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Association Between Familial Hypercholesterolemia
and Prevalence of Type 2 Diabetes Mellitus
Joost Besseling, MD; John J. P. Kastelein, MD, PhD; Joep C. Defesche, PhD;
Barbara A. Hutten, PhD, MSc; G. Kees Hovingh, MD, PhD

IMPORTANCE Familial hypercholesterolemia is characterized by impaired uptake of
cholesterol in peripheral tissues, including the liver and the pancreas. In contrast, statins
increase the cellular cholesterol uptake and are associated with increased risk for type 2
diabetes mellitus. We hypothesize that transmembrane cholesterol transport is linked to the
development of type 2 diabetes.

OBJECTIVE To assess the association between type 2 diabetes prevalence and familial
hypercholesterolemia.

DESIGN, SETTING, AND PARTICIPANTS Cross-sectional study in all individuals (n = 63 320) who
underwent DNA testing for familial hypercholesterolemia in the national Dutch screening
program between 1994 and 2014.

EXPOSURES Deleteriousness and nondeleteriousness of familial hypercholesterolemia
mutations were based on literature or laboratory function testing. Low-density lipoprotein
(LDL) receptor mutations were considered more severe than apolipoprotein B gene (APOB)
mutations, and receptor-negative LDL receptor mutations were considered more severe than
receptor-deficient mutations.

MAIN OUTCOMES AND MEASURES Prevalence of type 2 diabetes.

RESULTS The prevalence of type 2 diabetes was 1.75% in familial hypercholesterolemia
patients (n = 440/25 137) vs 2.93% in unaffected relatives (n = 1119/38 183) (P < .001; odds
ratio [OR], 0.62 [95% CI, 0.55-0.69]). The adjusted prevalence of type 2 diabetes in familial
hypercholesterolemia, determined using multivariable regression models, was 1.44%
(difference, 1.49% [95% CI, 1.24%-1.71%]) (OR, 0.49 [95% CI, 0.41-0.58]; P < .001). The
adjusted prevalence of type 2 diabetes by APOB vs LDL receptor gene was 1.91% vs 1.33%
(OR, 0.65 [95% CI, 0.48-0.87] vs OR, 0.45 [95% CI, 0.38-0.54]), and the prevalence for
receptor-deficient vs receptor-negative mutation carriers was 1.44% vs 1.12% (OR, 0.49 [95%
CI, 0.40-0.60] vs OR, 0.38 [95% CI, 0.29-0.49]), respectively (P for trend <.001 in both
comparisons).

CONCLUSIONS AND RELEVANCE In a cross-sectional analysis in the Netherlands, the
prevalence of type 2 diabetes among patients with familial hypercholesterolemia was
significantly lower than among unaffected relatives, with variability by mutation type. If this
finding is confirmed in longitudinal analysis, it would raise the possibility of a causal
relationship between LDL receptor-mediated transmembrane cholesterol transport and type
2 diabetes.
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F amilial hypercholesterolemia is a dominantly inher-
ited disease with impaired hepatic cholesterol uptake,
characterized by high plasma levels of low-density

lipoprotein (LDL) cholesterol.1 Patients with familial hyper-
cholesterolemia are at increased risk for premature cardio-
vascular disease (CVD) and are therefore under strict clinical
follow-up. It has been noticed that familial hypercholester-
olemia patients might be less prone to develop type 2 diabe-
tes mellitus, although this was never substantiated.

In contrast, the risk for type 2 diabetes is increased in
statin users,2 and genetic variation at the 3-hydroxy-3-
methylglutaryl-CoA reductase (HMGCR [NCBI Entrez Gene
3156]) locus is associated with type 2 diabetes as well.3 Statins
inhibit HMGCR, increasing the expression of LDL receptors
(LDLR) in many tissues and promoting transmembrane
cholesterol transport.4 This is exactly opposite to the
genetically impaired cellular cholesterol uptake in familial
hypercholesterolemia. So, perturbation in cellular cholesterol
transport might be implicated in the pathogenesis of type 2
diabetes.

