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Mendelian Randomization Studies Do Not Support a Role
for Raised Circulating Triglyceride Levels Influencing
Type 2 Diabetes, Glucose Levels, or Insulin Resistance
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OBJECTIVE—The causal nature of associations between circu-
lating triglycerides, insulin resistance, and type 2 diabetes is
unclear. We aimed to use Mendelian randomization to test the
hypothesis that raised circulating triglyceride levels causally
influence the risk of type 2 diabetes and raise normal fasting
glucose levels and hepatic insulin resistance.

RESEARCH DESIGN AND METHODS—We tested 10 com-
mon genetic variants robustly associated with circulating tri-
glyceride levels against the type 2 diabetes status in 5,637 case
and 6,860 control subjects and four continuous outcomes
(reflecting glycemia and hepatic insulin resistance) in 8,271
nondiabetic individuals from four studies.

RESULTS—Individuals carrying greater numbers of triglyceride-
raising alleles had increased circulating triglyceride levels (SD
0.59 [95% CI 0.52-0.65] difference between the 20% of individuals
with the most alleles and the 20% with the fewest alleles). There was
no evidence that the carriers of greater numbers of triglyceride-
raising alleles were at increased risk of type 2 diabetes (per
weighted allele odds ratio [OR] 0.99 [95% CI 0.97-1.01]; P = 0.26).
In nondiabetic individuals, there was no evidence that carriers of
greater numbers of triglyceride-raising alleles had increased fasting
insulin levels (SD 0.00 per weighted allele [95% CI —0.01 to 0.02];
P = 0.72) or increased fasting glucose levels (0.00 [—0.01 to 0.01];
P = 0.88). Instrumental variable analyses confirmed that geneti-
cally raised circulating triglyceride levels were not associated
with increased diabetes risk, fasting glucose, or fasting insulin

From the 'Genetics of Complex Traits, Institute of Biomedical and Clinical
Sciences, Peninsula College of Medicine and Dentistry, University of Exeter,
Exeter, U.K.; the 2Medical Research Council (MRC) Centre for Causal Anal-
yses in Translational Epidemiology, School of Social and Community Med-
icine, University of Bristol, Bristol, U.K.; the 3Biomedical Research Institute,
University of Dundee, Ninewells Hospital and Medical School, Dundee, U.K,;
the 4MRC, Epidemiology Unit, Institute of Metabolic Science, Addenbrooke’s
Hospital, Cambridge, U.K; the 5Peninsula National Institute for Health Re-
search (NIHR) Clinical Research Facility, Peninsula College of Medicine
and Dentistry, University of Exeter, Exeter, U.K.; the 6Depam:ment of Twin
Research and Genetic Epidemiology, King’s College London, St. Thomas’
Hospital Campus, London, U.K.; the 7Depanment of Public Health and
Primary Care, Strangeways Research Laboratory, University of Cambridge,
Cambridge, U.K,; the 8School of Social and Community Medicine, Univer-
sity of Bristol, Bristol, U.K.; the *Oxford Centre for Diabetes, Endocrinol-
ogy, and Metabolism, University of Oxford, Oxford, U.K.; the 1°Wellcome
Trust Centre for Human Genetics, University of Oxford, Oxford, U.K.; and
the 'Oxford NIHR, Biomedical Research Centre, Churchill Hospital, Ox-
ford, U.K.

Corresponding author: Timothy M. Frayling, tim.frayling@pms.ac.uk.

Received 15 September 2010 and accepted 4 December 2010.

DOI: 10.2337/db10-1317

This article contains Supplementary Data online at http://diabetes.
diabetesjournals.org/lookup/suppl/doi: 10.2337/db10-1317/-/DC1.

© 2011 by the American Diabetes Association. Readers may use this article as
long as the work is properly cited, the use is educational and not for profit,
and the work is not altered. See http:/creativecommons.org/licenses/by
-nc-nd/3.0/ for details.

1008 DIABETES, VOL. 60, MARCH 2011

and, for diabetes, showed a trend toward a protective association
(OR per 1-SD increase in log;q triglycerides: 0.61 [95% CI 0.45—
0.83]; P = 0.002).

CONCLUSIONS—Genetically raised circulating triglyceride lev-
els do not increase the risk of type 2 diabetes or raise fasting
glucose or fasting insulin levels in nondiabetic individuals. One
explanation for our results is that raised circulating triglycerides
are predominantly secondary to the diabetes disease process
rather than causal. Diabetes 60:1008-1018, 2011

aised circulating triglyceride levels are strongly
correlated with insulin resistance, raised glucose
levels, and type 2 diabetes (1-8), but the causal
nature of these associations is unclear because
of the complex interactions between fat, muscle, and liver
insulin resistance, dyslipidemia, and insulin secretion by
B-cells.

Several lines of evidence suggest that raised triglyceride
levels could causally influence the risk of type 2 diabetes,
high glucose levels, and insulin resistance. Accumulation
of triglycerides in tissues other than adipose has been
proposed to result in lipotoxicity, a process that may in-
crease the risk of type 2 diabetes. For example, excess
triglycerides in the liver causes fatty liver disease and is
thought to impair hepatic insulin signaling, resulting in
insulin resistance (reviewed in [9]), whereas exposure of
the B-cell to free fatty acids (FFAs) is thought to impair
insulin secretion (10-13).

