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Effect of Bile Acid Sequestrants on the Risk
of Cardiovascular Events
A Mendelian Randomization Analysis
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Background—Statins lower low-density lipoprotein cholesterol (LDL-C) and risk of coronary artery disease (CAD), but
they may be ineffective or not tolerated. Bile acid sequestrants (BAS) reduce LDL-C, yet their clinical efficacy on CAD
remains controversial.

Methods and Results—We conducted a systematic review and meta-analysis of randomized controlled trials to assess the
effect of cholestyramine and colesevelam. We then used Mendelian randomization to estimate the effect of BAS on
reducing the risk of CAD. First, we quantified the effect of 1s4299376 (ABCG5/ABCGS), which affects the intestinal
cholesterol absorption pathway targeted by BAS and then we used these estimates to predict the effect of BAS on CAD.
Nineteen randomized controlled trials with a total of 7021 study participants were included. Cholestyramine 24 g/d
was associated with a reduction in LDL-C of 23.5 mg/dL (95% confidence interval [CI] —26.8,-20.2; N=3806) and a
trend toward reduced risk of CAD (odds ratio 0.81, 95% CI 0.70-1.02; P=0.07; N=3806), whereas colesevelam 3.75
g/d was associated with a reduction in LDL-C of 22.7 mg/dL (95% CI -28.3, —17.2; N=759). Based on the findings
that rs4299376 was associated with a 2.75 mg/dL decrease in LDL-C and a 5% decrease in risk of CAD outcomes, we
estimated that cholestyramine was associated with an odds ratio for CAD of 0.63 (95% CI 0.52-0.77; P=6.3x107°) and
colesevelam with an odds ratio of 0.64 (95% CI 0.52-0.79, P=4.3x107), which were not statistically different from BAS
clinical trials (P>0.05).

Conclusions—The cholesterol lowering effect of BAS may translate into a clinically relevant reduction in CAD.

(Circ Cardiovasc Genet. 2015;8:618-627. DOI: 10.1161/CIRCGENETICS.114.000952.)
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levated plasma levels of low-density lipoprotein choles-

terol (LDL-C) are a well-established risk factor of cardio-
vascular disease (CVD).! Current guidelines recommend that
statin therapy should be used in select groups of patients with
atherosclerotic CVD in primary and secondary prevention set-
tings.? However, statins may not be fully effective in lower-
ing LDL-C3* or well tolerated,’ and therefore, patients may
require additional or alternative lipid-lowering treatments.
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Bile acid sequestrants (BAS) are large polymers that bind
to bile salts in the small intestine, preventing their reabsorption

into the enterohepatic circulation pathway. The resulting
depletion of bile acids leads to increased hepatic metabo-
lism of cholesterol for bile salt synthesis, thereby lowering
plasma LDL-C levels.® Three BAS have been approved for
clinical use: cholestyramine and colestipol (first generation)
and colesevelam hydrochloride (colesevelam; second genera-
tion). Colesevelam was developed to overcome gastrointes-
tinal intolerance associated with the first-generation BAS.™™’
Three randomized controlled trials (RCTs) have evaluated the
efficacy of cholestyramine for cardiovascular prevention, but
results have been inconclusive.®!'*!" Although most of these
trials have demonstrated that treatment with cholestyramine
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reduces LDL-C levels, only one trial has shown a modest
reduction in the risk of CVD events (odds ratio [OR] 0.81,
95% C10.70-1.02; P=0.07).% To date, there are no adequately
powered trials exploring the effects of colesevelam or colesti-
pol on the risk of major cardiovascular events. Thus, the effi-
cacy of BAS in the prevention of CVD is uncertain.

Mendelian randomization analyses use genetic variants
with a known biological function to explore the effects of a
modifiable exposure on an outcome.'>!* Genetic variants are
useful instruments for assessing causality because they are
randomly allocated and they are independent of many factors
that may confound observational associations. Thus, in the
absence of evidence from randomized trials, the principles of
Mendelian randomization can be applied for drug target vali-
dation because functional alleles of a gene within a drug target
pathway can be used to extrapolate the effects of the pharma-
cological intervention.'*'> This approach can strengthen the
rationale for conducting an RCT"? because it is highly cost-
effective as a result of the availability of genetic data through
large-scale biobanks and data consortia.

The ATP-binding cassette (ABC) genetic subfamily forms
active membrane transporters that regulate the delivery and
disposal of intestinal cholesterol and affects the same pathway
that is targeted by BAS.'* The ABC subfamily G member 5
(ABCGS5) and ABCGS genes are mainly expressed in hepa-
tocytes and enterocytes.'” In the liver, these transporter genes
are responsible for increased biliary cholesterol secretion,
whereas in the intestine, they recycle free cholesterol from the
enterocyte back into the intestine lumen and promote the fecal
excretion of biliary sterols.”® The rs4299376 single nucleo-
tide polymorphism (SNP) is an intronic variant of ABCGS8
(Figure I in the Data Supplement). This SNP has been associ-
ated with altered plasma LDL-C levels'!' and risk of coro-
nary artery disease (CAD) in the CARDIoGRAMplusC4D
Consortium.” Based on this evidence and the observation that
both the ABCG5/8 heterodimer and BAS target intestinal ste-
rol absorption and excretion, the rs4299376 SNP represents
a suitable proxy for the mechanism-based effect of BAS on
LDL-C and the risk of CVD.

To test whether BAS has the potential to reduce the risk
of cardiovascular outcomes, we first conducted a system-
atic review and meta-analysis to assess the effect of BAS on
plasma lipid levels and major cardiovascular outcomes. We
then applied principles of Mendelian randomization to pre-
dict the effect of BAS on CAD using the known genetic asso-
ciation of the ABCG5/ABCGS polymorphism rs4299376 with
lipids* and CAD.?

Methods

Search Strategy and Study Selection of Clinical
Trials

A structured search of RCTs evaluating the effects of BAS on mark-
ers of cardiovascular risk or clinical outcomes was conducted in
the PubMed database. The following terms were used to search all
clinical trial registries and databases: colesevelam; cholestyramine;
colestipol; placebo; and randomized controlled trials. Only studies
with a double-blinded, placebo-controlled trial design in adults aged
18 years that assessed the effect of BAS (ie, cholestyramine, colesti-
pol, and colesevelam) in comparison with a placebo were included.
Refer to Methods in the Data Supplement for more details.
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Global Lipids Genetics Consortium

Data on the genetic association between the rs4299376 SNP and plas-
ma lipid levels were obtained from a previously published genome-
wide association study. In brief, Teslovich et al (2011) performed a
meta-analysis of 46 lipid genome-wide association study assessing
common variants associated with serum lipids (LDL-C, high density
lipoprotein cholesterol (HDL-C), total cholesterol (TC), and triglyc-
erides).” A total of 46 studies and 91285 individuals of European de-
scent were analyzed for the genetic association with LDL-C, whereas
data from 95708, 95992 and 92410 individuals were available for
HDL-C, TC, and triglycerides, respectively.

CARDIoGRAMplusC4D Consortium

Dataonthe genetic association between thers4299376 SNP (ABCGS5/8)
and the risk of CAD was obtained from the CARDIoGRAMplusC4D
Consortium. Briefly, the CARDIoGRAMplusC4D Consortium
performed a meta-analysis of 63746 cases of CAD and 130681
controls.”> CAD outcomes were defined as one of the following:
myocardial infarction (MI), >50% stenosis in at least one coronary
vessel at angiography, history of percutaneous transluminal coronary
angioplasty or coronary artery bypass graft surgery, angina, or death
caused by CAD.* For the association between the rs4299376 SNP
and CAD outcomes, the lipid-lowering allele was used as reference
throughout the article.