We hypothesized that the prevalence of type 2 diabetes is
decreased in patients with familial hypercholesterolemia be-
cause their pancreatic beta cells have decreased cholesterol up-
take and therefore improved function and survival. We tested
this hypothesis using the registry of the national Dutch famil-
ial hypercholesterolemia screening program. It is also pos-
sible to explore a dose-response relationship, since familial hy-
percholesterolemia is caused by a large number of mutations
with different consequences for the clinical phenotype of a
carrier.5 In general, carriers of mutations in the apolipopro-
tein B (APOB [NCBI Entrez Gene 338]) gene express a less se-
vere phenotype (ie, lower levels of LDL cholesterol and lower
risk for CVD compared with carriers of the LDL receptor (LDLR
[NCBI Entrez Gene 3949]) mutation.6,7 Furthermore, LDLR mu-
tations can be divided into receptor-negative and receptor-
defective mutations, and the latter commonly result in a milder
phenotype.8,9 Demonstrating such a relationship between mu-
tation severity and clinical outcome would support the argu-
ment for causality.

The aim of our study was to compare the prevalence of type
2 diabetes between patients with familial hypercholesterol-
emia and their unaffected relatives.

Methods
Study Population and Collection of Data
The source population was extracted from the familial
hypercholesterolemia screening program registry in the
Netherlands—a nationwide and government-subsidized cas-
cade screening program initiated in January 1994 to identify
all domestic patients with familial hypercholesterolemia. The
screening cascade starts with an individual with high suspi-
cion for being a carrier of a familial hypercholesterolemia
mutation (index patient). If a mutation is demonstrated, DNA
analysis is performed in first-degree relatives as well. Once a
familial hypercholesterolemia mutation is demonstrated in
one of the relatives, the patient’s first-degree relatives are

subsequently approached for further analysis. Data are col-
lected during a single visit. A certified genetic field worker
(a member of the screening program, educated about familial
hypercholesterolemia and trained to use the questionnaire
and perform venous blood sampling) interviewed partici-
pants at home using a standardized questionnaire and gath-
ered demographic and clinical data as well as information
about medication use. Additionally, a blood sample was
drawn for DNA analysis and to measure lipids and lipopro-
teins. The latter was done occasionally before 2004 and
became standard practice as of 2004.

Participants were eligible for our study if they were
screened for familial hypercholesterolemia mutations from
January 1994 until January 2014. Index patients, both with and
without a mutation causing familial hypercholesterolemia,
were included. Patients with homozygous familial hypercho-
lesterolemia were excluded. Only carriers of deleterious mu-
tations were classified as patients with familial hypercholes-
terolemia. Mutations were considered nondeleterious based
on evidence in the literature or when functionality tests by the
laboratory of Experimental Vascular Medicine in the Aca-
demic Medical Center showed nonfunctionality. A list of non-
deleterious mutations is provided in eTable 1 in the Supple-
ment. All participants provided written informed consent. This
study was approved by the medical ethics committee of the
Academic Medical Center in Amsterdam.

Lipid Profile and Mutation Analysis
The lipid profile was measured with the LDX-analyzer
(Cholestech Corporation).10 LDL cholesterol levels were cal-
culated with the Friedewald formula unless triglycerides were
greater than 400 mg/dL (4.5 mmol/L).11 In patients using lipid-
lowering therapy at the time of screening, the untreated LDL
cholesterol level was calculated according to a validated
equation.12

DNA of the tested individuals was isolated from 10 mL of
freshly collected blood containing ethylenediamine tetraace-
tic acid as anticoagulant. The method of mutation analysis has
been described previously.13,14

Primary Outcome
The primary outcome was presence of type 2 diabetes. Type 2
diabetes was defined by self-reported diagnosis; the pres-
ence of diabetes was recorded by the genetic field worker using
a standardized questionnaire. Patients who were likely to have
type 1 diabetes, which was defined as diabetes diagnosed be-
fore the age of 30 years and/or diabetes requiring insulin
therapy diagnosed before the age of 40 years,15,16 were clas-
sified as having non–type 2 diabetes.