Epidemiological data support a possible etiological role
for raised triglyceride levels in insulin resistance and type
2 diabetes. Raised serum triglycerides predict incident
type 2 diabetes independently of BMI (1-4,6,14-16), al-
though prospective evidence does not rule out the possi-
bility that early disease processes can influence such
associations. Data from some trials show that individuals
receiving lipid-lowering therapies are less likely to develop
type 2 diabetes (14,17-19). These findings have led to the
proposal that therapies that lower circulating triglycerides
could be used to improve insulin sensitivity and reduce the
risk of type 2 diabetes (20-22).

One useful method to help dissect the causal nature of
the correlations between metabolic traits is Mendelian
randomization (23). This approach uses the principle that
the random assortment of genotypes in meiosis is in-
dependent of nongenetic factors, including environmental
risk factors, confounding factors, or disease processes.
There are good proof-of-principle examples of Mendelian
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FIG. 1. Triangulation approach used to estimate the expected association for the SNP vs. type 2 diabetes or continuous trait (d) given the SNP
versus triglyceride association (a) and the triglyceride versus type 2 diabetes or continuous trait associations (b).

Observed association between triglyceride SNPs and triglyceride levels.
In each study, triglyceride levels (mmol/L) were log;, transformed before
analysis. For the type 2 diabetes study, we generated age- and sex-corrected
2 scores of log;p-transformed triglycerides, using all case and control subjects.
To estimate the SNP versus triglyceride associations, we assumed a preva-
lence rate of 5% for type 2 diabetes in the U.K., and to be more representative
of this general population we gave a weight of 95% to control subjects and 5%
to case subjects. For continuous traits, we generated within-study z scores of
log;o-transformed triglycerides using the means and SD of the samples, where
age, sex, triglyceride levels, and genotypes from at least eight of 10 SNPs were
available.

Using both individual SNPs and a weighted allele score, we tested associ-
ations between genotypes and triglyceride levels. To create the weighted allele
score, we used individuals with genotypes available from at least eight of 10
SNPs and accounted for the varying effect sizes of each SNP using equation 1,
where w is the B-coefficient from the individual regressions of the SNP ge-
notype against triglycerides.

Weighted score = w; X SNP; + w, X SNP, + .... + w, X SNP,

1
We rescaled the weighted score to reflect the number of available SNPs

(ranging from 8 to 10) using equation 2, as described in Lin et al. (39). For all
further tests, we used this allele score.

Weighted score X Number of SNPs available

Allel =
ele score Sum weights of the available SNPs

@

We used this allele score as the independent variable and the log;-triglyceride
2 score as the dependent variable, and for the study of continuous traits we
also used age and sex as covariates in linear regression analyses. In addition,
we stratified individuals in each study into quintiles consisting of the 20% of
individuals with increasing numbers of (weighted) triglyceride-raising alleles.
Observed association between triglycerides and outcomes. Using 3,976
case and 5,717 control subjects from the Go-DARTS study, we estimated the
odds ratio (OR) for type 2 diabetes per 1-SD increase in log;-triglyceride
2 score in a logistic regression analysis. For the four nondiabetes studies, we
tested four continuous-outcome variables: fasting glucose, fasting insulin,
HOMA-B, and HOMA-IR. We log, transformed the outcome variables that
were skewed and created z score within each study. We used the log;o-
triglyceride z score as the independent variable and each outcome z score as
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the dependent variable, with age and sex as covariates in linear regression
analyses prior to meta-analysis.

Observed association between triglyceride SNPs and outcomes. To test
the association between triglyceride SNPs and type 2 diabetes, we used in-
dividual SNPs or the allele score as the independent variable and type 2 di-
abetes status as the dependent variable in logistic regression analyses, with age
and sex as covariates. To test the association between triglyceride SNPs and
continuous outcomes, we performed the same analyses but in linear regression
models prior to meta-analysis.

Calculation of the approximate expected effect size of the association
between triglyceride SNPs and outcomes. If raised triglyceride levels are
etiologically associated with the outcomes, then under certain assumptions we
would expect the point estimate of the expected outcome (a per-allele OR for
type 2 diabetes, or SD effect size for continuous traits; Fig. 1d) to be a function
of I) the SNP-triglyceride association and 2) the triglyceride-outcome asso-
ciation (i.e., d = SD effect size of a X SD effect size/OR of b in Fig. 1). SEs for
the expected effect sizes were calculated using the Taylor series expansion of
the ratio of two means (40).