Cholesterol Treatment Trialists’ Collaboration

As a sensitivity analysis, we confirmed the predicted effect of BAS
on CAD using data from the Cholesterol Treatment Trialists’ (CTT)
Collaboration.” Briefly, the CTT was a prospective meta-analysis of
169 138 individuals from 26 statin RCTs that assessed the association
between the change in LDL-C with statin therapy and the reduction
in risk of CVD. Over a period of 5 years, there were a total of 24323
major vascular events, which was defined as the first occurrence of
coronary death or nonfatal MI, coronary revascularization, or stroke.

Statistical Analysis

To calculate the effect of BAS on plasma lipids levels, the mean
change-from-baseline of plasma lipids in the 24 g/d cholestyramine
treatment group and the 3.75 g/d colesevelam group were compared
with the mean differences in the placebo group. Meta-analyses were
performed using an inverse variance random effect meta-analysis.
Unless otherwise specified, a correlation coefficient (r) of 0.5 for
the difference in the mean change from baseline was assumed for
all analyses. Thus, the r was varied by 0.3 and 0.7 for all the rel-
evant studies to determine whether this altered the reported estimates
(Figures II-V in the Data Supplement). Refer to Methods in the Data
Supplement for further details.

Simulations were performed to predict the effect of 24 g/d cho-
lestyramine on plasma lipid profiles (HDL-C, TC, and triglycer-
ides) using the known genetic associations of rs4299376 SNP with
lipids fractions. To do so, we adapted the method from Sofat et al'*
to match the genetic effects to the effect of cholestyramine 24 g/d
on LDL-C, taking into account the uncertainty of both the genetic
and drug effect estimates. Refer to Methods in the Data Supplement
for more information. To validate whether the rs4299376 SNP had
a similar effect on plasma lipid profiles as cholestyramine, the pre-
dicted effects of cholestyramine on plasma levels of HDL-C, TC, and
triglycerides were estimated using genetic data. These predicted es-
timates were then compared with known effects of cholestyramine
on the same lipids fractions from clinical data. Next, the predicted
effect of cholestyramine on the risk of cardiovascular outcomes was
projected using data from the genetic association of rs4299376 with
CAD. This was then compared with the effect of cholestyramine on
CAD from the only outcome trial of cholestyramine, Lipid Research
Clinics Coronary Primary Prevention Trial (LRCCPPT).® Figure 1
represents the schematic representation of the Mendelian randomiza-
tion design. As a sensitivity analysis, the predicted effect of chole-
styramine on CAD was also estimated using data from the CTT,” a
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Figure 1. Schematic representation of the Mendelian randomization design. Association 1 represents the effect of bile acid sequestrants
(BAS) on the risk of coronary artery disease (CAD). This association was directly obtained from randomized controlled trials (RCTs) that
assessed the effect of BAS compared with a placebo and estimated through Mendelian randomization analysis using Associations 2, 3,
and 4. Association 2 represents the effect of BAS (ie, 24 g/d cholestyramine or 3.75g/d colesevelam) on the mean change in low-density
lipoprotein cholesterol (LDL-C), and data for this association was obtained from RCTs that assessed the effect of BAS compared with a
placebo. Association 3 represents the genetic effect of rs4299376 on change in LDL-C, and data for this association was obtained from
the Global Lipids Genetics Consortium. Association 4 represents the genetic effect of rs4299376 on the risk of CAD, and data for this
association was obtained from the CARDIoGRAMplusC4D Consortium. CVD indicates cardiovascular disease.

large meta-analysis that assessed the effect of statin therapy on the
risk of CVD outcomes among 5 trials that compared more intensive
to less intensive statin therapy (N=39612) and 21 trials that compared
statin to a control (N=129 526). This estimate was similarly compared
with the effect of BAS on cardiovascular outcomes reported in the
LRCCPPT, thus testing whether the effect of BAS on reduction of
CAD event was consistent with the one observed with statins, after
taking into account the differences in LDL-C lowering efficacy. The
same analyses were performed for 3.75 g/d colesevelam. Refer to
Methods in the Data Supplement for more information. All statistical
analyses were performed using R.

Results

Study Selection

The structured literature search of PubMed databases derived
a total of 420 citations, and 19 studies were identified for
inclusion in this review. Figure VI in the Data Supplement
contains a flow diagram of the study selection process. Owing
to the lack of reported data from clinical trials, the results of
the colestipol meta-analysis are described in Methods in the
Data Supplemental and Table I in the Data Supplement.

Randomized Controlled Trials of Cholestyramine

We identified a total of 6 RCTs comprising 4598 hyperlipid-
emia participants.®'*!126-28 The mean age of these study par-
ticipants was 48.2 years, whereas 4.8% were female and 95%
were European (Table). In the pooled analysis of plasma lipid
levels, 3 RCTs evaluated the effect of 24 g of cholestyramine
daily dose compared with matching placebo in 4002 hyper-
lipidemia patients (Figure 2). The pooled estimates indicate
that cholestyramine treatment resulted in a mean decrease of
LDL-C by 53.4 mg/dL (95% CI —-91.8, —15.0) and a decrease
of TC by 50.7 mg/dL (95% CI —89.9, —11.5). There was sig-
nificant heterogeneity among the pooled changes in LDL-C
(P 93.3% and P for heterogeneity, 5.4x107%) and TC (I
93.5% and P for heterogeneity, 9.1x107%). Two pooled stud-
ies (196 participants) demonstrated a nonsignificant effect in

the change of HDL-C and triglycerides (2.6 mg/dL [95% CI
—1.2,6.5] and 3.1 mg/dL [95% CI: —15.5, 21.7], respectively).
One study (80 participants) reported a significant decrease of
apoB by 44.0 mg/dL (95% CI -61.7, —26.3) and a nonsig-
nificant effect in the change of apoA (10.0 mg/dL [95% CI
-3.9, 23.9]). One RCT reported the effect of cholestyramine
(24 g/d) on cardiovascular outcomes,® randomizing 3806
patients, 342 of whom experienced an event. Cholestyramine
did not significantly reduce the composite of cardiovascular
death or myocardial infarction (OR 0.81, 95% CI 0.65-1.02,
P=0.07), cardiovascular mortality (OR 0.78, 95% CI 0.48—
1.27, P=0.322), or myocardial infarction (OR 0.81, 95% CI
0.63-1.03, P=0.082).

Randomized Controlled Trials of Colesevelam

We identified 10 trials with a total of 1142 participants with
hyperlipidemia and 883 participants with type 2 diabetes mel-
litus.?*?-7 Among all of these participants, the average age
was 55.5 years, 51% were women, and 62% were European
(Table). Seven RCTs comprising 767 study participants evalu-
ating the effect of colesevelam 3.75 g daily compared with
matching placebo were used in the primary analysis (Figure 3).
Treatment with colesevelam resulted in a mean decrease of
LDL-C by 22.7 mg/dL (95% CI -28.3, —17.2) with significant
heterogeneity among the pooled change in LDL-C (I* 56.95%
and P for heterogeneity, 0.032). Colesevelam treatment was
also associated with a decrease in TC by 19.2 mg/dL (95% CI
-24.4, —14.0), whereas the effect was attenuated in HDL-C
and triglycerides (0.30 mg/dL [95% CI -0.14, 2.0] and 9.8
mg/dL [95% CI —1.8, 21.4], respectively). Five pooled studies
(628 participants) demonstrated a decrease of apoB by 14.0
mg/dL (95% CI —17.7, —10.3) and had a nonsignificant effect
in the change of apoA (1.8 mg/dL [95% CI 0.8, 4.5]). We
were unable to conduct subgroup analyses to explore the pres-
ence of heterogeneity among pooled estimates owing to a lack
of data.

