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Observationally, low levels of HDL cholesterol are consistently associated with increased risk of type 2 diabetes.
Therefore, plasma HDL cholesterol increasing has been
suggested as a novel therapeutic option to reduce the risk
of type 2 diabetes. Whether levels of HDL cholesterol are
causally associated with type 2 diabetes is unknown. In
a prospective study of the general population (n = 47,627),
we tested whether HDL cholesterol–related genetic variants were associated with low HDL cholesterol levels
and, in turn, with an increased risk of type 2 diabetes.
HDL cholesterol–decreasing gene scores and allele numbers associated with up to 213 and 220% reductions in
HDL cholesterol levels. The corresponding theoretically
predicted hazard ratios for type 2 diabetes were 1.44
(95% CI 1.38–1.52) and 1.77 (1.61–1.95), whereas the genetic estimates were nonsigniﬁcant. Genetic risk ratios
for type 2 diabetes for a 0.2 mmol/L reduction in HDL
cholesterol were 0.91 (0.75–1.09) and 0.93 (0.78–1.11) for
HDL cholesterol–decreasing gene scores and allele numbers, respectively, compared with the corresponding observational hazard ratio of 1.37 (1.32–1.42). In conclusion,
genetically reduced HDL cholesterol does not associate
with increased risk of type 2 diabetes, suggesting that the
corresponding observational association is due to confounding and/or reverse causation.

Low levels of HDL cholesterol are consistently associated
with increased risk of type 2 diabetes in epidemiological
studies (1,2). Therefore plasma HDL cholesterol increasing has
been suggested as a novel therapeutic option to reduce risk of
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type 2 diabetes (3–5). Low levels of HDL cholesterol and high
levels of triglycerides are part of the diabetic dyslipidemia (6–
8), and high levels of triglycerides have recently been shown to
be a marker of type 2 diabetes rather than playing a causal role
(9). Whether low levels of HDL cholesterol causally inﬂuence
the risk of type 2 diabetes remains to be determined.
Experimental evidence suggests that levels of HDL
cholesterol may contribute to the pathophysiology of type
2 diabetes through direct effects on plasma glucose levels (5).
Indeed, HDL cholesterol stimulates pancreatic b-cell insulin
secretion and modulates glucose uptake in skeletal muscle in
different experimental and human settings (10–13). However, genetic data from humans and mice relating genes
inﬂuencing HDL cholesterol levels with glycemic control
and risk of type 2 diabetes are conﬂicting (11,12,14–17).
Furthermore, genome-wide association studies have not
identiﬁed associations between such HDL cholesterol–related
genes and risk of type 2 diabetes (18,19).
Despite consistent observational evidence to support an
association between low HDL cholesterol and type 2 diabetes,
such data cannot overcome the problems of confounding and
reverse causation, and therefore do not have the ability to
establish causality (20). One useful method to help untangle
causality is Mendelian randomization, where HDL cholesterol–
related genetic variants are used as unconfounded proxies
for lifelong low HDL cholesterol levels to test a potential
causal association with type 2 diabetes risk (21).
We tested the following hypotheses in 47,627 individuals from the general population: 1) low HDL cholesterol
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levels are associated with the increased risk of type 2
diabetes in epidemiological studies; 2) HDL cholesterol–
related genetic variants affect the levels of HDL cholesterol;
3) HDL cholesterol–related genetic variants, causing lifelong
low levels of HDL cholesterol, were associated with the risk
of type 2 diabetes to the extent predicted by the observational data; and 4) HDL cholesterol levels are causally associated with the risk of type 2 diabetes.
RESEARCH DESIGN AND METHODS

Studies were approved by institutional review boards and
Danish ethical committees and were conducted according
to the Declaration of Helsinki. Written informed consent
was obtained from participants. All participants were white
and of Danish descent. There was no overlap between
studies.
Participants

We included participants from the Copenhagen City Heart
Study (CCHS) and the Copenhagen General Population
Study (CGPS), totaling 47,627 participants, of whom 2,587
developed type 2 diabetes during 36 years of survey. Details
of these studies have previously been described (17,22,23).
Events and Covariates