Instrumental variable analysis. To estimate the causal effect of triglycerides
on outcomes, we performed instrumental variable analyses (Supplementary
Methods and Supplementary Fig. 2). An instrumental variable analysis relates
the variation in the potentially causal risk factor of interest (here, circulating
triglyceride levels) that is influenced by the “instrument” (here, triglyceride
genotypes) to the outcome (here, type 2 diabetes, fasting insulin, or fasting
glucose levels). This method makes the assumption that the instrumental
variable is not associated with measured or unmeasured confounders (likely
to be true for genetic variants [38]) and is only related to the outcome via its
effect on the risk factor. This produces an estimate of the causal effect in a similar
way as an intention-to-treat analysis in a randomized controlled trial (38).
Instrumental variable analysis for type 2 diabetes case-control
status. We limited this analysis to the 8,335 individuals (3,090 case and
5,245 control subjects) who had triglyceride levels measured prior to taking any
lipid-lowering medication and genotypes from at least eight of 10 triglyceride
SNPs. Instrumental variable analysis was performed using a logistic control
function estimator (41). The analysis was performed in two stages. In the first
stage, we assessed the observational association between allele score and
triglyceride z score, as described in Fig. 1a. We saved the predicted values and
residuals from this regression model. In the second stage, we used the pre-
dicted values from stage 1 as the independent variable (reflecting an un-
confounded estimate of triglyceride levels attributed to these genotypes) and
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diabetes status as the dependent variable in a logistic regression analysis. The
residuals from stage 1 were included as a covariate, representing residual
variation in triglyceride levels that is not attributed to these genotypes (41).
We then used a Wald test to assess the evidence of a difference between the
predicted-values coefficient (instrumental variable estimate of the causal ef-
fect of triglyceride levels on type 2 diabetes) and the residuals coefficient as
test of endogeneity.

Instrumental variable analyses for fasting insulin, fasting glucose,
HOMA-B, and HOMA-IR. We performed the instrumental variable estimation
for each outcome in each study using the two-stage least-squares estimator,
implemented in the Stata command “ivreg2.” We tested for a difference be-
tween the instrumental variable and observational estimates using the Durbin-
Wu-Hausman test of endogeneity. We meta-analyzed the instrumental variable
estimates for each outcome from the individual studies.

Effects of triglyceride SNPs on HDL, LDL, and total cholesterol and
effects when including GCKR and FADS1 SNPs. We performed additional
analyses, including tests on other lipid parameters to assess whether the results
are predominantly driven by the variants’ effects on triglycerides. This was
assessed by tests, including only the four SNPs with the weakest effects on
HDL cholesterol relative to their effects on triglycerides (the SNPs in or near
MLXIPL, ANGPTL3, NCAN, and TRIBI) in the allele score. We also assessed
the effects when including the GCKR and FADSI SNPs in the allele score and
the effects when adjusting for BMI in addition to age and sex (Supplementary
Methods).

RESULTS

Observed association between triglyceride SNPs and
triglycerides. Associations between individual SNPs and
triglycerides, meta-analyzed across each of the four stud-
ies with nondiabetic individuals, and separately for the
type 2 diabetes study, are shown in Table 2. The majority
was highly significantly associated with circulating tri-
glyceride levels, and all effects were consistent with those
reported in genome-wide association studies. Individuals

carrying greater numbers of (weighted) triglyceride-raising
alleles had increased circulating triglyceride levels (Table 2,
Fig. 2A, and Supplementary Fig. 1). For example, the group
of individuals in the highest quintile of the weighted allele
score had triglyceride levels that were 0.59 SDs (95% CI
0.52-0.65) higher than those in the lowest quintile. There
was some evidence (IZ = 78.6%, P = 0.003) for heterogeneity
between studies for the allele score—triglyceride association
(Supplementary Fig. 1), but a random-effects meta-analysis
resulted in a similar point estimate (data not shown).
Observed association between triglycerides and out-
comes. A 1-SD increase in log;-triglyceride levels was
associated with an OR of 2.68 (95% CI 2.564-2.82) for type 2
diabetes in the Go-DARTS study. Triglyceride levels were
associated with each of the four continuous outcomes
across the four nondiabetes studies. A 1-SD increase in
triglyceride levels was associated with 0.12 SDs (95% CI
0.1-0.15), 0.36 SDs (0.33-0.38), 0.41 SDs (0.38-0.43), and
0.40 SDs (0.38-0.42) higher fasting glucose, HOMA-B,
fasting insulin, and HOMA-IR, respectively (Table 3 and
Fig. 3A). There was some evidence for heterogeneity be-
tween the nondiabetic studies for the associations in-
volving fasting insulin (I* = 74.6%, P = 0.008), fasting
glucose (I = 69.5%, P = 0.02), and HOMA-IR (I* = 75.7%, P =
0.006). Random-effects meta-analyses resulted in similar
point estimates (data not shown).

Observed association between triglyceride SNPs and
type 2 diabetes. The details of the individual associations
between triglyceride SNPs and type 2 diabetes are given
in Table 4. None of the SNPs were associated with type 2
diabetes (P > 0.01). There was no evidence that individuals

TABLE 2
The association of individual SNPs and combinations of SNPs with circulating triglyceride levels from a meta-analysis of four studies
of nondiabetic individuals and the Go-DARTS type 2 diabetes case-control study

SNP(s) vs. triglycerides
(continuous-traits meta-analysis)t

SNP(s) vs. triglycerides (type 2
diabetes case-control analysis)