Statistical Analysis
Differences in descriptive characteristics between familial hy-
percholesterolemia patients and unaffected relatives were
evaluated by means of logistic and linear regression (for di-
chotomous and continuous variables, respectively).

We explored the difference in type 2 diabetes prevalence
between patients with familial hypercholesterolemia and un-
affected relatives using univariable logistic regression analy-
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sis. Second, we adjusted for potential confounders by means
of a multivariable logistic regression model. Third, we evalu-
ated a possible dose-response relationship between the sever-
ity of familial hypercholesterolemia mutations and preva-
lence of type 2 diabetes. In general, carriers of mutations in the
gene for APOB express a less severe phenotype compared with
carriers of the LDLR mutation carriers.6,7 Furthermore, LDLR
mutations are traditionally divided into 5 classes17 that are
either receptor-negative (class 1) or receptor-defective (class
2-5) mutations. Receptor-defective LDLR mutations com-
monly result in a milder phenotype compared with receptor-
negative LDLR mutations.8,9 We therefore determined type 2
diabetes prevalence in carriers of APOB mutations and carri-
ers of LDLR mutations, compared with unaffected relatives,
and tested for a linear trend. To do so, we defined a continu-
ous variable based on mutation type; unaffected relatives
were allocated as 0, carriers of the APOB mutation as 1, and
carriers of the LDLR mutation as 2. Using multivariable logis-
tic regression, we then tested if and in which direction this con-
tinuous variable was associated with type 2 diabetes.
Receptor-defective and receptor-negative LDLR mutations
were evaluated by the same method. In both analyses, we ad-
justed for potential confounders.

A potential confounder was defined as a demographic or
clinical characteristic that differed significantly between pa-
tients with familial hypercholesterolemia and unaffected rela-
tives. We did not use the LDL cholesterol level as potential con-
founder since differences between both groups regarding this
variable are almost exclusively determined by familial hyper-
cholesterolemia mutation status; adjusting for the LDL cho-

lesterol level would therefore obscure the association be-
tween familial hypercholesterolemia and type 2 diabetes. We
explored the statistical effect of potential confounders on vari-
ous subgroups by performing stratified analyses for statin use
(both users vs nonusers, as well as low and moderate vs high-
intensity dose statin users [according to current American Heart
Association guidelines18; Table 1]), history of CVD, and smok-
ing status. All multivariable logistic regression models were per-
formed using complete cases only, assuming missing data were
missing completely at random. We performed a sensitivity
analysis using multiple imputation to evaluate this assump-
tion (eAppendix 1, eTable 5 in the Supplement).

Based on the multivariable logistic regression models, we
estimated the adjusted type 2 diabetes prevalence in patients
with familial hypercholesterolemia and with different types
of mutations by applying the multivariable parameter esti-
mates to the mean values of unaffected relatives. We calcu-
lated prevalence ratios by the method described by Santos19

and multiplied these with the observed prevalence in unaf-
fected relatives to estimate the adjusted prevalence. The 95%
CI of the adjusted prevalence was determined in 200 boot-
strap samples.

All regression analyses were performed using the gener-
alized estimating equation method to account for family re-
lations. The exchangeable correlation structure was used for
these models. P values were 2-sided and significance level was
set at less than .05. Continuous variables with a skewed dis-
tribution were log-transformed before the analyses. All analy-
ses were calculated using the R statistical package, version 3.0.1
(R Foundation for Statistical Computing, Vienna, Austria).

Table 1. Demographic and Clinical Characteristics of All Participants

Patients With Familial Hypercholesterolemia
(n = 25 137)

Unaffected Relatives
(n = 38 183) P Value

Male sex, No. (%) 11 920 (47.4) 18 340 (48.0) .13

Age, mean (SD), y 38 (20.6) 43 (20.0) <.001

Body mass index, mean (SD)a 23.5 (5.4) 24.4 (5.3) <.001

Current smoker, No. (%) 4917 (19.8) 11 222 (29.4) <.001

Statin use, No. (%) 7271 (28.9) 3431 (9.0) <.001

Statin intensity categories, No. (%)b

Lowb 513 (2.0) 440 (1.2)