Downloaded from http://circgenetics.ahajournals.org/ by guest on October 21, 2015


http://circgenetics.ahajournals.org/

Ross et al Effect of BAS on the Risk of CVD 621
Table. Studies Contributing to the BAS Meta-Analysis
Total LDL-C, mg/dL*
Sample Follow- Age Women, European,
Author and Date Patient Population ~ Size Intervention Comparison  Up (Mean, SD) % % Baseline End Point
Cholestyramine
Betteridge 1992% Hyperlipidemia 128  Pravastatin (20 mg bid); Placebo 12weeks 18-70 36 (28) NR 295(8.90  203.8 (NR)
Cholestyramine (16—24 g/d)
LRCCPPT 19848 Hyperlipidemia 3806 Cholestyramine (24 g/d) Placebo 74y 47.8 0(0) 3635 215.6 (NR) 174.9 (NR)
(95.5)
NHLBI Type Il Hyperlipidemia 143  Cholestyramine (24 g/d) Placebo 5y 46.3 (0.55) 28(20) 135(94) 241.8(6.5) 237.4(6.2)
Coronary Intervention
Study 1984"
Pravastatin Hyperlipidemia 311 Pravastatin (20 mg/bid); Placebo 8 weeks 51.9 95(31) 298 (96) 236 (6.6) 162 (6.6)
Multicenter Study Pravastatin (40 mg/bid);
Group Il 1993% Cholestyramine (12 g/bid);
Pravastatin (20 mg bid); and
Cholestyramine (12 g bid)
Watts 199210 Hyperlipidemia 90 Diet and cholestyramine (8 Placebo 3.5 50.8(4.7) 0(0) NR 203.4(8.5) 130.3(7.4)
g/d); Diet months
Wiklund 1990% Hyperlipidemia 120 Pravastatin (10-20 mg/bid);  Placebo 12 weeks 50.6(13) 60(50) NR  304.6 (68.0) 214.6 (68.0)
Cholestyramine (24 g/d to
highest dose)
Colesevelam
Bays 2008% Diabetes mellitus 316 Colesevelam (3.75 g/d) with ~ Placebo 26 weeks 56.3 (9.6) 152 (48) 183 (58) 105.6 (33.8) 91.7 (39.1)
DM drugs with DM
drugs
Davidson 1999% Hyperlipidemia 147 Colesevelam (1.5 g/d; 2.25  Placebo 6 weeks 56.0 (11) 82 (56) 121 (82.3) 202 (26) 163 (27)
g/d; 3.0 g/d; or 3.75 g/d)
Davidson 20012 Hyperlipidemia 135 Colesevelam (2.3 g/d); Placebo 4 weeks 57.8(13.4) 72(53) 112(83) 172(5) 158 (5)
Lovastatin (10 mg/d);
Colesevelam (2.3 g/d); and
Lovastatin (10 mg/d)
Devaraj 2006%' Hyperlipidemia 48  Colesevelam (3.75 g/d) Placebo 6 weeks NR NR NR 150 (33) 136 (37)
Handelsman 2010%  Diabetes mellitus 216  Colesevelam (3.75 g/d) Placebo 16 weeks 54.5(11.7) 149 (69) 25(12) 132.8(23.9) 114.3 (NR)
Hunninghake 20013 Hyperlipidemia 94 Colesevelam (3.8 g/d); Placebo 4 weeks 57.2(11.4) 37(39) NR 184 (5) 163 (8)
Atorvastatin (10 mg/d);
Colesevelam (3.8 g/d); and
Atorvastatin (10 mg/d); or
Atorvastatin (80 mg/d)
Insull 20013 Hyperlipidemia 467  Colesevelam (2.3 g/d; 3.0 Placebo 24 weeks 56 (12) 235(50) 419 (90) 155 (17) 127 (23)
g/d; 3.8 g/d; or 4.5 g/d)
Knapp 20013 Hyperlipidemia 251  Colesevelam (3.8 g/d); Placebo 6 weeks 54.7 (12.4) 118 (47)237 (94.4) 198 (39) 167 (46)
Simvastatin (10 mg/d);
Colesevelam (3.8 g/d) and
Simvastatin (10 mg/d);
Colesevelam (2.3 g/d);
Simvastatin (20 mg/d); or
Colesevelam (2.3 g/d) and
Simvastatin (20 mg/d)
Rosenstock 2010 Diabetes mellitus 286  Colesevelam (3.75 g/d) with ~ Placebo 16 weeks 53.3(10.8) 161  41(14) 130(NR)  120.2 (NR)
DM drugs with DM (56.3)
drugs
Zieve 2007% Diabetes mellitus 65  Colesevelam (3.75 g/d) Placebo 12 weeks 56.2 (9.3) 29 (44.6) 35(53.8) 122.6 (32.7) 107.8 (27.5)

LRCCPPT indicates Lipid Research Clinics Coronary Primary Prevention Trial; and NR, not reported.
*Refers to the highest single BAS dose reported in the study.

Predicted Effects of BAS on Plasma Lipids Using

Genetic Data

Teslovich et al (2010) confirmed the association between the
rs4299376 SNP and plasma lipid levels.”® The rs4299376

polymorphism was significantly associated with a decrease

in LDL-C of 2.75 mg/dL per allele (95% CI -3.14, -2.36;

P=1.73x10"%"), a decrease in TC of 3.01 (95% CI -3.44,
—2.58) mg/dL per allele (P=4.0x10%), a decrease in
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Study N  Mean Change (95% CI) P Het P
LDoL-C

Wiklund 1990 80 -93.2(-141.3.-450)

NHBLI 1984 116 =-52.5(=79.4,-25.6)

LRCCPPT 1984 3806 -23.5(-26.8.-20.2)

Total 4002 -53.4(-91.8-15.0) 0.006 5.40E-06
HOL-C

Wiklund 1990 80 1.9(-14.9,18.8)

NHBLI 1984 116 2.7(-3.0,84)

Total 196 26(-1.2,6.5) 0.181 0.900
Total Cholesterol

Wiklund 1990 80 -92.4(-1402.-44.6)

NHBLI 1984 116 ~47.0( -74.3,-19.7)

LRCCPPT 1984 3806 -21.4(-24.8,-18.0)

Total 4002 -50.7(-89.9-11.5) 0011  9.10E-06
Triglycerides

Wikiund 1990 80 -1.8(~44.4,40.9)

NHBLI 1984 116 6.1(-26.6,38.8)

Total 196 3.1(-15.5,21.7) 0.744 0.690
apoA

Wiklund 1990 80 10.0(-3.9.23.9) 0.158

apoB

Wiklund 1990 80 -44.0(-61.7-26.3) 1.09E-06

*>n

Figure 2. Forest plot of the association of 24
g/d of cholestyramine treatment and the mean
difference of low-density lipoprotein cholesterol

™ (LDL-C), high-density lipoprotein cholesterol
(HDL-C), total cholesterol, triglycerides, apoli-
poprotein (apo)A and apoB. Het P refers to the
heterogeneity P value.