Triglyceride

Triglyceride z score Heterogeneity 2 score per
SNP/weighted allele score Nearest gene* per allele (95% CI) P P (I’%) allele (95% CI) P
1s2954029 TRIB1 0.10 (0.07-0.13)f 6 x 1072 0.19 (37.5)  0.08 (0.05-0.12)% 4x1077
rs714052 MLXIPL 0.15 (0.11-0.20)F 2 x 107 0.81 (0.0) 0.13 (0.08-0.18)% 1x 1077
rs7557067 APOB 0.05 (0.02-0.09)% 0.002 0.62 (0.0) 0.07 (0.03-0.10)% 0.001
rs17216525 NCAN, CLIP2, PBX4  0.11 (0.05-0.16)f 8 x 107°  0.42 (0.0) 0.04 (—0.02 to 0.10)%  0.16
rs10889353 ANGPTL3 0.06 (0.03-0.09)% 2 x 107%  0.36 (6.8) 0.05 (0.01-0.08)% 0.008
rs7679 PLTP 0.05 (0.02-0.09) 0.005 0.41 (0.0) 0.06 (0.01-0.10)% 0.008
157819412 XKR6-AMAC1L2 0.03 (0.00-0.06) 0.043 0.82 (0.0) 0.01 (—0.02 to 0.04):  0.54
rs328 LPL 0.21 (0.16-0.26)F 4 x 1077 0.38 (2.1) 0.21 (0.16-0.27)% 2% 1071
rs3135506 APOA5 0.24 (0.18-0.30)f 1 x 107 0.33(13.0)  0.17 (0.10-0.25)% 5% 1076
rs662799 APOA5 0.25 (0.18-0.31)F 1 x 107  0.60 (0.0) 0.17 (0.10-0.27)% 1x107°
Allele score 0.12 (0.10-0.13)§ 9 X 1077 0.003 (78.6)  0.09 (0.08-0.11)§ 2x 1074
Q2 vs. Q1 0.22 (0.15-0.28)I 2 x 10~ 0.93 (0.0) 0.17 (0.10-0.24)Il 4x10°¢
Q3 vs. Q1 0.32 (0.26-0.39)II 3 x 1072  0.78 (0.0) 0.29 (0.21-0.36)|! 5% 10715
Q4 vs. Q1 0.38 (0.32-0.45)I 3 x 10722 0.85 (0.0) 0.33 (0.26-0.40)l 5x 107
Q5 vs. Q1 0.59 (0.52-0.65)I 2 X 107" 0.16 (41.3)  0.43 (0.36-0.50)!I 4x 1073

Q = quintile of weighted allele score. The sample size in the allele score vs. triglyceride association was 8,084 and 8,335 in meta-analyses of the
four continuous-outcome studies and Go-DARTS type 2 diabetic case and control subjects, respectively. For quintiles of allele score versus
triglyceride analyses, the sample sizes ranged from 3,222 to 3,240 in continuous-traits meta-analyses and 3,315 to 3,372 in Go-DARTS type 2
diabetic case and control subjects. *Nearest gene information reported as in Kathiresan et al. (31), except for rs328, which is from Kathiresan
et al. (34) and for rs3135506 and rs662799, which are from Pennacchio et al. (32). TResults from the continuous-traits meta-analysis and type 2
diabetes case-control analysis are not independent. A subset of control subjects from the type 2 diabetes case-control study are used in the
continuous-traits study (those with fasting glucose <7.0 mmol/L and fasting insulin, triglycerides, and 8 of the 10 SNPs available). The effect
sizes reported are fchange in triglyceride z score per triglyceride-raising allele for individual SNPs, §change in triglyceride z score per unit
increase in weighted allele score, or lldifference in triglyceride 2 score between the relevant quintiles of the weighted allele score.
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FIG. 2. The combined impact of the 10 triglyceride-associated SNPs on circulating triglyceride levels in the Go-DARTS study type 2 diabetic case
and control subjects, with triangles representing the mean triglyceride z score within each triglyceride-increasing allele group (A); and observed
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carrying greater numbers of (weighted) triglyceride-raising
alleles were at increased risk for type 2 diabetes (Table 4
and Fig. 2B).

Observed association between triglyceride SNPs and
fasting insulin, fasting glucose, HOMA-B, and HOMA-
IR. Associations between individual SNPs and each
continuous outcome, meta-analyzed across the four non-
diabetic studies, are given in Table 5 and Supplementary
Table 2. None of the SNPs were associated with any of the
four outcomes except for rs7819412 (XKR6-AMACI1L2
locus), where there was some evidence for a positive as-
sociation with fasting insulin (P = 0.004) and HOMA-IR
(P = 0.004). There was no evidence that carriers of greater
numbers of (weighted) triglyceride-raising alleles were at
risk for increased fasting glucose or fasting insulin levels
(Table 5, Fig. 3B, and Supplementary Table 2). There was
no heterogeneity between studies except for the allele
score—glucose association (> = 80.9%, P = 0.001) and
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removing the one study influencing this heterogeneity, Go-
DARTS, resulted in a nominal association between allele
score and raised fasting glucose (P = 0.03).

Expected effect size of the association between
triglyceride SNPs and type 2 diabetes. Estimates of
the expected ORs and 95% Cls for the allele score-type 2
diabetes association are shown in Table 4. For the allele
score and each quintile comparison, the 95% CIs of the
observed ORs excluded the expected point estimate
ORs estimated from the function of the SNP-triglyceride
and triglyceride-type 2 diabetes correlations and vice
versa.