Information on diagnoses of type 2 diabetes and ischemic
heart disease were collected as previously described (17,
22,23). Follow-up time began at the time of blood sampling (observational risk by levels of HDL cholesterol), or
at the establishment of the National Danish Patient Registry
(1 January 1977), or on the birthday of the participant,
whichever came later (risk by genotypes). Follow-up ended
at occurrence of event, death (n = 7,135), emigration (n =
278), or on 23 April 2013 (last update of registry), whichever came ﬁrst. Median follow-up was 7 years (range 0–22
years) and 36 years (range 0–36 years) in epidemiological
and genetic analyses, respectively, and was 100% complete.
Deﬁnitions of covariates are detailed in the legends to Supplementary Tables 2–4.
Genotyping

We carefully selected nine variants in ﬁve genes encoding
proteins known to have a major inﬂuence on biogenesis
and levels of HDL cholesterol (Supplementary Fig. 1).
ATP-binding cassette transporter A1 (ABCA1) N1800H
(rs146292819), cholesteryl-ester transfer protein (CETP)
2629C.A (rs1800775) and Taq1bG.A (rs708272), lecithincholesterol acyltransferase (LCAT) S208T (rs4986970), hepatic lipase (LIPC) 2480C.T (rs1800588), apolipoprotein
A1 (APOA1) S36A (rs199759119), F71Y (rs138407155),
K107del (rs number not available), and L144R (rs number
not available) were genotyped using an ABI PRISM 7900HT
Sequence Detection System (Applied Biosystems, Life Technologies, Paisley, U.K.) and TaqMan-based assays. Combining all genotypes, we generated two different genetic
instruments for HDL cholesterol based on 1) an HDL cholesterol gene score in quartiles and 2) number of HDL
cholesterol–decreasing alleles carried by each participant.
The ﬁrst genetic instrument was calculated for each
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participant using a weighted sum of HDL cholesterol–decreasing alleles, as previously performed by Talmud et al.
(24), and subsequently categorized into four groups of approximate equal size, named “gene score quartiles” for simplicity. The weights correspond to the per–HDL-decreasing
allele b-coefﬁcients adjusted for age, sex, and study cohort
(Supplementary Table 1 and Supplementary Fig. 2). The
second genetic instrument was a simple, unweighted counting of the number of HDL cholesterol–decreasing alleles in
each individual. Biochemical analyses were performed as previously described (17,22,23).
Statistical Analysis

Data were analyzed using STATA/SE version 12.0 (Stata
Corp., College Station, TX). The statistical strategy used for
the Mendelian randomization analysis was performed as
previously described (25). In brief, Cox proportional hazards
regression models with age as time scale and delayed entry
(left truncation) were used in observational and genetic
analyses. A potential causal relationship was assessed using
instrumental variable analysis, and the risks associated with
0.2 mmol/L reductions in HDL cholesterol were calculated.
RESULTS

Baseline characteristics of the 47,627 study participants
by type 2 diabetes status are shown in Supplementary
Table 2 for the CCHS and CGPS combined, and in Supplementary Table 3 for the CCHS and CGPS separately.
The risk factors for type 2 diabetes were equally distributed among gene score quartiles (Supplementary Table 4).
All genotypes were in Hardy-Weinberg equilibrium (all
P values .0.21) (Supplementary Table 1).
HDL Cholesterol and Risk of Type 2 Diabetes:
Observational Estimates

The risk of type 2 diabetes increased stepwise as a function
of high to low HDL cholesterol quartiles (P for trend = 3 3
10258) (Fig. 1). For individuals in the fourth quartile versus
the ﬁrst quartile, the hazard ratio was 5.74 (95% CI 4.43–
7.43) for type 2 diabetes. Results were similar in the CCHS
and the CGPS separately (Supplementary Fig. 3). The hazard ratio was 4.82 (4.00–5.82) per 1 mmol/L decrease in
HDL cholesterol, corresponding to previous estimates (2).
Genotype and Levels of HDL Cholesterol

