1.3  0.2
0.8  0.2

0.7  0.1*
0.6  0.1*
0.3  0.1*

0.7  0.2*
0.6  0.2*
0.3  0.1*

 0.4
 0.3
 0.5

1.0  0.4
1.1  0.2
1.8  0.9

2.6  0.9*
0.6  0.1*
0.02  0.01*

2.3  0.4*
0.6  0.1*
0.02  0.02*

Hepatic and intestinal mRNA expression levels for sterol regulatory elementbinding protein 1 and 2 (Srepbf1/f2), 3-hydroxy-3-methylglutaryl-Coenzyme A
reductase (Hmgcr), ATP-binding cassette transporter g5 (Abcg5) and G8 (Abcg8),
cholesterol 7 alpha-hydroxylase (Cyp7a1), sterol 12-alpha-hydroxylase (Cyp8b1),
sterol 27-hydroxylase (Cyp27a1), bile salt export pump (Abcb11, Bsep), ATP-binding
cassette transporter A1 (Abca1), apical sodium-dependent bile acid transporter
(Slc10a2, Asbt), ileal bile acid-binding protein (Fabp6, Ibabp), ﬁbroblast growth
factor 15 (Fgf15) in CONTROL (n ¼ 8), RUN (n ¼ 8), BAS (n ¼ 8) and BAS RUN (n ¼ 8);
Hepatic values are relative to b-actin, Intestinal values are relative to cyclophyllin
and Rplp0 (36b4) all values represent mean  SD. *p < 0.05 vs. CONTROL. yp < 0.05
vs. BAS.