<.001cModerate 4754 (18.9) 2657 (7.0)

High 2006 (8) 336 (0.9)

History of cardiovascular disease, No. (%)d 1864 (7.4) 1916 (5.0) <.001

Cholesterol, mean (SD), mg/dL

Low-density lipoproteind,e 204 (76) 121 (43) <.001

High-density lipoprotein 46 (14) 49 (14) .02

Triglycerides, median (IQR), mg/dL 97 (65-143) 107 (72-161) <.001

Abbreviation: IQR, interquartile range.

SI conversions: To convert high- and low-density lipoprotein cholesterol to
mmol/L, multiply values by 0.0259. To convert triglycerides to mmol/L, multiply
values by 0.0113.
a Body mass index is calculated as weight in kilograms divided by height in

meters squared.
b Low-intensity statin is defined as cerivastatin 0.1 mg or 0.4 mg; fluvastatin 20

or 40 mg; lovastatin 20 mg; pitavastatin 1 mg; pravastatin 10 or 20 mg; or
simvastatin 10 mg. Moderate-intensity statin is defined as atorvastatin 10 or

20 mg; fluvastatin 80 mg; lovastatin 40 mg; pitavastatin 2 or 4 mg;
rosuvastatin 5 or 10 mg; or simvastatin 20 or 40 mg. High-intensity statin is
defined as atorvastatin 40 or 80 mg; rosuvastatin 20 or 40 mg; or simvastatin
80 mg (in line with current American Heart Association guidelines).18

c Value is calculated as P for trend.
d Cardiovascular disease is defined as myocardial infarction, coronary artery

bypass graft, percutaneous transluminal angioplasty, or ischemic
cerebrovascular accident.

e Indicates untreated low-density lipoprotein cholesterol.
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Results

Description of the Study Population
From January 1994 until January 2014, 63 385 individuals un-
derwent DNA analysis for familial hypercholesterolemia. Of
these, we excluded 65 (0.1%) patients with homozygous fa-
milial hypercholesterolemia. The remaining participants com-
prised our study population, of whom 25 137 (39.7%) were pa-
tients with familial hypercholesterolemia and 38 183 (60.3%)
were unaffected relatives.

Of the patients with familial hypercholesterolemia, 3475
(13.8%) were APOB mutation carriers, 21 606 (86.0%) had the
LDLR mutation, and 56 (0.2%) had a proprotein convertase sub-
tilisin/kexin type 9 ([PCSK9] NCBI Entrez Gene 255738]) mu-
tation. Among patients with an LDLR mutation, 12 567 (58.2%)
were receptor-deficient and 9039 (41.8%) were receptor-
negative mutations.

Demographic and clinical characteristics are shown in
Table 1. Patients with familial hypercholesterolemia were
younger, had lower body mass index (BMI [calculated as weight
in kilograms divided by height in meters squared]), high-
density lipoprotein (HDL) cholesterol, and triglycerides lev-
els, but higher levels of LDL cholesterol, showed greater statin
use, and smoked less. Sex distribution was similar.

Data regarding type 2 diabetes were missing in 2 (<0.1%)
persons. As a result, 63 318 individuals were eligible for our pri-
mary analysis. Data regarding age, BMI, and smoking status
were missing in 46 (0.1%), 9280 (14.7%), and 302 (0.5%) cases,
respectively. Because measurement of the lipid profile has only
been customary since 2004, values were missing in 23 716
(37.5%) of the cases. In total, 37 233 (58.8%) complete cases
were eligible for the multivariable logistic regression analy-
ses. The Figure describes the flow of the study population and
individuals who were available for the analyses. In eTable 2
(in the Supplement), we have summarized the annual num-
ber of patients with familial hypercholesterolemia who were
traced in the screening program. A specification of statins that
were used is provided in eTable 3 (in the Supplement).