The association between genetic variants, combined as an
HDL cholesterol gene score in quartiles and as number
of HDL cholesterol–decreasing alleles, with levels of
HDL cholesterol and triglycerides are shown in Fig. 2.
HDL cholesterol gene score quartiles and number of HDL
cholesterol–decreasing alleles were associated with differences in HDL cholesterol levels of up to 213% (P for trend =
4 3 102287) for individuals in the fourth versus the ﬁrst
quartile, and up to 220% (P for trend = 2 3 102299) for
individuals with seven to eight decreasing alleles versus
zero to one. The corresponding inﬂuence on triglycerides
(Fig. 2 and Supplementary Fig. 4) and on measures of
glucose metabolism and inﬂammation was minimal (Supplementary Fig. 5).
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Figure 1—Risk of type 2 diabetes as a function of plasma HDL cholesterol level in quartiles in the CCHS and the CGPS combined.
Individuals with type 2 diabetes before blood sampling were excluded, leaving 46,652 individuals for this analysis. Multifactorial adjustment
was for age (as time scale), sex, study, BMI, hypertension, smoking, alcohol intake, physical inactivity, postmenopausal status and
hormonal replacement therapy in women, lipid-lowering therapy, and educational level. Hazard ratios including CIs were corrected for
regression dilution bias. P for trend from Cox regression trend test. To convert HDL cholesterol to mg/dL, divide by 0.0259.

Genotype and Risk of Type 2 Diabetes

The theoretically predicted and observed risks of type 2
diabetes as a function of HDL cholesterol gene score
quartiles and number of HDL cholesterol–decreasing
alleles are shown in Fig. 3, middle and right panels, respectively. The 13 and 20% reductions in HDL cholesterol
observed, respectively, in the fourth versus the ﬁrst HDL
cholesterol gene score quartile and in individuals with
seven to eight HDL cholesterol–decreasing alleles versus
zero to one, theoretically predicted increased hazard
ratios of 1.44 and 1.77, respectively, for type 2 diabetes
(Fig. 3, middle panel). However, neither the HDL cholesterol
gene score quartiles nor the number of HDL cholesterol–
decreasing alleles were associated with the risk of type 2

diabetes (P for trend = 0.41 and 0.55, respectively) (Fig. 3,
right panel).
In sensitivity analyses, the lack of association with type 2
diabetes remained across individual genetic variants and strata
of type 2 diabetes risk factors (Supplementary Figs. 6–8).
HDL Cholesterol and Risk of Type 2 Diabetes: Causal
Estimates

We examined a potential causal association of HDL
cholesterol with the risk of type 2 diabetes in a Mendelian
randomization approach using the HDL cholesterol gene
score in quartiles and number of HDL cholesterol–
decreasing alleles as genetic instruments in instrumental
variable analysis. This analysis incorporates both the

Figure 2—Plasma levels of HDL cholesterol and triglycerides as a function of HDL cholesterol gene score quartiles and number of HDL
cholesterol–decreasing alleles in the CCHS and the CGPS combined (n = 47,627). Values are mean or geometric mean (triglycerides) and
SEM. Percentages are changes in mean level from ﬁrst quartile and zero to one decreasing allele, respectively. P values are tests for trend
by linear regression. To convert HDL cholesterol to mg/dL, divide by 0.0259. To convert triglycerides to mg/dL, divide by 0.0113.
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Figure 3—Mean plasma HDL cholesterol levels (left) and corresponding theoretically predicted (middle) and observed (right) hazard ratios
for type 2 diabetes as a function of HDL cholesterol gene score quartiles (top) and number of HDL cholesterol–decreasing alleles (bottom) in
the CCHS and the CGPS combined (n = 47,627). Theoretically predicted hazard ratios were calculated from delta HDL cholesterol levels
and the known association of HDL cholesterol levels with risk of type 2 diabetes in the observational study (see Fig. 1). The corresponding
theoretically predicted 95% CIs were based on the distribution of changes in HDL cholesterol levels generated from simulated HDL
cholesterol data sets (normal distributed with one million entries), corresponding to the HDL cholesterol distributions observed in each
category of gene score quartiles and number of HDL cholesterol–decreasing alleles. Observed hazard ratios were multifactorially adjusted
for age (as time scale), sex, study, BMI, hypertension, smoking, alcohol intake, physical inactivity, postmenopausal status and hormonal
replacement therapy in women, lipid-lowering therapy, and educational level. HDL cholesterol values are mean (6SEM). P values are test
for trend. To convert HDL cholesterol to mg/dL, divide by 0.0259.