Next, we assessed whether the BAS-induced beneﬁcial changes
in atherosclerotic lesion size and the improvements in plasma and
hepatic lipid levels were accompanied by BAS-induced modulation
of cholesterol and bile acid metabolism.
3.5. BAS treatment increased fecal sterol output in LDLR-deﬁcient
mice
BAS-treated mice had signiﬁcantly higher neutral sterol and bile
acid excretions (2.3-fold and 4.2-fold, respectively; Table 4). As fecal
bile acid excretion is reﬂective of de novo synthesis, BAS-treated
mice displayed an increased de novo bile acid synthesis. This was
paralleled by a BAS-induced increase in hepatic expression of genes
encoding bile acid synthesizing enzymes; Cyp7a1, Cyp8b1 and
Cyp27a1 (Table 3) and by decreased ileal expression of ﬁbroblast
growth factor 15 (Fgf15), a gene which acts to inhibit bile acid
synthesis (Table 3).
3.6. BAS treatment promotes a negative cholesterol balance
Because accumulation of excess cholesterol in vascular macrophages leads to formation of atherosclerotic plaques, we calculated
whole body cholesterol balances. The difference between dietary
cholesterol intake and fecal cholesterol excretion was positive in
non-BAS-treated mice (Table 4), demonstrating cholesterol accumulation in the body. However, the cholesterol balance was
markedly decreased and became negative in BAS-treated mice,
even more in BAS-only-treated mice than in mice receiving the
combination treatment, showing that BAS-treated mice excreted
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their accumulated cholesterol and when in a new steady state
probably compensated by an increase in de novo synthesis (Table 4).
3.7. BAS treatment decreased biliary sterol secretions
Subsequently, we assessed biliary parameters. Mice were subjected to gallbladder cannulation for collection of hepatic bile at 12
weeks of interventions. BAS-treated mice had an 11% decreased bile
ﬂow, and major reductions in biliary secretions of cholesterol (82%
decreased, Table 4), bile acids (55% decreased, Table 4) and phospholipids (50% decreased, data not shown) compared to CONTROL.
The BAS-induced decrease in biliary cholesterol secretion was
paralleled by a modest decrease in expression of hepatic ATPbinding cassette transporter Abcg5 and a slight, albeit not signiﬁcant, reduction in Abcg8 (Table 3), which both act to transport
cholesterol across the canalicular membrane into the bile. BAS had
no effect on hepatic Abcb11 (Bsep) expression, which acts to
transport bile acids across the canalicular membrane (Table 3). The
combination treatment did not result in differential or stronger
effects on fecal and biliary parameters than BAS treatment alone. As
the fecal cholesterol loss was by far higher than the sum of biliary
and dietary cholesterol input upon BAS treatment, a nonhepatobiliary cholesterol excretion pathway must have increased
considerably. This increase did not coincide with enhanced
expression of the cholesterol exporters Abcg5 and g8 because jejunal expression actually decreased in the BAS-treated groups
(Table 3). Surprisingly, expression of the basolateral cholesterol
efﬂux mediator Abca1 decreased substantially as well (Table 3).
3.8. BAS treatment decreased bile acid reabsorption
From the fecal and biliary data we calculated other parameters
of in vivo bile acid and cholesterol turnover. As expected, daily
reabsorption of bile acids decreased upon BAS treatment (97  1%
in CONTROL vs. 65  18% in BAS and 59  20% in BAS RUN). A
compensatory upregulation of the ileal apical sodium-dependent
bile acid transporter (Slc10a2, Asbt), was observed. However,
expression of ileal bile acid binding protein (Fabp6, Ibabp), was
decreased with BAS treatment (Table 3).
4. Discussion
In the present study, we describe the effects of disrupting the
enterohepatic circulation of bile acids by Colesevelam HCL, a new
generation bile acid sequestrant (BAS) in an established mouse
model of atherosclerosis. Since lifestyle interventions, such as
physical activity, are often co-prescribed to pharmacological
intervention, we furthermore evaluated whether a combination
treatment of BAS and voluntary wheel running would yield additional beneﬁts over BAS treatment alone. We were able to show, for
the ﬁrst time, that treatment with Colesevelam HCL indeed provokes speciﬁc changes in cholesterol metabolism, speciﬁcally
switching from a positive to a negative cholesterol balance and
increasing cholesterol removal by a non-hepatobiliary route. These
favorable BAS-induced modulations translated into improved
plasma as well as liver lipid metabolism and ultimately into a
dramatic (78%) reduction in atherosclerotic lesion size development in western-type diet fed, hypercholesterolemic LDLR-deﬁcient mice. We also demonstrate that a combination treatment of
BAS and physical activity had no additional beneﬁts herein. Physical
exercise alone modestly reduced lesion size (23%). Surprisingly,
heart function was normal in all groups studied.
Our data demonstrate that under severe hypercholesterolemia as
in LDLR deﬁciency, BAS treatment clearly induces stronger metabolic
alterations that altogether lead to a much reduced progression of
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atherosclerotic lesion size development compared to the running
treatment by itself. In general the changes in sterol metabolism
induced by the running intervention by itself where on average w2to 3-fold less compared to the changes induced by the BAS treatment.
The combination treatment of BAS and running most likely had no
further beneﬁts compared to the BAS treatment alone, possibly
because BAS stimulated and exerted maximal possible change.
Intriguingly, running mice not treated with BAS ran w2-times
less than running mice treated with BAS during the last two
weeks of the experiment. To our surprise, they also ran signiﬁcantly
less than LDLR-deﬁcient mice fed a western-type diet in a previous
study [17]. Interestingly the decrease in atherosclerotic lesion size
was also less. To investigate whether the physical activity correlated to the effect on lesion size we have plotted these parameters.
A signiﬁcant negative correlation was observed (Spearman
rs ¼ 0.63, P ¼ 0.044) for running wheel activity the area under the
curve for average km/day from week 1 to week 12 was determined.
A doseeresponse relationship between amount of physical activity
and cardiovascular risk reduction has previously been observed