Expected effect size of the association between tri-
glyceride SNPs and fasting insulin, fasting glucose,
HOMA-B, and HOMA-IR. Estimates of the expected ef-
fect sizes and the 95% ClIs for the allele score—continuous
outcome associations are given in Table 5 and Supplementary
Table 2. For the allele score and each quintile comparison,

diabetes.diabetesjournals.org



N.M.G. DE SILVA AND ASSOCIATES

A

Study
ID

Change in outcome Z-score

per unit increase in

triglyceride Z-score (95% Cl)

Study
ID

Change
in outcome Z-score
per unit increase in

e - allele score (95% CI)
EE\;\?}R?SIHSUIIH Fasting insulin
EFSOCH BWHHS -1 0.01(-0.02, 0.03)
Go-DARTS EFSOCH —— 0.03 (-0.00, 0.06)
Fonand Go-DARTS —_— -0.02 (-0.05, 0.01)
} —74.6%. b = Fenland N -0.02 (-0.05, 0.02)
Sublotal (I-squared = 74.6%, p = 0.008) Subtotal (I-squared = 47.6%, p = 0.126) <> 0.00 (-0.01, 0.02)
Fasting glucose Fasting glucose
BwHnS BWHHS —_— 0.00 (-0.02, 0.03)
Go-DARTS EFSOCH —_— 0.03 (0.00, 0.06)
Fomland Go-DARTS —_— 0.03 (-0.05, -0.01)
Subtotal (I-squared = 69.5%, p = 0.020) Fenland = 0.02 (-0.01, 0.06)
q R Subtotal (I-squared = 80.9%, p = 0.001) <> 0.00 (-0.01, 0.01)
HOMA-B
HOMA-B
E‘é\’sfg'csH BWHHS —t— 0.01 (-0.02, 0.03)
EFSOCH S 0.01 (-0.02, 0.04)
E;;IE;’;[F;TS Go-DARTS —_— 0.00 (-0.03, 0.03)
Fenland —_— 0.03 (-0.06, 0.00)
Subtotal (I-squared =49.7%, p = 0.113) Subtotal (I-squared = 35.6%, p = 0.199) <> 0.00 (-0.01, 0.01)
HOMA-IR HOMA-IR
BWHHS BWHHS e 0.01(-0.02, 0.03)
EFSOCH EFSOCH T 0.03 (-0.00, 0.06)
Go-DARTS Go-DARTS S 0.02 (-0.05, 0.01)
Fenland Fenland —_— 0.01 (-0.05, 0.02)
Subtotal (I-squared = 75.7%, p = 0.006) Subtotal (I-squared = 46.4%, p = 0.133) = 0.00 (-0.01, 0.02)
T T T T
0 1 05 0 05 1

C IV estimate

of change in outcome
Study Z-score per unit increase in
ID triglyceride Z-score (95% Cl)

Fasting insulin
BWHHS

EFSOCH
Go-DARTS

Fenland —_—

Subtotal (I-squared = 48.2%, p = 0.122) =

Fasting glucose
BWHHS I
EFSOCH

Go-DARTS
Fenland =1
Subtotal (I-squared =79.4%, p = 0.002) <]

—_—

HOMA-B
BWHHS
EFSOCH
Go-DARTS

Fenland _—

Subtotal (I-squared = 23.7%, p = 0.269) <

HOMA-IR
BWHHS i
EFSOCH

Go-DARTS —_—
Fenland —
Subtotal (I-squared = 47.3%, p = 0.128) =

FIG. 3. Meta-analysis of continuous traits. Triglyceride-outcome associations (A), weighted triglyceride allele score-outcome associations (B),
and instrumental variable analyses of triglyceride—outcome associations (C), all corrected for age and sex across the four studies of nondiabetic
individuals.

the 95% ClIs of the observed effect sizes excluded the ap-
proximate expected effect sizes estimated from the function
of the SNP-triglyceride and triglyceride—outcome correla-
tions and vice versa.

Instrumental variable estimate for type 2 diabetes.
Instrumental variable estimation provided strong evidence
that raised circulating triglyceride levels do not causally re-
sult in an increased risk of type 2 diabetes. Instead, there

TABLE 3
Meta-analysis results of observed and instrumental variable analyses of triglyceride—continuous outcome associations

Instrumental variable estimate of change
in outcome z score per 1-SD increase in
log;o-triglycerides

Effect size (95% CI) P Heterogeneity P (I°%)

Observed change in outcome z score per 1-SD increase
in log;¢-triglycerides

Trait Effect size (95% CI) P Heterogeneity P (1°%)

Fasting insulin 0.41 (0.38-0.43) <0.001 0.008 (74.6) 0.04 (—0.08 to 0.16)  0.49 0.12 (48.2)
Fasting glucose 0.12 (0.10-0.15) <0.001 0.02 (69.5) 0.01 (—0.10 to 0.12)  0.90 0.002 (79.4)
HOMA-IR 0.40 (0.38-0.42) <0.001 0.006 (75.7) 0.04 (—0.08 to 0.16)  0.51 0.13 (47.3)
HOMA-B 0.36 (0.33-0.38) <0.001 0.11 (49.7) 0.01 (—0.11 to 0.13)  0.83 0.27 (23.7)