genotype effect on HDL cholesterol levels and the effect
of genotype on the risk of type 2 diabetes. The causal risk
ratio for type 2 diabetes for a 0.2 mmol/L reduction in
genetically determined HDL cholesterol was 0.91 (95% CI
0.75–1.09) and 0.93 (0.78–1.11), respectively, using the
HDL cholesterol gene score quartiles and number of HDL
cholesterol–decreasing alleles as genetic instruments
(Fig. 4). In contrast, the observational, multifactorially
adjusted hazard ratio for type 2 diabetes for a 0.2 mmol/L
reduction in HDL cholesterol was 1.37 (95% CI 1.32–1.42)
(P for comparison = 2 3 1025 and 3 3 1025 with HDL
score quartiles and number of HDL cholesterol–decreasing
alleles, respectively). The F statistics for the genetic instruments were 447 and 231, respectively, indicating substantial strength to ensure statistical validity of the genetic
instruments (21).
DISCUSSION

The principal novel ﬁnding of this study is that lifelong low
levels of HDL cholesterol due to genetic variation in HDL
cholesterol–related genes are not associated with the increased
risk of type 2 diabetes in the general population. These ﬁndings suggest that low levels of HDL cholesterol per se do not
cause type 2 diabetes and thus that the corresponding observational association may be due to reverse causation. Consequently, this questions plasma HDL cholesterol increasing

as a novel therapeutic option for treatment or prevention
of type 2 diabetes, as recently suggested (3–5).
The present negative ﬁndings are in line with a previous
study of 40,000 individuals in which we found no association between loss-of-function mutations in ABCA1 and
ABCG1 and the risk of type 2 diabetes (17), and in line
with recent genome-wide association studies and metaanalyses, which did not detect any associations between
HDL cholesterol–related genes and type 2 diabetes (18,19).
In contrast, in smaller studies, genetic variation in ABCA1
has been associated with the increased risk of type 2 diabetes (14), and one study suggested that loss-of-function
mutations in ABCA1 were associated with impaired b-cell function, but not with the development of type 2 diabetes (15).
The typical dyslipidemia of type 2 diabetes is characterized by high triglyceride levels, low HDL cholesterol
levels, and normal LDL cholesterol levels (6–8). When
triglyceride-rich lipoproteins are high, as in type 2 diabetes, exchange of cholesteryl esters in HDL particles for
triglycerides in triglyceride-rich lipoproteins is increased,
an exchange mediated by CETP, resulting in reduced levels of HDL cholesterol in plasma (7). Hence the inverse
relationship between high triglycerides and low levels of
HDL cholesterol reﬂects a physiological process, mediated
by plasma CETP, and most likely explains why levels of
HDL cholesterol are low in patients with type 2 diabetes,
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Figure 4—Observational and causal genetic risk estimates for type 2 diabetes for a 0.2 mmol/L reduction in HDL cholesterol. The
observational risk estimate for a 0.2 mmol/L reduction in HDL cholesterol is from the CCHS and the CGPS combined as a hazard ratio
multifactorially adjusted for age (as time scale), sex, study, BMI, hypertension, smoking, alcohol intake, physical inactivity, postmenopausal
status and hormonal replacement therapy in women, lipid-lowering therapy, and educational level. The causal risk estimates for a 0.2 mmol/L
reduction in HDL cholesterol are for HDL cholesterol gene score quartiles and number of HDL cholesterol–decreasing alleles in the CCHS
and the CGPS combined as risk ratios. P values are for signiﬁcance of risk estimates, and P values for comparison are for differences
between observational and causal genetic risk estimates using the Altman and Bland method.