Association Between Familial Hypercholesterolemia
and Type 2 Diabetes
We identified 1559 patients with type 2 diabetes. The ob-
served prevalence of type 2 diabetes was significantly lower
in patients with familial hypercholesterolemia vs their unaf-
fected relatives (1.75% [95% CI, 1.59%-1.91%], [n = 440 of 25 137]
vs 2.93% [95% CI, 2.76%-3.10%], [n = 1119 of 38 183]; P < .001).
After adjustment for age, BMI, HDL cholesterol, triglycerides,
statin use, smoking status, and history of CVD, the preva-
lence of type 2 diabetes in patients with familial hypercholes-
terolemia was 1.44% (difference, 1.49% [95% CI, 1.24%-
1.71%]) (Table 2). This inverse association between familial
hypercholesterolemia and type 2 diabetes was consistent in all
evaluated subgroups (eTable 4 in the Supplement).

We further examined the association of type 2 diabetes
prevalence and mutation severity. The prevalence of type 2 dia-
betes was lower in carriers of APOB mutations compared with
unaffected relatives (adjusted odds ratio [OR], 0.65 [95% CI,

0.48-0.88]; P < .001; [adjusted prevalence, 1.91%]; differ-
ence, 1.02 [95% CI, 0.41-1.49]), and this difference was more
pronounced in patients with LDLR mutations (adjusted OR,
0.45 [95% CI, 0.38-0.54]; P < .001; [adjusted prevalence, 1.33%];
difference, 1.60 [95% CI, 1.36-1.81]). The overall P for trend was
less than .001. Also, the severity of the LDLR mutation was in-
versely associated with type 2 diabetes prevalence. The ad-
justed ORs for type 2 diabetes in patients with receptor-
defective and receptor-negative mutations were 0.49 (95% CI,
0.40-0.60; [adjusted prevalence, 1.44%]; difference, 1.49 [95%
CI, 1.18-1.75]; P < .001), compared with their unaffected rela-
tives and 0.38 (95% CI, 0.29-0.50; [adjusted prevalence, 1.12%];
difference, 1.81 [95% CI, 1.50-2.05]; P < .001), with an overall
P for trend of less than .001. All associations are summarized
in Table 2. Type 2 diabetes prevalence in different familial hy-
percholesterolemia groups, both observed as well as ad-

Figure. Patient Screening and Selection for Associations Between
Presence of Type 2 Diabetes and Familial Hypercholesterolemia

63 385 Participants underwent DNA analysis for 
familial hypercholesterolemia screening 
program (source population)

63 320 Included in study population
25 137 Patients with familial

hypercholesterolemia
38 183 Unaffected relatives

63 318 Eligible for unadjusted (primary) 
analysis

37 233 Eligible for multivariable analyses

37 177 Eligible for analysis of association 
between type 2 diabetes and genotype

33 702 Eligible for analysis of association 
between type 2 diabetes and low-density 
lipoprotein receptor (LDLR) mutation type

65 Excluded (patients with homozygous
familial hypercholesterolemia)

2 Excluded (missing data regarding
type 2 diabetes)

26 085 Excludeda

46 Missing data regarding age

9280 Missing data regarding 
body mass index

302 Missing data regarding 
smoking status

23 716 Missing data regarding 
lipid profileb

56 Excluded (proprotein convertase 
subtilisin/kexin type 9 [PCSK9] 
mutation carriers)

3475 Excluded (apolipoprotein B [APOB] 
mutation carriers)

a Data may not sum because participants could be excluded for more than
1 reason.

b Measurement of lipid profile became customary after 2004.
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justed for age, BMI, HDL cholesterol, triglycerides, use of stat-
ins, smoking status, and history of CVD, are summarized in
Table 2.

Discussion
Summary of Results
In this observational study in 25 000 patients with familial hy-
percholesterolemia and 38 000 unaffected relatives, the preva-
lence of type 2 diabetes was significantly lower in patients with
familial hypercholesterolemia than in their unaffected rela-
tives. Furthermore, we observed an inverse dose-response re-
lationship between the severity of the familial hypercholes-
terolemia causing mutation and prevalence of type 2 diabetes.