~—

-100 8 @0 -4 -2 0

T ™
» @

Mean Change per mg/dL

triglycerides of 1.08 (95% CI —1.80, —0.36) mg/dL per allele
(P=0.003), and had a null effect on HDL-C levels (0.05
mg/dL per allele, 95% CI -0.09, 0.19; P=0.212). We also
explored whether the 154299376 SNP had potential pleiotro-
pic effects on the risk of diabetes mellitus or on the change
in glycohemoglobin (HbA ), fasting glucose, systolic blood
pressure, diastolic blood pressure, and body mass index
using data from the DIAGRAM,*® MAGIC,*** GIANT,* and
ICBP* consortia. We did not observe any significant changes
among these traits (P>0.05 for all; Figure 4; Table II in the
Data Supplement). Next, we sought to determine whether
the predicted effect of BAS using genetic data had a similar
effect on plasma lipids levels as compared with the reported
pharmacological effect. To do so, we adjusted the per-allele
genetic effect to match the LDL-C reducing effect of 24 g/d
cholestyramine, as reported in the LRCCPPT trial® (the only
BAS outcome trial available). We then predicted the effect of
cholestyramine on TC using genetic data and compared it to
the known effect of cholestyramine. The predicted reduction
of TC was 25.8 mg/dL (95% CI -32.3, —19.4), which was not
statistically different from the reported trial estimate (P for
difference >0.05).

We performed a similar analysis using the effect of cole-
sevelam 3.75 g/d on LDL-C as the reference for the genetic
effect (Figure 5). The predicted reduction of TC by cole-
sevelam was estimated at 25.0 mg/dL (95% CI -33.0, -16.9),
which was not different (P>0.05) from results of our meta-
analysis. The predicted effect on HDL was null (0.42 mg/dL,
95% CI -0.78, 1.61) and was consistent with the reported
effect of colesevelam (P for difference >0.05). The predicted
effect of colesevelam was associated with a modest decrease
in triglycerides (8.94 mg/dL [95% CI: —15.5, —2.32] and was
statistically different from the observed drug effect (P for dif-
ference, 0.001).

Predicted Effects of BAS on Cardiovascular
Outcomes Using Genetic Data

Data from the CARDIoGRAMplusC4D Consortium was
obtained to assess the association of rs4299376 with risk of
CAD. The minor allele (LDL-C decreasing) of rs4299376 was
associated with a modest yet significant decrease in risk of
CAD (OR 0.95, 95% CI 0.93-0.97; P=2.85x1077). We then
derived the predicted effect of 24 g/d cholestyramine on risk
of CAD based on the association of the ABCG5/8 rs4299376
polymorphism on CAD, adjusting the per-allele genetic effect
to match the LDL-C reducing effect of 24 g/d cholestyramine.
Cholestyramine 24 g/d was predicted to significantly reduce
the risk of CAD (OR 0.63, 95% CI 0.52-0.77; P=6.3x107°).
The predicted estimate was not significantly different from the
effect observed in the only outcome trial of cholestyramine,
LRCCPPT (P for difference >0.05; Figure 6). The effect of
rs4299376 was also matched to the LDL-C reducing effect of
3.75 g/d colesevelam, leading to a predicted CAD reduction of
OR=0.64 (95% CI 0.52-0.79; P=4.3x107) with colesevelam
3.75 g/d (P for difference >0.05; Figure 6).

Predicted Effect of BAS on Cardiovascular
Outcomes Based on CTT Data

As a sensitivity analysis, we used estimates from the CTT to
determine whether the effect of BAS on reduction of CAD
event was consistent with the one observed with statins by
matching the LDL-C lowering effect from LRCPPT to the
reported effect from CTT, a large meta-analysis evaluating
the effect of cholesterol reduction on CVD.» The change in
LDL-C levels from 24 g/d cholestyramine was predicted to sig-
nificantly decrease the risk of major vascular events (OR 0.86,
95% CI 0.85-0.87; P=6.6x10"% Figure 6). This estimate was
not significantly different from observed effect of cholestyr-
amine from clinical trial® (LRCCPPT; P for difference >0.05).
Similarly, the effect of 3.75 g/d colesevelam was also predicted
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Study N Mean Change (95% CI) P Het P
LDL-C
Bays 2008 316  -16.6(-27.2, -6.0) .
Davidson 1999 52  -38.0(-58.7,-17.3)
Devaraj 2006 48 -5.0(-31.2,21.2)
Hunninghake 2001 35 -27.0(-33.2,-20.8) -
Insull 2001 183  -24.0(-32.8,-15.2)
Knapp 2001 70 -24.0(-47.3, -0.7)
Zieve 2007 55 -17.0(-38.7, 4.7) :
Total 759  -22.7(-28.3,-17.2) 1.04E-15 0.03 ——
HDL-C
Bays 2008 316 0.2(-3.21,3.6) .
Davidson 1999 56 4.0( -6.99,15.0) .
Devaraj 2006 48 1.0(-11.19,13.2) -
Hunninghake 2001 35 1.0(-2.87,4.9) =
Insull 2001 183 -2.0( -3.52,-0.5) =
Knapp 2001 70 2.0( 0.06, 3.9) ]
Zieve 2007 59 -0.6( -8.13, 6.9) .
Total 767 0.3(-1.4,2.0) 0.731  0.002 ¢
Total Cholesterol
Bays 2008 316 -13.6(-26.1,-1.1)
Davidson 1999 56 -23.0(-47.9, 1.9)
Devaraj 2006 48 0.0(-30.7, 30.7)
Hunninghake 2001 -25.0(-32.6,-17.4 .
|nu5u" 280? @200 13853 _250%((_%0%_ _9_1)) Figure 3. Forest plot of the association of 3.75
Knapp 2001 70 -19.0(-44.1, 6.1) g/d of colesevelam treatment and the mean differ-
Zieve 2007 59 -16.5(-42.5, 9.5) - ence of low-density lipoprotein cholesterol (LDL-C),
Total 767  -19.2(-24.4,-14.0) 3.93E-13 0.2 — high-density lipoprotein cholesterol (HDL-C), total
. ) cholesterol, triglycerides, apolipoprotein (apo)A and
Triglycerides apoB. Het P refers to the heterogeneity P value.
Bays 2008 316 5.7(-22.4, 33.8)
Davidson 1999 56 30.0(-63.4,123.4)
Devaraj 2006 48 20.0(-30.0, 70.0)
Hunninghake 2001 35 39.0(-19.9, 97.9)
Insull 2001 183 -3.0(-33.2,27.2)
Knapp 2001 70 16.0(-25.4, 57.4)
Zieve 2007 59 53.3(-78.0,184.6)
Total 767 9.8(-1.8,21.4) 0.096 0.6
apoA
Bays 2008 316 2.5(-5.4,10.4) -
Hunninghake 2001 35 1.0(-3.7,5.7) .
Insull 2001 154 4.0(-10.1,18.1) .
Knapp 2001 65 5.0(-12.8,22.8) .
Zieve 2007 58 3.1(-16.9,23.1) .
Total 628 1.8(-0.8,4.5) 0.182 0.9 >
apoB
Bays 2008 316 -9.4(-18.3, -0.5)
Hunninghake 2001 35 -13.0(-17.8, -8.2) =
Insull 2001 154 -19.0(-28.4, -9.6) -
Knapp 2001 65 -18.0(-36.8, 0.8)
Zieve 2007 58 -16.2(-35.1, 2.7) -
Total 628 -14.0(-17.7,-10.3) 6.58E-14 0.3 -

r T T T T T 1
-40 -30 -20 -10 0 10 20

Mean Change

to significantly reduce the risk of cardiovascular events (OR
0.90, 95% CI 0.87-0.93; P=1.3x107"3; P for difference >0.05).