although other mechanisms have been proposed as well
(7). In contrast to the causal association between triglycerides, marking atherogenic remnant cholesterol, and ischemic heart disease (23), a recent Mendelian randomization
study showed that raised triglyceride levels were not causally associated with the risk of type 2 diabetes (9). Collectively, these data together with the present ﬁndings
constitute the most convincing human genetic evidence
to date that changes in HDL cholesterol and triglyceride
levels are secondary to the diabetes disease process, as
would be expected from the well-known diabetic dyslipidemia
(6–8). A prediabetes state with increased glucose levels
and BMI and dyslipidemia was observed when only those
individuals with type 2 diabetes after blood sampling were
considered. Thus, the observational association between
low HDL cholesterol and the increased risk of type 2
diabetes is most likely explained by reverse causation, due
to a state of prediabetes prior to the diabetes diagnosis.
In conclusion, combining rare and common genetic
variation in ﬁve key HDL cholesterol–related genes into
a strong genetic instrument, we found that genetic and
hence lifelong reductions in HDL cholesterol levels are
not associated with the increased risk of type 2 diabetes
in the general population. These data suggest that reduced
levels of HDL cholesterol are not a causal risk factor for
type 2 diabetes, and that the corresponding observational
association is most likely explained by reverse causation.
This questions plasma HDL cholesterol increasing as a novel
therapeutic option for reducing the risk of type 2 diabetes.
Acknowledgments. The authors thank technicians Mette Refstrup,
Christina Dam, Nikolaj Ipsen, and Karin Møller Hansen (Department of Clinical

Biochemistry, Rigshospitalet) for their persistent attention to the details of the
large-scale genotyping. The authors are indebted to the staff and participants
of the CCHS and the CGPS for their important contributions.
Funding. This work was supported by grants 09-063606 and 10-081618
from the Danish Medical Research Council, a Speciﬁc Targeted Research Project
grant from the European Union, Sixth Framework Programme Priority (FP-2005LIFESCIHEALTH-6) contract 037631, COST Action grant BM0904, Herlev Hospital,
Copenhagen University Hospital, the Research Fund at Rigshospitalet, Copenhagen
University Hospital, Chief Physician Johan Boserup and Lise Boserup’s Fund
(Copenhagen), Ingeborg and Leo Dannin’s Grant, Henry Hansen and Wife’s Grant,
and the Danish Heart Foundation.
Duality of Interest. No potential conﬂicts of interest relevant to this article
were reported.
Author Contributions. C.L.H. and R.F.-S. designed, analyzed, and interpreted the data and wrote the manuscript. A.T.-H. and B.G.N. contributed substantially to conception and design of the study and revised the manuscript for
important intellectual content. R.F.-S. is the guarantor of this work and, as such,
had full access to all the data in the study and takes responsibility for the integrity
of the data and the accuracy of the data analysis.

References
1. Schmidt MI, Duncan BB, Bang H, et al.; Atherosclerosis Risk in Communities
Investigators. Identifying individuals at high risk for diabetes: the Atherosclerosis
Risk in Communities study. Diabetes Care 2005;28:2013–2018
2. Wilson PW, Meigs JB, Sullivan L, Fox CS, Nathan DM, D’Agostino RB Sr.
Prediction of incident diabetes mellitus in middle-aged adults: the Framingham
Offspring Study. Arch Intern Med 2007;167:1068–1074
3. Siebel AL, Natoli AK, Yap FY, et al. Effects of high-density lipoprotein elevation with cholesteryl ester transfer protein inhibition on insulin secretion. Circ
Res 2013;113:167–175
4. Fazio S, Linton MF. Killing two birds with one stone, maybe: CETP inhibition
increases both high-density lipoprotein levels and insulin secretion. Circ Res
2013;113:94–96
5. Drew BG, Rye KA, Duffy SJ, Barter P, Kingwell BA. The emerging role of
HDL in glucose metabolism. Nat Rev Endocrinol 2012;8:237–245