The sample sizes for the triglyceride vs. outcome associations ranged from 6,705 to 8,227 and from 6,519 to 8,040 for instrumental variable
meta-analyses.
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TABLE 4
The association of individual and combinations of SNPs with type 2 diabetes in the Go-DARTS type 2 diabetes case-control study

Type 2 diabetes OR Expected ORT =

SNP Nearest genes* per allele (95% CI) P a X b (95% CI)
rs108893353 ANGPTL3 0.97 (0.91-1.03) 0.27
rs17216525 NCAN, CLIP2, PBX% 0.89 (0.80-0.99) 0.03
rs2954029 TR1B1 1.01 (0.95-1.06) 0.83
rs714052 MLXIPL 0.96 (0.89-1.05) 0.38
rs7557067 APOB 1.00 (0.93-1.07) 0.99
rs7679 PLTP 0.98 (0.91-1.06) 0.64
rs7819412 XKR6-AMAC1L2 0.97 (0.91-1.03) 0.26
rs328 LPL 1.02 (0.93-1.12) 0.69
rs3135506 APOAS5 1.04 (0.92-1.18) 0.52
rs662799 APOAS5 1.00 (0.88-1.12) 0.97
Allele score 0.99 (0.96-1.01) 0.26 1.10 (1.08-1.12)
Q1 vs. Q2 0.95 (0.84-1.07) 0.39 1.19 (1.09-1.30)
Q1 vs. Q3 0.89 (0.79-1.01) 0.08 1.32 (1.19-1.46)
Ql vs. Q4 0.90 (0.80-1.02) 0.11 1.37 (1.24-1.53)
Q1 vs. Q5 0.93 (0.82-1.06) 0.27 1.52 (1.34-1.72)

Q = quintile of weighted allele score. *Nearest gene information reported as in Kathiresan et al. (31), except for rs328, which is from
Kathiresan et al. (34), and for rs3135506 and rs662799, which are from Pennacchio et al. (32). The sample sizes ranged from 10,378 to
10,574 for the individual SNP(s) vs. type 2 diabetes analyses. The number of individuals in the weighted allele score vs. type 2 diabetes
analyses is 10,676 and ranged from 4,212 to 4,318 for quintiles of the allele score vs. type 2 diabetes analyses. The total number of individuals in
the SNP(s) vs. type 2 diabetes analyses is greater than the corresponding SNP(s) vs. triglyceride analyses in Table 2 because the numbers in
the latter were also restricted by the number of individuals with pretreatment triglyceride levels measured. The results for the SNP(s) vs. type
2 diabetes analyses were similar when we restricted the analyses to individuals with pretreatment triglycerides measured. 1The point estimate
of the expected OR for the allele score vs. type 2 diabetes was calculated by multiplying (in Fig. 1a) the effect size of the allele score vs. the
triglyceride association by (in Fig. 1b) the OR of the triglyceride vs. type 2 diabetes association. For example, the expected type 2 diabetes OR
for Q1 vs. Q2 was calculated by multiplying the effect size of the allele score vs. triglyceride association for the Q1 vs. Q2 comparison (0.17
SDs) by the natural log of the relevant triglyceride vs. type 2 diabetes OR (i.e., natural log of 2.9). The exponent of the answer from this

multiplication is the expected type 2 diabetes OR for Q1 vs. Q2.

was a suggestive protective association (a 1-SD increase in
[genetically influenced] circulating triglycerides was associ-
ated with an OR for type 2 diabetes of 0.61 [95% CI 0.45-0.83];
= 0.002). There was strong evidence that the instru-
mental variable OR (0.61 [0.45-0.83]) and standard OR
(2.68 [2.53-2. 84]) estimates were different from each other
(P =6 X 1072h.
Instrumental variable estimates for fasting insulin,
fasting glucose, HOMA-B, and HOMA-IR. Instrumental
variable estimation gave strong evidence that genetically
influenced circulating triglyceride levels do not have a
causal effect on fasting insulin, fasting glucose, HOMA-B, or
HOMA-IR (Table 3 and Fig. 3C). As found with the
standard analyses described in the section “Observed
association between triglyceride SNPs and fasting in-
sulin, fasting glucose, HOMA-B, and HOMA-IR,” there
was ev1dence of heterogeneity in the 1nstrumental Varl-
able analy31s with fasting glucose as an outcome (I* =
79.4%, P = 0.002), and removing the Go-DARTS study
Control subjects, who caused this heterogeneity (Fig. 3C),
resulted in nominal evidence of the association of in-
creased triglycerides with increased glucose levels (P =
0.08). For all four outcomes, the instrumental variable
estimates from the meta-analyses were inconsistent with
estimates observed from standard regression analyses
(Table 3).
Effects of triglyceride SNPs on HDL, LDL, and total
cholesterol and effects when including GCKR and
FADS1 SNPs. We found very similar results in the se-
ries of sensitivity analyses with some possible exceptions.
First, using the weighted allele score containing the four
SNPs with disproportionately greater effects on triglyc-
erides relative to HDL, we observed a possible stronger
protective effect of higher triglycerides on type 2 diabetes
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(instrumental variable analysis: OR per 1-SD increase in
logo-triglycerides: 0.34 [95% CI 0.19-0.59]; P = 0.0001)
(Supplementary Table 4). Second, including the GCKR and
FADS1 SNPs in the weighted allele model resulted in
a possible protective association with fasting glucose lev-
els compared with when these SNPs were not included
(Supplementary Table 5). Third, adjusting for BMI resulted
in a possible stronger protective effect of higher triglyc-
erides on type 2 diabetes (0.35 [0.20-0.64]; P = 0.001),
compared with when not adjusting for BMI (Supplementary
Table 6).