Discussion

Mendelian Randomization analyses use the random allocation
of alleles to replicate the randomization process in double-
blinded clinical trials and to reduce the potential effects of
reverse causation and confounding factors. The results of our
Mendelian randomization analysis suggest that BAS may be
effective in the prevention of CAD. Thus, when given in cur-
rently recommended doses, our data demonstrates that cho-
lestyramine and colesevelam were associated with a reduced
risk of CAD. Furthermore, our projections concerning the
effect of BAS on clinical outcomes were consistent with esti-
mates obtained from the cholestyramine LRCCPPT trial and
the CTT.

The predicted effects of BAS on cardiovascular out-
comes were based on robust genetic data, which was col-
lectively derived from 194427 participants from the
CARDIoGRAMplusC4D Consortium and 95 708 participants
from the Global Lipids Genetics Consortia, respectively.
Leveraging already available genetic data is highly cost-effec-
tive and has the added advantage of providing estimates that
reflect lifelong difference in plasma LDL-C levels between
carriers and noncarriers of the rs4299376 allele. In contrast,
randomized trials are complex, expensive, and are generally
restricted to several years of follow-up, which limits the ability
to assess the long-term effects of BAS on clinical outcomes.

Our findings have important clinical implications. Although
BAS monotherapy may not be as effective as statin therapy,
our results suggest that BAS are likely to be an effective sec-
ond-line therapy. In contrast, adequately powered randomized
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Mean Difference (95% CI) P

LDL-C  -2.75(-3.14,-236)  1.73E-47 M
HDL 0.05(-0.09, 0.19) 0.212 [ ]
TC -3.01(-3.44,-258)  4.00E-45 W
TG -1.08 (~1.80,-0.36) 0.003 [ |
FG 0.0009(-0.004, 0.006) 0.738 ]
HbA1C ~ -0.005(-0.013,0.003)  0.199 a
SBP 0.025(-0.196, 0.245) 0.826 ]
DBP 0.004(-0.135, 0.143) 0.951 ]
BMI -0.005(-0.018, 0.007) 0.4 [ - |

-3 -25 -2 -15 -1 -056 0
Mean difference

Figure 4. Association of low-density lipoprotein cholesterol
(LDL-C), high-density lipoprotein cholesterol (HDL-C), total cho-
lesterol (TC), triglycerides (TG), glycohemoglobin (HbA1c), fast-
ing glucose (FG), systolic blood pressure (SBP), diastolic blood
pressure (DBP), and body mass index (BMI) among rs4299376
carriers.

trials have failed to show a benefit of Niacin and CETP inhibi-
tors.** There has also been a shift in clinical guidelines,
where patients are more likely to be prescribed with high dose
statin therapy to reduce the risk of CAD irrespective of meet-
ing specific LDL-C targets.”? However, statin therapy may not

20+

-20+ | ‘ |

Mean change with 3.75 g/d colesevelam (mg/dL)

—40 -

T T
-40 -20

be well-tolerated or effective in all patients, and the addition
of BAS in combination with statin therapy may further pre-
vent the risk of CAD. Even though there is clinical evidence
demonstrating that cholestyramine effectively reduces LDL-C
levels, as well as suggestive evidence that it decreases the risk
of CAD events, its use is hampered by poor patient tolerability
and adverse side effects.® Colesevelam is much better toler-
ated,***” has other potential benefits, such as reducing fasting
blood glucose levels,* and in our Mendelian randomization
analysis produced a similar reduction in CAD to that of cho-
lestyramine. Furthermore, our results were also supported by
studies that assessed the effect of the cholesterol-lowering
agent ezetimibe on CVD risk using both clinical and genetic
data. For instance, the IMPROVE-IT trial demonstrated that
the addition of ezetimibe to statin therapy resulted in an addi-
tional reduction in CVD risk as compared with statin therapy
alone.* Additionally, genetic studies have also showed that
mutations known to inactivate NPCIL1 were associated with
lower levels of plasma LDL-C and a reduced risk of CAD.*
Thus, our results suggest a beneficial effect of colesevelam on
risk of CAD and highlight the need for well-designed RCTs
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Figure 5 Predicted effects of 3.75 g/d colesevelam on low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol
(HDL-C), total cholesterol (TC), and triglycerides (TG) compared with corresponding pharmacological effect of 3.75g/d colesevelam.
This figure illustrates the comparison of the predicted effect of 3.75 g/d colesevelam using genetic data with the effect of 3.75 g/d cole-
sevelam using clinical data. Each point estimate with 95% confidence interval represent the mean change of plasma lipid levels for both
the predicted effect of 3.75 g/d colesevelam using genetic data and the effect of 3.75 g/d colesevelam.
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N OR (95% CI) P  DiffP
Cholestyramine 24g/d dose
Effect using LRCCPPT RCT data 3806  0.81(0.70-1.02)  0.07 n

Predicted effect using genetic data 123223 0.63 (0.52 - 0.77) 6.30E-06 0.095 n

Predicted effect using CTT data 169138 0.86 (0.85 - 0.87) 6.60E-83 0.629 |
Colesevelam 3.75 g/d dose
Predicted effect using genetic data 123223 0.64(0.52 - 0.79) 4.03E-05 0.128 n
Predicted effect using CTT data 169138 0.90 (0.87- 0.93) 1.30E-13 0.385 |
06 07 08 08 1
Odds Ratio

Figure 6. Comparison of the effects of bile acid sequestrants (BAS) on coronary artery disease (CAD) outcomes from the Lipid Research
Clinics Coronary Primary Prevention Trial (LRCCPPT) clinical trial to predicted effects using genetic data. This figure represents the point
estimates with 95% confidence intervals of the effect of 24 g/d cholestyramine on CAD using clinical data from the LRCCPPT Trial, the
predicted effect of 24 g/d cholestyramine on CAD using genetic data, and the predicted effect of 24g/d cholestyramine on CAD using
data from the Cholesterol Treatment Trialists’ (CTT). It also shows the point estimates with 95% confidence intervals of predicted effect of
3.75 g/d colesevelam on CAD using genetic data and the predicted effect of 3.75 g/d colesevelam on CAD using data from the CTT. The
predicted effect of colesevelam using genetic data and CTT were compared with the LRCCPPT Trial because no outcome trial data were
available for colesevelam. The predicted effect of 24 g/d cholestyramine and 3.75 g/d colesevelam were derived by standardizing the
genetic estimates to match the low-density lipoprotein cholesterol (LDL-C) lowering effect of BAS. CAD is defined as one of the following:
MI >50% stenosis in at least one coronary vessel at angiography, history of percutaneous transluminal coronary angioplasty, or coronary
artery bypass graft surgery, angina, or death caused by CAD.?* Diff P represents the P value for difference between the predicted BAS
effect on CAD outcomes using genetic data as compared with the effect of BAS on CAD outcome from the LRCCPPT and the difference
between the effect of BAS compared with the effect from the CTT Trial, respectively. RCT indicates randomized controlled trial.

to fully understand the clinical efficacy and safety of cole-
sevelam as compared with a placebo, alone or in combination
with other lipid lowering agents.