[27,28] and the decrease in physical activity in running only mice
observed here is most likely the underlying factor for the discrepancy between this and the previous study. We have no explanation
for the difference between the current and previous study because
all conditions were kept identical. There was also no difference in
inﬂammatory status of the mice as monitored by levels of plasma
cytokines such as IFNg, IL6/10 and TNFa (data not shown).
The differences in lesion size between groups did, in contrast to
our expectations, not associate with differences in cardiac function
in any group of the LDLR-deﬁcient mice. All echocardiographic
parameters were comparable to previously published reference
values for C57BL/6J and CD1 mice [22,29]. Previous studies showed
impaired heart function in 36-week-old LDLR-deﬁcient mice
[25,26]. Other reports suggested that LDLR-deﬁcient mice are prone
to cardiac dysfunction, even on normal diet [30] or on very shortterm (15 days) western-type diet [31]. We could not conﬁrm
these observations. It may be that our intervention was too short
lasting to elicit cardiac ischemia and subsequent damage. Thus, we
suspect that the control mice in the present study were too young
and atherosclerosis thereby not advanced enough for abnormalities
in heart function to manifest. Alternatively, although the LDLRdeﬁcient mouse has resemblance with human coronary artery
disease, the sequence of events is rather different from man and
cardiac dysfunction and heart failure does not seem as prevalent in
this mouse model as in human disease. It thus remains to be
determined whether BAS treatment beneﬁts heart function in more
advanced atherosclerosis.
Numerous studies have previously shown that BAS-induced
interruption of the enterohepatic circulation of bile acids leads to
an enhanced hepatic cholesterol demand for bile acid synthesis
[32e34].
Our data demonstrate a BAS-induced response for the increased
demand for cholesterol biosynthesis in several ways. First, we found
a more than w4-fold induction of the rate-limiting enzyme of
cholesterol synthesis, Hmgcr, in BAS-treated mice. This is inline
with the increased Hmgcr expression and fractional cholesterol
synthesis we recently reported in Colesevelam HCL-treated lean
and db/db mice on normal chow [32] but also supports an older
study showing that cholestyramine increased HmgCR activity
w6-fold in gallstone patients [33]. Secondly, we found BAS-induced
reductions in plasma LDL-sized lipoproteins paralleling earlier human studies using cholestyramine [34,35]. In contrast to results in
human studies, BAS treatment strongly reduced plasma triglyceride
as well as hepatic TG levels in the Ldlr mice on western-type diet.
Apparently, in this extreme model the pull on cholesterol metabolism is adequate to largely normalize plasma lipoprotein levels.
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Importantly, our data show that 12 weeks of Colesevelam HCL
treatment induces a new steady state in the enterohepatic ﬂux of
bile acids in hypercholesterolemic atherosclerotic mice. For
example within the model we studied, the calculated bile acid
reabsorption was reduced to 65% in BAS-treated mice compared to
control mice, which parallels the BAS-induced reduction in bile acid
reabsorption observed in lean and db/db mice [32]. Additionally,
while previous studies report no effects of BAS on biliary lipid secretions [32,35], and bile acid pool size [32], we observed profound
reductions in biliary lipid secretion upon BAS here. These differences might be attributable to duration of treatment, diets or
mouse strain studied. Additionally, BAS treatment exerted substantial effects on the cholesterol balance. Under steady state
conditions the amount of cholesterol from dietary input and
endogenous synthesis equals fecal excretion. In this situation there
is no accumulation of cholesterol in the body. A positive cholesterol
balance leads to accumulation of excess cholesterol within the body
which can lead to formation of atherosclerotic plaque. The LDLRdeﬁcient mouse has been long utilized as a murine model for
atherosclerosis due to its inability of hepatic LDL-lipoprotein uptake which subsequently results in atherosclerosis. However, the
actual whole body cholesterol balance upon Ldlr deﬁciency has not
been reported. We show that BAS treatment is effectively interfering with body accumulation of cholesterol leading to a substantial net loss of the sterol which coincided with a reduction in
atherosclerosis. Interestingly, BAS-treated mice displayed a substantial deﬁcit between fecal sterol excretion and the sum of dietary cholesterol intake and biliary cholesterol secretion. This
demonstrates that BAS treatment strongly enhances cholesterol
excretion from a non-hepatobiliary route. Since the origin of this
cholesterol was not determined in the present study we can not
differentiate whether this was caused by increased transintestinal
cholesterol excretion (TICE) or enhanced shedding of intestinal
epithelial cells.
In summary, the present study shows that disruption of the
enterohepatic circulation by BAS treatment substantially reduced
atherosclerotic lesion size in hypercholesterolemic mice which
coincided with profound changes in sterol metabolism, speciﬁcally
leading to a massive cholesterol loss. A combination treatment of
physical activity and BAS had no additive effects on atherosclerosis
development. Now that a new generation BAS compound has been
developed, with a much better safety and side effects proﬁle
[36,37], it may be imperative to re-evaluate the usefulness of BAS in
ﬁghting atherosclerosis in humans.
Acknowledgements
Funding statement: This study was funded by an unrestricted
research grant of the Groningen Expert Center for Kids with Obesity
(GECKO) and Daiichi Sankyo (Pirsipanny, NJ). Neither GECKO nor
Daiichi Sankyo took part in the data collection nor the preparation
of the manuscript.
Disclosure: Authors have nothing to disclose.
Appendix A. Supplementary data
Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.atherosclerosis.2013.02.021.
References
[1] Marschall HU, Einarsson C. Gallstone disease. J Intern Med 2007;261:529e42.
[2] Kuipers F, Stroeve JH, Caron S, Staels B. Bile acids, farnesoid X receptor,
atherosclerosis and metabolic control. Curr Opin Lipidol 2007;18:289e97.
[3] Insull WJMD. Clinical utility of bile acid sequestrants in the treatment of
dyslipidemia: a scientiﬁc review. South Med J 2006;99:257e73.