To our knowledge, no study has specifically examined the
relationship between type 2 diabetes and familial hypercho-
lesterolemia. One previous smaller study, in which coronary
artery disease was compared between patients with familial
hypercholesterolemia (n = 102) and age- and sex-matched con-
trols (n = 102), reported a significantly lower prevalence of type
2 diabetes in the patients with familial hypercholesterolemia.20

Furthermore, in a subset of the current study cohort, we re-
cently reported that type 2 diabetes was significantly less preva-
lent in patients with severe familial hypercholesterolemia vs
those with nonsevere familial hypercholesterolemia.12

Pancreatic Beta Cells and Cellular Cholesterol Uptake
Unlike familial hypercholesterolemia, the association be-
tween statin use and prevalence of type 2 diabetes has been
examined extensively.2,21 Statins increase the risk for type 2
diabetes by 9% and although various biological mechanisms
are proposed to explain this association,22,23 the precise mecha-
nism is unclear. However, the fact that HMGCR variants are as-
sociated with changes in LDL cholesterol levels and type 2 dia-
betes risk3 suggests a role for cellular cholesterol metabolism.
Moreover, HMGCR inhibition by statins primarily increases
LDLR expression,4 which might be a proxy for the relation-
ship between HMGCR activity and type 2 diabetes develop-
ment—underscoring a relationship between intracellular cho-
lesterol and type 2 diabetes risk.

Our findings support the hypothesis that the common
pathway in familial hypercholesterolemia and statin therapy—
cellular cholesterol uptake—plays a role in the development
of type 2 diabetes, perhaps because increased intracellular cho-
lesterol levels are detrimental for pancreatic beta cell func-
tion. It was shown that addition of LDL cholesterol to cul-
tured medium of isolated rat islet beta cells resulted in cell
death,24,25 and this was LDLR dependent.25 Furthermore, a
study by Rütti et al26 found decreased glucose-stimulated in-
sulin secretion in rodent pancreatic islets that were incu-
bated with LDL cholesterol, and this was abolished in LDLR
knockout animals. They also examined the effect of LDL cho-

Table 2. Associations Between the Presence of Type 2 Diabetes and Familial Hypercholesterolemia

Prevalence of Type 2 Diabetes

OR (95% CI)

Familial Hypercholesterolemia Unaffected Relatives

No. /Total % (95% CI) No. /Total % (95% CI)
Overall comparison

Unadjusted 440/25 137 1.75 (1.59-1.91) 1119/38 183 2.93 (2.76-3.10) 0.62 (0.55-0.69)a

Adjustedb 177/12 300c 1.44 (1.22-1.69) 812/24 898c 3.26 (3.04-3.48) 0.49 (0.42-0.58)a

Affected gene 0.67 (0.61-0.73)d

No mutation 812/24 898c 3.26 (3.04-3.48) 1 [Reference]

APOB

Unadjusted 84/2125c 2.42 (1.91-2.93)

Adjustedb 41/2125c 1.91 (1.44-2.52) 0.65 (0.48-0.87)a

LDLR

Unadjusted 353/10 126c 1.63 (1.46-1.80)

Adjustedb 135/10 126c 1.33 (1.12-1.57) 0.45 (0.38-0.54)a

Type of LDLR mutation 0.58 (0.51-0.66)d

None 812/24 898c 3.26 (3.04-3.48) 1 [Reference]

Receptor-defective

Unadjusted 226/6320c 1.80 (1.57-2.03)

Adjustedb 91/6320c 1.44 (1.18-1.75) 0.49 (0.40-0.60)a

Receptor-negative

Unadjusted 127/3806c 1.41 (1.16-1.65)

Adjustedb 43/3806c 1.12 (0.88-1.43) 0.38 (0.29-0.49)a

Abbreviations: APOB, apolipoprotein B; OR, odds ratio; LDLR, low-density
lipoprotein receptor.
a Analyzed as a categorical variable.
b Adjusted for age, body mass index, high-density lipoprotein cholesterol,

triglycerides (log transformed), use of statins, smoking, cardiovascular disease,
and family relations. Adjusted prevalence in patients with familial

hypercholesterolemia and each subgroup are calculated by multiplying the
prevalence ratio with the observed prevalence in non-familial
hypercholesterolemia patients (ie, 2.93%).