The ABCG5/8 genes and BAS act through related bio-
logical mechanisms. BAS bind to intestinal bile acids and are
excreted through the feces, thus impeding the enterohepatic
circulation of bile acid. This leads to an increase in bile acid
synthesis and a subsequent decrease in plasma LDL-C lev-
els.>! Animal models have demonstrated that hepatic ABCG5/8
transporters are responsible for secreting multiple sterols in the
bile, whereas intestinal transporters limit cholesterol absorp-
tion from the lumen and thus promote fecal excretion.’>
Overexpression of ABCG5/8 genes in transgenic mice resulted
in an increase in biliary cholesterol secretion, reduced choles-
terol absorption, and increased hepatic cholesterol synthesis,*?
leading to a significant reduction in plasma cholesterol levels
and atherosclerotic lesions. In addition, treatment with BAS
has also been associated with reduced levels of fasting plasma
glucose.*® Although the underlying mechanism is unknown, it
has been suggested that the binding of BAS to bile acids alters
the GI tract glucose absorption.> In support of that hypothesis,
studies have also indicated that gastric bypass surgery leads to
an increase in glucose metabolism as a result of an increase
in bile acid concentration. In our study, we did not observe
an association of 1s4299376 SNP with the changes in the lev-
els of fasting glucose or HbA  and diabetes mellitus using
data from the MAGIC and DIAGRAM Consortia (P>0.05 for
all),®** suggesting that this could be a beneficial pleiotropic
effect specific to the pharmacological agent. Genetic mutations
of ABCG5/8 have also been associated with sitosterolemia, a
rare genetic disorder resulting in increased intestinal absorp-
tion, decreased biliary excretion of dietary sterols, hypercho-
lesterolemia, and atherosclerosis. BAS treatment lowers blood
levels of dietary sterols’7 and is recommended for patients
with sitosterolemia. Teupser et al (2010) reported that com-
mon ABCGS5/8 polymorphisms lower phytosterol levels as well
as CVD risk,’ again confirming the similarity between BAS
treatment and the effect of rs4299376. Taken together, these

results confirm the similarity between BAS treatment and the
effect of rs4299376. Therefore, our genetic results illustrate
that inhibition of intestinal cholesterol absorption may provide
a valuable therapeutic target for the prevention of CVD.

A few limitations of our study warrant discussion. First,
Mendelian randomization analyses require some assumptions
to be met for the analysis to be valid, and these include the
following: the genetic variant is associated with the exposure
of interest, the genetic variant is independent of confounders,
and the genetic variant is independent of the outcome given the
exposure and confounding factors.'? Although the rs4299376
SNP acts through a similar functional pathway as BAS, we can-
not exclude the possibility of pleiotropic effects of the genetic
variant or off-target effects of the drug. For instance, both are
involved in the absorption of dietary sterol, which may be a key
mediator of their CAD protective effect. Second, we were unable
to assess the effect of ethnicity on BAS efficacy because of the
lack of reported data. Third, we found that the effect of cole-
sevelam on triglycerides predicted by genetic data was statis-
tically different from the pharmacological effect. Nonetheless,
the predicted effect was weak (8.94 mg/dL [95% CI: 15.5,
2.32]) and should not affect CAD risk estimates because the
effect size of triglycerides is modest in comparison with other
CAD risk factors.” Furthermore, our meta-analysis may have
been underpowered to detect any change because triglycer-
ides are highly clinically variable. However, the effects on TC
and HDL-C predicted from genetic data were consistent with
estimates from the meta-analysis. Fourth, the protective effect
of BAS on CAD was larger in the Mendelian randomization
analysis as compared with the reported trend from LRCCPPT
and estimates derived from the CTT. Although the differences
in estimates were not statistically different, this may be because
of the observation that rs4299376 carriers have a lifelong expo-
sure to lower levels of LDL-C. Finally, the predicted side effects
of BAS therapy using a Mendelian randomization analysis have
not been addressed and further research may be required.

In summary, this systematic review, meta-analysis, and
large-scale Mendelian randomization analysis illustrates that
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pharmacological inhibition of intestinal cholesterol absorption
may reduce the risk of major cardiovascular events. Comparisons
of genetic association studies and clinical trials of colesevelam
support the potential use of BAS as a second line therapy to
reduce LDL-C in the prevention of CAD. Our results point to
the need for large-scale randomized trials to fully assess the effi-
cacy and safety of BAS treatment on CVD, as well as their effect
when combined with other lipid lowering agents, such as statins.
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CLINICAL PERSPECTIVE

Statins are the primary therapeutic agents in the prevention of coronary artery disease (CAD), but may not be well tolerated
or effective in all patients. Other lipid lowering agents, such as bile acid sequestrants (BAS), may be used as an alternative
or in combination with statins. However, only a few underpowered BAS clinical trials have demonstrated a modest trend
toward reduced risk of clinical outcomes. We conducted a meta-analysis of cholestyramine, colestipol, and colesevelam
clinical trials to assess the effect of BAS on plasma lipid levels and CAD outcomes. We then applied the principles of Men-
delian randomization to estimate the effect of BAS on risk of CAD by using the effects of the rs4299376 SNP (ABCG5/
ABCGS) on low-density lipoprotein cholesterol and CAD. We demonstrated that the predicted reduction in risk of CAD by
cholestyramine (OR 0.63, 95% CI 0.52-0.77; P=6.3x107) and colesevelam (OR 0.64, 95% CI 0.52-0.79, P=4.3x107) is
consistent with the nonsignificant trends observed in clinical trials. These results have clinical implications because they
suggest that BAS may provide an effective second line therapy among patients who are unable to tolerate statin therapy or in
whom statins are ineffective in reducing low-density lipoprotein cholesterol. This study also highlights the use of Mendelian
randomization in drug target validation and to complement clinical trial data.
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SUPPLEMENTAL MATERIALS



SUPPLEMENTAL METHODS

Systematic Review and Meta-Analysis

Eligibility Criteria

Types of studies: Randomized, double-blinded, placebo controlled clinical trials (RCTs) that
compared bile acid sequestrant (BAS) treatment with placebo. There were no restrictions based
on publication status or publication date; however, only studies published in English were

considered.

Type of patients: Only patients aged > 18 years were considered for this review.

Type of Intervention: RCTs that compared the effects of BAS (i.e. 24 g daily cholestyramine, 5
g/d colestipol, and 3.75 g/d colesevelam) with placebo or no treatment. There were no

restrictions based on the frequency, dosage, length or duration of the BAS intervention.

Types of Outcome Measures:
Primary outcome measures include:
1. Cardiovascular mortality;
2. Myocardial infarction (MI); and
3. Baseline and endpoint mean values or the absolute treatment difference in the
intervention and placebo arms for the change in low density lipoprotein cholesterol
(LDL-C) levels.

Studies with at least one of these primary outcomes were considered.



Secondary outcome measures include:
1. Baseline and endpoint mean values or the absolute treatment difference in the
intervention and placebo arms for the change in high-density lipoprotein cholesterol
(HDL-C), total cholesterol (TC), triglycerides, apolipoprotein Al (apoA), and

apolipoprotein B (apoB).