[4] Isaacsohn J, Hunninghake D, Schrott H, et al. Effects of simvastatin, an HMGCoA reductase inhibitor, in patients with hypertriglyceridemia. Clin Cardiol
2003;26:18e24.
[5] The Lipid Research Clinics Coronary Primary Prevention Trial results. II. The
relationship of reduction in incidence of coronary heart disease to cholesterol
lowering. JAMA 1984;251:365e74.
[6] Brensike JF, Levy RI, Kelsey SF, et al. Effects of therapy with cholestyramine on
progression of coronary arteriosclerosis: results of the NHLBI Type II Coronary
Intervention Study. Circulation 1984;69:313e24.
[7] Blankenhorn DH, Nessim SA, Johnson RL, Sanmarco ME, Azen SP, CashinHemphill L. Beneﬁcial effects of combined colestipoleniacin therapy on coronary atherosclerosis and coronary venous bypass grafts. JAMA 1987;257:
3233e40.
[8] Cashin-Hemphill L, Mack WJ, Pogoda JM, Sanmarco ME, Azen SP,
Blankenhorn DH. Beneﬁcial effects of colestipol-niacin on coronary atherosclerosis. A 4-year follow-up. JAMA 1990;264:3013e7.
[9] Watts GF, Lewis B, Brunt JN, et al. Effects on coronary artery disease of lipidlowering diet, or diet plus cholestyramine, in the St Thomas’ Atherosclerosis
Regression Study (STARS). Lancet 1992;339:563e9.
[10] Kramsch D, Aspen A, Abramowitz B, Kreimendahl T, Hood W. Reduction of
coronary atherosclerosis by moderate conditioning exercise in monkeys on an
atherogenic diet. N Engl J Med 1981;305:1483e9.
[11] Ajijola OA, Dong C, Herderick EE, Ma Q, Goldschmidt-Clermont PJ, Yan Z.
Voluntary running suppresses proinﬂammatory cytokines and bone marrow
endothelial progenitor cell levels in apolipoprotein-E-deﬁcient mice. Antioxid
Redox Signal 2009;11:15e23.
[12] Napoli C, Williams-Ignarro S, de Nigris F, et al. Physical training and metabolic
supplementation reduce spontaneous atherosclerotic plaque rupture and
prolong survival in hypercholesterolemic mice. Proc Natl Acad Sci 2006;103:
10479e84.
[13] Pellegrin M, Alonso F, Aubert J, et al. Swimming prevents vulnerable atherosclerotic plaque development in hypertensive 2-kidney, 1-clip mice by
modulating angiotensin II type 1 receptor expression independently from
hemodynamic changes. Hypertension 2009;53:782e9.
[14] Blumenthal JA, Emery CF, Madden DJ, et al. Cardiovascular and behavioral
effects of aerobic exercise training in healthy older men and women.
J Gerontol 1989;44:M147e57.
[15] Ramachandran S, Penumetcha M, Merchant NK, Santanam N, Rong R,
Parthasarathy S. Exercise reduces preexisting atherosclerotic lesions in LDL
receptor knock out mice. Atherosclerosis 2005;178:33e8.
[16] Okabe TA, Kishimoto C, Murayama T, Yokode M, Kita T. Effects of exercise on
the development of atherosclerosis in apolipoprotein E-deﬁcient mice. Exp
Clin Cardiol 2006;11:276e9.
[17] Meissner M, Lombardo E, Havinga R, Tietge UJF, Kuipers F, Groen AK.
Voluntary wheel running increases bile acid as well as cholesterol excretion
and decreases atherosclerosis in hypercholesterolemic mice. Atherosclerosis
2011;218:323e9.
[18] Meissner M, Havinga R, Boverhof R, Kema I, Groen AK, Kuipers F. Exercise
enhances whole-body cholesterol turnover in mice. Med Sci Sports Exerc
2010;42:1460e8.
[19] Kamiya A, Ohsawa I, Fujii T, et al. A clinical survey on the compliance of exercise
therapy for diabetic outpatients. Diabetes Res Clin Pract 1995;27:141e5.
[20] Swift CS, Armstrong JE, Beerman KA, Campbell RK, Pond-Smith D. Attitudes
and beliefs about exercise among persons with non-insulin-dependent diabetes. Diabetes Educ 1995;21:533e40.
[21] Allen DL, Harrison BC, Maass A, Bell ML, Byrnes WC, Leinwand LA. Cardiac and
skeletal muscle adaptations to voluntary wheel running in the mouse. J Appl
Physiol 2001;90:1900e8.
[22] Kuipers I, Li J, Vreeswijk-Baudoin I, et al. Activation of liver X receptors with
T0901317 attenuates cardiac hypertrophy in vivo. Eur J Heart Fail 2010;12:
1042e50.
[23] Troy BL, Pombo J, Rackley CE. Measurement of left ventricular wall thickness
and mass by echocardiography. Circulation 1972;45:602e11.
[24] Stricker D. BrightStat.com: free statistics online. Comput Meth Programs
Biomed 2008;92:135e43.
[25] Caligiuri G, Levy B, Pernow J, Thoren P, Hansson GK. Myocardial infarction
mediated by endothelin receptor signaling in hypercholesterolemic mice.
Proc Natl Acad Sci U S A 1999;96:6920e4.
[26] Wikstrom J, Gronros J, Bergstrom G, Gan LM. Functional and morphologic
imaging of coronary atherosclerosis in living mice using high-resolution color
Doppler echocardiography and ultrasound biomicroscopy. J Am Coll Cardiol
2005;46:720e7.
[27] Slattery ML, Jacobs Jr DR. Physical ﬁtness and cardiovascular disease mortality.
The US Railroad Study. Am J Epidemiol 1988;127:571e80.
[28] Sesso HD, Paffenbarger Jr RS, Lee IM. Physical activity and coronary heart disease in men: the Harvard Alumni Health Study. Circulation 2000;102:975e80.
[29] Stypmann J, Engelen MA, Epping C, et al. Age and gender related reference
values for transthoracic Doppler-echocardiography in the anesthetized CD1
mouse. Int J Cardiovasc Imaging 2006;22:353e62.
[30] Weiss RM, Ohashi M, Miller JD, Young SG, Heistad DD. Calciﬁc aortic valve
stenosis in old hypercholesterolemic mice. Circulation 2006;114:2065e9.
[31] Garcia JA, dos Santos L, Moura AL, et al. S-nitroso-N-acetylcysteine (SNAC)
prevents myocardial alterations in hypercholesterolemic LDL receptor
knockout mice by antiinﬂammatory action. J Cardiovasc Pharmacol 2008;51:
78e85.