c Sample size for the multivariable regression analyses.
d Linear trend.
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lesterol on human beta cells; incubation of islets derived from
pancreas donors with LDL cholesterol was detrimental in this
situation as well.26 Further support for this mechanism comes
from studies examining ABCA1, a key transmembrane pro-
tein that promotes cellular cholesterol efflux.27 A study by
Brunham et al28 showed that pancreas-specific ABCA1 knock-
out mice exhibited increased plasma glucose levels and im-
paired insulin secretion. The relationship between intracellu-
lar cholesterol concentration and pancreatic beta cell function
was strengthened by the finding that miRNA22 inhibition, caus-
ing increased ABCA1 expression, improved beta cell function.29

Furthermore, a study by Vergeer et al30 showed that altered
intracellular cholesterol homeostasis by ABCA1 defects re-
sults in impaired insulin secretion in humans.

The small absolute difference in prevalence of type 2 dia-
betes between patients with familial hypercholesterolemia
and unaffected relatives will not have a major influence on
individual risk for type 2 diabetes. However, the substantial
relative difference of 50%, together with previous findings,
might suggest an effect of intracellular cholesterol metabo-
lism on pancreatic beta cell function. Nevertheless, a
plethora of pathways contribute to development of type 2
diabetes,31 and therefore, the mechanism we discuss here
can only be 1 part of the pathogenesis of this highly complex
disease. For example, the study by Swerdlow et al3 suggests
that body weight might be a mediator on the pathway
between both HMGCR single-nucleotide polymorphisms, as
well as statin use, with type 2 diabetes. We explored whether
BMI is a mediator of the relationship between familial hyper-
cholesterolemia and type 2 diabetes and found that this is
indeed a possibility (eTable 6 in the Supplement). However,
because we lack information on the time-relationship
between BMI and type 2 diabetes, we cannot distinguish
whether BMI is a confounder or a mediator.

Clinical Relevance
One important aspect in the pathogenesis of type 2 diabetes
is pancreatic inability to sufficiently secrete insulin, either as
a result of dysfunction or loss of beta cells.31 To improve pan-
creatic function and clinical outcome in type 2 diabetes, a wide
range of therapies have been developed. These strategies
stimulate the pancreas to secrete more insulin, but do not fo-
cus on function or survival of beta cells per se.32 These novel
therapies decrease the risk for microvascular complications of
type 2 diabetes, but seem to have little effect on the risk for
macrovascular complications.33,34 As a result, new strategies
are needed. The findings in our study raise the possibility of a
role for cellular cholesterol metabolism in the pathogenesis of
type 2 diabetes. If these findings are confirmed in longitudi-
nal studies, they might provide support for development of
new approaches to the prevention and treatment of type 2 dia-
betes by improving function and survival of pancreatic beta
cells.

Methodological Considerations
Some methodological aspects of our study merit discussion.
First, we used a cross-sectional study design, suitable for study-
ing prevalence but not for establishing a causal relationship

between exposure and outcome of interest. In particular, it is
not clear whether the exposure occurs prior to the outcome.
In our study however, familial hypercholesterolemia (the ex-
posure) is caused by a genetic defect that influences the full
spectrum of the phenotype from birth onwards. Type 2 dia-
betes (the outcome) is a condition that arises later in life and
will therefore always be preceded by the carrier status (gene
mutation) of an individual.