Information sources
A structured literature search was performed by identifying studies through electronic databases,
hand searching reference lists, consulting with field experts and pharmaceutical companies, and

scanning trial registries. This search was applied to PubMed (1946 to 2014 in Ovid).

Search

The following terms were used to search all clinical trial registries and databases:
cholestyramine; colestipol; colesevelam HCI; placebo; and randomized controlled trials. Where
possible, authors of relevant publications were contacted to provide additional information and

details about outstanding issues.

Study Selection and Data Items

Based on the results of the search strategy, titles and abstracts for each reference were examined
independently by two reviewers (MD and SR). Relevant studies obtained from the full-text
screening phase were reviewed for methodological quality and disagreements were resolved
through discussion or consultation with a clinician (GP). The following information was

extracted from each included trial: (1) characteristics of the study participants (i.e. age, sex,



patient population); (2) characteristics of the study (i.e. study design, sample size, median
follow-up period); (3) characteristics of the intervention (i.e. dose and frequency of the
intervention); and (4) characteristics of the outcome measures (including cardiovascular

mortality, MI, and mean change in LDL-C, HDL-C, TC, triglycerides, apoA and apoB).

Data collection process

The two reviewers independently extracted data from the included studies using data collection
forms. When methodological information could not be obtained from a publication, the author
was contacted for further comment. All forms used in this systematic review were subject to
pilot-testing using ten randomly selected studies. Data entry was performed independently by
one reviewer (SR) and cross-referenced by the other reviewer (MD). Any discrepancies between

the two reviewers were documented and the forms were changed accordingly.

Summary measures

For continuous traits, studies that reported median values were converted to an equivalent mean
value and the corresponding standard deviation values were calculated by dividing the
interquartile range by 1.35. If studies did not report the standard deviation, it was calculated by
multiplying the standard error by the square root of the sample size. The mean age across RCTs
was reported as the sample size weighted mean. Where data for LDL-C, HDL-C and TC were
available in units of mmol/L, they were converted to mg/dL using a multiplication factor of
38.66. Triglycerides, and apoA and apoB were similarly converted using a multiplication factor
of 88.6 and 100, respectively. The mean change-from-baseline in plasma lipid levels in the BAS

intervention group were compared to the mean differences in the placebo group with the 95%



confidence interval (CI) and p-value as a measure of uncertainty. For binary outcomes, the
treatment effect was expressed as an odds ratio (OR) with the 95% CI and p-value. Meta-

analyses were performed using an inverse variance random effect meta-analysis.

Synthesis of results

Heterogeneity was assessed using the chi-square statistic (%) and inconsistency (I?) was
measured by assessing the percentage of total variation of the effects of BAS across studies due
to heterogeneity. A low p-value (p<0.10) or I test statistic of > 30% provided evidence of
heterogeneity of intervention effects. If these estimates gave rise to sufficient evidence of

heterogeneity than attempts were made to explain these differences.

Additional Analyses

To explain any evidence of heterogeneity, subgroup analyses were conducted based on the
characteristics of the participants (i.e. presence of hyperlipidaemia or type 2 diabetes mellitus)
and the study interventions (i.e. length of follow-up). Sensitivity analyses were pre-specified and
were used to test the robustness of the pooled results. Unless otherwise specified, a correlation
coefficient (r) of 0.5 for the difference in the mean change from baseline was assumed for all
analyses. Thus the » was varied by 0.3 and 0.7 for all the relevant studies to determine if this

altered the reported estimates !.

Simulation Statistical Analysis
Simulations were performed to predict the effect of 24 g/d cholestyramine on plasma lipid

profiles (HDL-C, TC, triglycerides, apoA and apoB) using the known genetic associations of



154299376 SNP with lipids fractions. To do so, we adapted the method from Sofat et al® to
match the genetic effects to the effect of cholestyramine 24 g/d on LDL-C, taking into account
the uncertainty of both the genetic and drug effect estimates. Random numbers were selected
from the normal distributions of the change in LDL-C for the pharmacological and genetic effect
(i.e. fixing the mean and standard deviation of each distribution to their respective estimated
values). In order to validate whether the rs4299376 SNP had a similar effect on plasma lipid
profiles as cholestyramine, the predicted effects of cholestyramine on plasma levels of HDL-C,
TC and triglycerides were estimated using genetic data. These predicted estimates were then
compared to known effects of cholestyramine on the same lipids fractions from clinical data.
10,000 simulations were performed to generate the distribution of HDL-C, TC and triglycerides
assuming each allele has the same predicted effect as cholestyramine on LDL-C, and the mean
effect and 95% CI were calculated. The p-value for the difference between the predicted effect
of cholestyramine and the observed effects of BAS on lipid levels were calculated by comparing
the randomly generated point estimate of the effect of cholestyramine to the randomly generated
point estimate of the predicted effect of the drug. Next, the effect of 24 g/d cholestyramine on the
risk of cardiovascular outcomes was predicted using data on genetic association of rs4299376
with CAD and compared to the effect of cholestyramine on CAD from the only outcome trial of
cholestyramine, LRCCPPT®. The predicted drug effect was compared to the observed effect of a
comparable dose of cholestyramine on the risk of CVD outcomes using a z-test. As a sensitivity
analysis, the predicted effect of cholestyramine on CAD was also estimated using data from the
CTT*. This estimate was similarly compared to the cardiovascular outcomes reported in the
LRCCPPT in order to compare the predicted effect of BAS with statin use using a z-test. These

analyses were also repeated using the summary effect of 3.75 g/d of colesevelam.



Results

Study Selection

A total of 19 studies were identified for inclusion in this review. The structured literature search
of PubMed databases derived a total of 420 citations. Of these, 360 studies were discarded
because after reviewing the abstracts it appeared that these papers clearly did not meet our
inclusion criteria. The full-text of the remaining 60 citations were examined in more detail. It
appeared that 40 articles did not meet the inclusion criteria. Of the included articles, there were
six cholestyramine RCTs> °~, three colestipol RCTs!%!2 and 10 colesevelam RCTs!*?! with a
total of 7,021 study participants. Supplemental Figurel illustrates the flow diagram of the study

selection process.

Randomized Controlled Trials of Colestipol
We identified three RCTs with a total of 398 participants with hyperlipidemia (mean age 52
years, 44% women)!'%1? (Supplemental Table 1). Owing to the lack of reported data and

differences in study dose, we did not pool the reported effect of colestipol on plasma lipid levels.

Additional Analyses

We were unable to conduct subgroup analyses in order to explore the presence of heterogeneity
among the pooled estimates of 24 g/d cholestyramine and 3.75 g/d colesevelam on the mean
change in plasma lipid levels due to a lack of reported data. Therefore, to account for the high

degree of heterogeneity in the pooled estimates of cholestyramine, the effect estimates of the



mean change in LDL-C and TC from the LRCCPPT trial® will be used as a surrogate since it was

the only outcome trial.

To test the robustness of the main findings, the  of the mean change from baseline in the 24 g/d
cholestyramine and the 3.75 g/d colesevelam meta-analyses were varied. Assuming an  of 0.3
and 0.7 did not demonstrate any difference in the reported treatment effects of cholestyramine
(Supplemental Figure 3 and 4) or colesevelam (Supplemental Figure 5 and 6). However,
assuming an 7=0.3 within the cholestyramine meta-analysis resulted in a reduction of the high
degree of heterogeneity in the pooled LDL-C estimates (P for heterogeneity =1.70x10"*) while an
r=0.7 significantly increased the presence of heterogeneity (heterogeneity P-value:2.10x107).