DISCUSSION

Using a Mendelian randomization approach, our results
show strong evidence that higher circulating triglyceride
levels do not increase type 2 diabetes risk, fasting glucose,
or fasting-based measures of insulin resistance. Our results
are consistent with lifelong, raised circulating triglycerides
conferring no net harm to the liver or B-cell. Our results
suggest that alternative explanations are needed to explain
the observational associations between raised triglyceride
levels and diabetes and related traits. These explanations
could include confounding factors or reverse-direction
causal effects (i.e., type 2 diabetes and insulin resistance
causing raised triglycerides). Other human genetic studies
support the reverse-causation argument. For example,
postreceptor defects in insulin resistance caused by AKT
mutations result in increased hepatic lipogenesis and in-
creased circulating triglycerides (8), and polymorphisms
near the IRS1 gene that are robustly associated with in-
sulin resistance (42) also result in raised triglycerides (43)
(both associations at conventlonal levels of genome-wide
significance, P < 5 X 10~%).
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TABLE 5
Associations of individual triglyceride SNPs and weighted allele score with fasting glucose and fasting insulin meta-analyzed across the four studies of nondiabetic individuals

SNP(s) vs. fasting glucose SNP(s) vs. fasting insulin

Fasting glucose Expected effect Fasting glucose Expected effect
2 score per Heterogeneity size in SDs 2 score per Heterogeneity size in SDs

SNP Nearest gene* allele (95% CI) P P (%) (=a X b)f allele (95% CI) P P (IP%) (=a X b)f
152954029 TRIB1 0.02 (—0.01 to 0.05)% 0.29 0.41 (0.0) 0.01 (—0.02 to 0.05)+ 0.45 0.22 (32.4)
rs714052 MLXIPL 0.00 (—0.04 to 0.05)f 0.86 0.43 (0.0) —0.01 (—=0.06 to 0.0d)+ 0.59 0.75 (0.0)
1s75567067  APOB —0.04 (—0.07 to —0.00) 0.04 0.09 (b3.2) —0.03 (—0.07 to 0.01)+ 0.16 0.44 (0.0)
rsl17216525 NCAN, CLIP2, PBX% 0.01 (—0.05 to 0.06)f 0.86 0.55 (0.0) —0.02 (—0.08 to 0.0d)+ 0.52 0.21 (33.3)
rs108893563 ANGPTL3 —0.02 (—0.05 to 0.01)% 0.14 0.47 (0.0) 0.02 (—0.02 to 0.05) 0.29 0.54 (0.0)
rs7679 PLTP —0.01 (—0.05to 0.07): 0.55 0.10 (52.8) 0.02 (—0.03 to 0.06)f 0.45 0.31 (15.4)
rs7819412 XKR6-AMAC1L2 0.02 (—0.01 to 0.05)% 0.11 0.73 (0.0) 0.05 (0.02 to 0.08)% 0.004 0.68 (0.0)
rs328 LPL —0.03 (—0.08 to 0.02)% 0.18 0.34 (10.9) 0.01 (—0.05 to 0.06)+ 0.85 0.09 (54.4)
rs3135506 APOA5 —0.02 (—0.08 to 0.04)+ 0.55 0.09 (54.1) —0.06 (—0.13 to 0.01)+ 0.114 0.75 (0.0)
rs662799 APOA5 0.03 (—0.03 to 0.10)f 0.30 0.64 (0.0) 0.03 (—0.04 to 0.10)+ 0.38 0.38 (2.8)
Allele score 0.00 (—0.01 to 0.01)§ 0.88 0.001 (80.9) 0.01 (0.01-0.02) 0.00 (—0.01 to 0.02)§ 0.72 0.13 (47.6)  0.05 (0.04-0.05)
Q2 vs. Q1 —0.02 (—=0.09 to 0.0l  0.41 0.28 (21.9) 0.03 (0.02-0.04) 0.02 (—0.05 to 0.10)Il  0.45 0.54 (0.0) 0.09 (0.06-0.11)
Q3 vs. Q1 —0.01 (—0.08 to 0.05)I  0.74 0.22 (31.3) 0.04 (0.03-0.05) 0.04 (—0.03 to 0.16)II  0.27 0.01 (73.3) 0.13 (0.12-0.14)
Q4 vs. Q1 —0.04 (—0.10 to 0.03)I  0.27 0.20 (34.6) 0.05 (0.04-0.06) —0.02 (—0.10 to 0.05)Il 0.53 0.22 (31.8) 0.16 (0.13-0.18)
Q5 vs. Q1 0.01 (—0.06 to 0.08)I  0.74 0.004 (77.7) 0.07 (0.06-0.09) 0.04 (—0.03 to 0.11)II  0.31 0.10 (2.7) 0.24 (0.21-0.27)