M. Meissner et al. / Atherosclerosis 228 (2013) 117e123
[32] Herrema H, Meissner M, van Dijk TH, et al. Bile salt sequestration induces
hepatic de novo lipogenesis through farnesoid X receptor- and liver X receptor
alpha-controlled metabolic pathways in mice. Hepatology 2010;51:806e16.
[33] Reihner E, Angelin B, Bjorkhem I, Einarsson K. Hepatic cholesterol metabolism
in cholesterol gallstone disease. J Lipid Res 1991;32:469e75.
[34] Shepherd J, Packard CJ, Bicker S, Lawrie TD, Morgan HG. Cholestyramine
promotes receptor-mediated low-density-lipoprotein catabolism. N Engl J
Med 1980;302:1219e22.

123

[35] Carrella M, Ericsson S, Del Piano C, Angelin B, Einarsson K. Effect of cholestyramine treatment on biliary lipid secretion rates in normolipidaemic men.
J Intern Med 1991;229:241e6.
[36] Davidson MH, Dillon MA, Gordon B, et al. Colesevelam hydrochloride (cholestage l): a new, potent bile acid sequestrant associated with a low incidence
of gastrointestinal side effects. Arch Intern Med 1999;159:1893e900.
[37] Bays H, Dujovne C. Colesevelam HCl: a non-systemic lipid-altering drug.
Expert Opin Pharmacother 2003;4:779e90.