diabetes.diabetesjournals.org

6. Turner RC, Millns H, Neil HA, et al. Risk factors for coronary artery disease
in non-insulin dependent diabetes mellitus: United Kingdom Prospective Diabetes
Study (UKPDS: 23). BMJ 1998;316:823–828
7. Chahil TJ, Ginsberg HN. Diabetic dyslipidemia. Endocrinol Metab Clin North
Am 2006;35:491–510, vii–viii
8. Ginsberg HN, Elam MB, Lovato LC, et al.; ACCORD Study Group. Effects of
combination lipid therapy in type 2 diabetes mellitus. N Engl J Med 2010;362:
1563–1574
9. De Silva NM, Freathy RM, Palmer TM, et al. Mendelian randomization studies
do not support a role for raised circulating triglyceride levels inﬂuencing type 2
diabetes, glucose levels, or insulin resistance. Diabetes 2011;60:1008–1018
10. Drew BG, Duffy SJ, Formosa MF, et al. High-density lipoprotein modulates
glucose metabolism in patients with type 2 diabetes mellitus. Circulation 2009;
119:2103–2111
11. Brunham LR, Kruit JK, Pape TD, et al. Beta-cell ABCA1 inﬂuences insulin
secretion, glucose homeostasis and response to thiazolidinedione treatment. Nat
Med 2007;13:340–347
12. Han R, Lai R, Ding Q, et al. Apolipoprotein A-I stimulates AMP-activated protein
kinase and improves glucose metabolism. Diabetologia 2007;50:1960–1968
13. Fryirs MA, Barter PJ, Appavoo M, et al. Effects of high-density lipoproteins on
pancreatic b-cell insulin secretion. Arterioscler Thromb Vasc Biol 2010;30:1642–1648
14. Villarreal-Molina MT, Flores-Dorantes MT, Arellano-Campos O, et al.;
Metabolic Study Group. Association of the ATP-binding cassette transporter A1
R230C variant with early-onset type 2 diabetes in a Mexican population. Diabetes
2008;57:509–513
15. Vergeer M, Brunham LR, Koetsveld J, et al. Carriers of loss-of-function mutations
in ABCA1 display pancreatic b-cell dysfunction. Diabetes Care 2010;33:869–874
16. Sturek JM, Castle JD, Trace AP, et al. An intracellular role for ABCG1mediated cholesterol transport in the regulated secretory pathway of mouse
pancreatic b cells. J Clin Invest 2010;120:2575–2589
17. Schou J, Tybjærg-Hansen A, Møller HJ, Nordestgaard BG, Frikke-Schmidt
R. ABC transporter genes and risk of type 2 diabetes: a study of 40,000 individuals from the general population. Diabetes Care 2012;35:2600–2606

Haase and Associates

3333

18. Morris AP, Voight BF, Teslovich TM, et al.; Wellcome Trust Case Control
Consortium; Meta-Analyses of Glucose and Insulin-related traits Consortium
(MAGIC) Investigators; Genetic Investigation of ANthropometric Traits (GIANT)
Consortium; Asian Genetic Epidemiology Network–Type 2 Diabetes (AGENT2D) Consortium; South Asian Type 2 Diabetes (SAT2D) Consortium; DIAbetes
Genetics Replication And Meta-analysis (DIAGRAM) Consortium. Large-scale
association analysis provides insights into the genetic architecture and pathophysiology of type 2 diabetes. Nat Genet 2012;44:981–990
19. Manning AK, Hivert MF, Scott RA, et al.; DIAbetes Genetics Replication And
Meta-analysis (DIAGRAM) Consortium; Multiple Tissue Human Expression Resource (MUTHER) Consortium. A genome-wide approach accounting for body
mass index identiﬁes genetic variants inﬂuencing fasting glycemic traits and
insulin resistance. Nat Genet 2012;44:659–669
20. Smith GD, Ebrahim S. ‘Mendelian randomization’: can genetic epidemiology
contribute to understanding environmental determinants of disease? Int J Epidemiol 2003;32:1–22
21. Lawlor DA, Harbord RM, Sterne JA, Timpson N, Davey Smith G. Mendelian
randomization: using genes as instruments for making causal inferences in
epidemiology. Stat Med 2008;27:1133–1163
22. Frikke-Schmidt R, Nordestgaard BG, Stene MC, et al. Association of
loss-of-function mutations in the ABCA1 gene with high-density lipoprotein
cholesterol levels and risk of ischemic heart disease. JAMA 2008;299:
2524–2532
23. Jørgensen AB, Frikke-Schmidt R, Nordestgaard BG, Tybjærg-Hansen A.
Loss-of-function mutations in APOC3 and risk of ischemic vascular disease. N
Engl J Med 2014;371:32–41
24. Talmud PJ, Shah S, Whittall R, et al. Use of low-density lipoprotein cholesterol gene score to distinguish patients with polygenic and monogenic familial
hypercholesterolaemia: a case-control study. Lancet 2013;381:1293–1301
25. Haase CL, Tybjærg-Hansen A, Qayyum AA, Schou J, Nordestgaard BG,
Frikke-Schmidt R. LCAT, HDL cholesterol and ischemic cardiovascular disease:
a Mendelian randomization study of HDL cholesterol in 54,500 individuals. J Clin
Endocrinol Metab 2012;97:E248–E256