Similar results were also obtained for the treatment effects of colesevelam.



SUPPLEMENTAL TABLES

Supplemental Table #1: Studies contributing to the colestipol meta-analysis

LDL-C (mg/dL)*

Patient . . . Age Women
Author & Date - Sample size Intervention Comparison Follow-Up European (%)
Population (Mean, SD) (%) Baseline Endpoint
H““l‘;‘ggﬂake Hyperlipidemia 196 Colestipol (2g; 4 g 8¢ 16 8) Placebo 8 weeks 562 (NR) 101 (52) NR 190.0(NR) 141.3(NR)
Colestipol (5 g); Colestipol (10 g) & gfliﬁzggb‘g-ltélv?;:;izlzsf
Simons 199211 Hyperlipidemia 61 e"g?s‘fg‘}/‘aﬁl‘;"gsg82‘2’12;?66";; gz’svfffks simvaslatin 20 mg); 6 18weeks ~ 453(19) 24 (39) 26 (43) 303.1(77.7)  266.7 (NR)
simvastatin (A%O,m ) weeks of simvastatin
8 (40 mg)
Superko 199212 Hyperlipidemia 141 Colestipol (5g/d; 10g/d; 15g/d) Placebo 12 weeks 49(12) 49 (35) NR 168.0(12.0) 122.8(NR)

*Refers to the highest single BAS dose reported in the study; NR: not reported




Supplemental Table #2: The association of rs4299376 SNP (4BCG5/8) and the risk of LDL-C,
HDL-C, TC, TG, diabetes, glycated hemoglobin (HbA ), fasting glucose (FG), systolic blood
pressure (SBP), diastolic blood pressure (DBP) and body mass index (BMI).

Effect | Other Effect | Standard
Trait P-Value
Allele | Allele | Estimate | Error
LDL-C T G -2.75 | 0.19898 | 1.73E-47
HDL-C T G 0.05] 0.07143 0.212
TC T G -3.01 | 0.21939 | 4.00E-45
TG T G -1.08 | 0.36735 0.003
FG G T 0.00088 0.0026 | 0.737689
HbA /. T G -0.0051 0.004 0.199
Diabetes G T -0.00738 | 0.016336 | 0.65164
SBP G T 0.024683 | 0.112445 | 0.826253
DBP G T 0.00435 | 0.070956 | 0.951115
BMI T G -0.0054 0.0064 0.4

10



SUPPLEMENTAL FIGURES

Supplemental Figure #1: Regional LD Plot of rs4299376 (ABCG5/ABCGS).
Adapted from SNAP (Broad Institute) with data from the 1000 Genomes Pilot 1.
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Supplemental Figure #2: Forest plot of the association of 24 g/d of cholestyramine treatment
and the summary mean difference of LDL-C, HDL-C, total cholesterol, triglycerides, apoA and
apoB assuming a correlation coefficient 0.3.

Het P refers to the heterogeneity p-value.
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Supplemental Figure #3: Forest plot of the association of 24 g/d of cholestyramine treatment

and the summary mean difference of LDL-C, HDL-C, total cholesterol, triglycerides, apoA and

apoB assuming a correlation coefficient 0.7.

Het P refers to the heterogeneity p-value.
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Supplemental Figure #4: Forest plot of the association of 3.75 g/d of colesevelam treatment and
the summary mean difference of LDL-C, HDL-C, total cholesterol, triglycerides, apoA and apoB
assuming a correlation coefficient 0.3.

Het P refers to the heterogeneity p-value.

Study N Mean Change (95% CI) P Het P

LDL-C

Bays 2008 318 -16.6(-22.1,-4.1) .
Davidson 1992 52  -330(-824-136) .

Devaraj 2006 48 -5.0(-35.9, 25.9) -
Hunninghake 2001 35  -27.0(-34.2.-10.8) .

Insull 2001 183 -240(-34.3.-137) -

Knapp 2001 70 -24.0(-51.5, 3.5)

Zieve 2007 55 -17.0(-427, 8.7) -

Total 759 -232(-282-181) A459E-19 0.1 ——

HDL-C

Bays 2008 318 0.2(-3.84,42) .
Davidson 1999 56 4.0(-8.00.16.9) .
Devaraj 2006 48 1.0(-1342,154) .
Hunninghake 2001 35 1.0( -2.87.4.9) .
Insull 2001 183  -2.0(-352-05) —|
Knapp 2001 70 20( 0.06.39) |
Zieve 2007 50 -06(-040,83) -
Total 767 0.3(-1.5.2.0) 0753 0.003 ¢
Total Cholesterol

Bays 2008 318 -13.6(-284, 12) .
Davidson 1992 58 -23.0(-522, 6.2) -

Devaraj 2008 48 0.0(-38.3, 36.3)

Hunninghake 2001 35  -250(-32.8-182) -

Insull 2001 183  -20.0(-3289,.-7.1) .

Knapp 2001 70  -12.0(-48.5, 10.5) .

Zieve 2007 58 -16.5(—47.3,14.3) -

Total 767 -19.7(-25.0-143) S577E-13 04 —
Triglycerides

Bays 2008 318 57(-274,388)

Davidson 1999 5  30.0(-78.3,1356.3)

Devaraj 2006 48 20.0(-38.0,73.0) -
Hunninghake 2001 35  30.0(-29.3,107.3)

Insull 2001 183 -3.0(-387.327)

Knapp 2001 70 16.0( -32.4. 84 4)

Zieve 2007 50  53.3(-956.2022)

Total 767 10.0(-3.6,23.6) 0148 07 —
apoA

Bays 2008 318 2.5(-6.8.11.8) .
Hunninghake 2001 35 1.0(-4.5, 6.5) -
Insull 2001 154 4.0(-12.7.20.7) .
Knapp 2001 &5 5.0(-16.0,28.0) .
Zieve 2007 58 3.1(-20.5,28.7) .
Total 628 1.8(-1.3.49) 0.258 1 -
apoB

Bays 2008 318 -0.4(-18.0,1.1) .
Hunninghake 2001 35  -13.0(-185-7.5) .

Insull 2001 154  -10.0(-30.1,-7.9) .

Knapp 2001 €5 -18.0(-402.4.2) .

Zieve 2007 58 -18.2(-385,8.1) .

Total 628 -136(-16.7.-105) 6.59E-18 05 -
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Supplemental Figure #5: Forest plot of the association of 3.75 g/d of colesevelam treatment and
the summary mean difference of LDL-C, HDL-C, total cholesterol, triglycerides, apoA and apoB
assuming a correlation coefficient 0.7.

Het P refers to the heterogeneity p-value.
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Total 767 11.5(0.2,22.9) 00465 03 ———
a
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Hunninghake 2001 35 1.0(-28.4.8) -
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Kpp 2001 65 5.0(-8.8,18.8) =
Zieve 2007 58 3.1(-125,18.7) .
Total 1.8(-0.3.39) 00857 09 *
apoB

Bays 2008 316 -0.4(-164,-24) .
Hunninghake 2001 35 -13.0(-16.8,-2.1) L

Insull 2001 154 -10.0(-26.3-11.7) .

Kpp 2001 65 -18.0(-32.7,-3.3) -

Zieve 2007 58 -1682(-30.9, -1.5) =

Total 628 -14.4(-182-105) 299%E-13 009 s
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Supplemental Figure #6: Study flow diagram.
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