Second, due to the observational nature of this study, the
association between familial hypercholesterolemia and type
2 diabetes could be obscured by confounding. We adjusted
for known confounders, but some potential confounders may
not be assessed accurately or assessed at all. Nevertheless,
we consider the influence of residual and unmeasured con-
founding to be minimal in this data set, since the genetic
defect exhibits Mendelian inheritance. Consequently, assign-
ment of the genetic defect, as well as inheritance to subse-
quent generations, occurs in a random fashion. These ran-
dom assignments of genotypes minimize the risk for
confounding. The fact that a familial hypercholesterolemia
mutation always precedes the phenotypic expression of type
2 diabetes, in combination with our finding of a dose-
response relationship between the severity of familial hyper-
cholesterolemia mutations and type 2 diabetes, might sug-
gest a causal relationship between decreased transmembrane
cholesterol transport and type 2 diabetes. However, con-
founding in our cross-sectional design might have led to an
association between familial hypercholesterolemia and type
2 diabetes via a noncausal path. Furthermore, one could
argue that patients with familial hypercholesterolemia adapt
a healthier lifestyle after receiving the diagnosis of familial
hypercholesterolemia, which might influence their suscepti-
bility for developing type 2 diabetes. For instance, a Mediter-
ranean diet is implicated in lowering the risk for type 2
diabetes.35 However, the reason for the majority of partici-
pants (93.0%) in the screening program to be screened was
the notion that a first-degree relative was diagnosed with
familial hypercholesterolemia, ie, participants were unaware
of their familial hypercholesterolemia mutation status at the
moment of data collection. We therefore reason that the
influence of awareness of the familial hypercholesterolemia
mutation on lifestyle and subsequent risk for type 2 diabetes
is insignificant.

Third, we included consecutive participants of the famil-
ial hypercholesterolemia screening program. Because pa-
tients with familial hypercholesterolemia are at increased risk
for premature CVD, some patients will have died before they
could have participated in the screening program. The preva-
lence of type 2 diabetes might have been higher in these pa-
tients since CVD patients have a higher prevalence of type 2
diabetes. As a result, the observed prevalence in patients with
familial hypercholesterolemia could be underestimated. Con-
versely, an overestimation of the observed prevalence can be
argued as well; type 2 diabetes prevalence increases with age
and patients with familial hypercholesterolemia who died pre-
maturely might have been less likely to have developed type
2 diabetes.36 Taken together, we do not consider survival bias
to have significantly influenced our results.
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Fourth, the diagnosis of type 2 diabetes was self-reported
and might therefore not be accurate. However, a study by Okura
et al37 found substantial agreement between questionnaire re-
sponses and medical records for type 2 diabetes (total agree-
ment, 97.2% [κ, 0.76; 95% CI, 0.70-0.82]) in a well-
characterized, population-based cohort with a long record
archival period. Additionally, the type of diabetes was not speci-
fied by our questionnaire. We considered patients with age
younger than 30 at time of diabetes diagnosis, or younger than
40 in combination with insulin use, as having type 1 diabetes
and classified them as non–type 2 diabetes patients. Since type
2 diabetes rarely occurs before the age of 30 and type 1 diabe-
tes is seldom first diagnosed in patients older than 30,15 we
think we adequately addressed this issue. Moreover, the fact
that insulin is initiated in patients with type 2 diabetes on av-
erage 10 years after the diagnosis supports the age limit of 40
years in combination with the use of insulin.16 Our sensitivity
analyses, in which all patients with diabetes were classified as
type 2 diabetes patients, showed consistent results (eAppen-
dix 1, eTable 5 in the Supplement).

Major strengths of our study include the size and con-
secutive nature of the study cohort, the recruitment of all

participants into the screening program, and the minimal
confounding due to the random assignment of the genotype
underlying the phenotype, based on the inheritance pattern.
Individuals were referred to the program for clinical suspi-
cion of familial hypercholesterolemia or for their relationship
to a mutation carrier. The latter is by far the most frequent
reason for inclusion (n = 58 914 [93.0%]) and as a result, risk
of selection bias is probably minimal. We therefore think that
our study population is representative for both familial
hypercholesterolemia as well as for the general population in
the Netherlands.

Conclusions
In a cross-sectional analysis in the Netherlands, the preva-
lence of type 2 diabetes among patients with familial hyper-
cholesterolemia was significantly lower than among unaf-
fected relatives, with variability by mutation type. If this finding
is confirmed in longitudinal analysis, it would raise the pos-
sibility of a causal relationship between LDLR-mediated trans-
membrane cholesterol transport and type 2 diabetes.
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