Q = quintile of weighted allele score. *Nearest gene information reported as in Kathiresan et al. (31), except for rs328, which is from Kathiresan et al. (34), and for rs3135506 and rs662799,
which are from Pennacchio et al. (32). ¥The point estimate of the expected effect size for the allele score vs. outcome was calculated by multiplying (Fig. 1a) the effect size of the allele
score vs. triglyceride association by (Fig. 1b) the effect size of the relevant triglyceride vs. outcome association. For example, the expected effect size for the allele score vs. fasting glucose
was calculated by multiplying the effect size of the allele score vs. triglyceride association (0.12 SDs) by the effect size of the triglyceride vs. fasting glucose association (0.12 SDs). The
effect sizes reported are ichange in fasting glucose/fasting insulin 2 score per triglyceride-raising allele for individual SNPs, §change in fasting glucose/fasting insulin z score per unit
increase in weighted allele score, or lldifference in fasting glucose/fasting insulin z score between the relevant quintiles of the weighted allele score. The sample sizes for allele score vs.
outcome analyses were 8,040 and 6,544 for fasting glucose and fasting insulin, respectively. For the quintiles of allele score vs. outcomes, the sample sizes ranged from 3,197 to 3,216 and
from 2,633 to 2,643 for fasting glucose and fasting insulin, respectively.
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There are several strengths and limitations to our ap-
proach. The main strength is that we used genetic variants
to test a complex relationship between metabolic traits.
Because genetic variation is randomly sorted at meiosis,
associations between SNPs and metabolic traits are un-
likely to be biased, confounded, or influenced by disease
processes. Furthermore, the effects of the genetic variants
we have used are likely to reflect lifelong exposure to al-
tered circulating triglycerides. In contrast, it is extremely
difficult to disentangle likely causal directions between
correlated human phenotypes using nongenetic approaches
(38), and this is especially true for associations between
metabolic factors such as lipid levels, diabetes, and insulin
resistance (7). The second strength of our study is the
statistical power. Because we used 10 common variants,
our weighted allele score model compared large numbers
of people with large differences in genetically influenced
circulating triglyceride levels; for example, 20% of individ-
uals carrying the most triglyceride-raising alleles had cir-
culating levels 0.59 SDs higher than the 20% carrying the
fewest. We therefore had very good power to see an effect
of triglyceride variants on related metabolic traits if such
a relationship existed (for example >80% power at P = 0.05
if circulating triglycerides 0.59 SDs higher than a baseline
group resulted in a type 2 diabetes OR of 1.12). The third
strength is that we used 10 variants that are likely to in-
fluence circulating triglyceride levels in a variety of ways.
Although genome-wide association studies do not identify
the causal gene involved, variants in or near LPL and
ANGPTLS3 are likely to influence lipoprotein lipase func-
tion, the key enzyme located in capillary surfaces that
hydrolyses triglycerides to release fatty acids (44,45). Var-
iants in APOA5 are among those with the strongest effects
on circulating triglycerides and are likely to function
through a variety of mechanisms, including reducing liver
production of triglycerides (46,47). Variants near APOB are
most likely to affect triglyceride clearance from the liver,
and the variant at the PLTP locus is associated with altered
PLTP expression in human liver samples, suggesting that it
operates in the liver (31). Our data therefore suggest that
the lack of association between circulating triglycerides,
type 2 diabetes, and related outcomes is not dependent
on the particular mechanism that alters triglyceride levels.
A fourth strength of our study is that our results for con-
tinuous traits are consistent across four studies of different
characteristics, including mean age ranges between 33.9
and 68.8 years, mean BMIs between 25.52 and 27.24 kg/m?,
and different ratios of male and female subjects. The ex-
ception is fasting glucose, to which the Go-DARTS study
contributes significant heterogeneity between studies, and
the results are consistent with a small effect of triglycerides
on fasting glucose levels in the remaining three studies.

There are several limitations to our study. Most impor-
tantly, we are testing circulating, not intracellular, triglyc-
erides. We have not tested the role of triglycerides in the
liver, and fasting insulin (and HOMA-IR) is primarily
a measure of hepatic insulin resistance rather than muscle
insulin resistance. Several of the gene variants are likely to
operate in the liver by increasing the clearance of triglyc-
erides into the circulation, which could be consistent with
a lack of effect of these variants on hepatic-based mea-
sures of insulin resistance. A net effect of the triglyceride-
raising alleles on increased clearance of triglycerides from
the liver could also explain the suggestive protective as-
sociation between increased (genetically influenced) circu-
lating triglycerides and reduced risk of type 2 diabetes in the
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instrumental variable analysis. However, this association
was not reflected by a protective association between
triglyceride-raising alleles and hepatic measures of insulin
resistance and could be attributed to chance. It will be im-
portant to test the association between triglyceride variants
and oral glucose tolerance test-based or muscle-based
measures of insulin resistance, such as those based on
hyperinsulinemic-euglycemic clamps. Therefore, our results
do not necessarily provide evidence against the lipotoxicity
hypothesis, which states that raised triglyceride levels
contribute to whole-body insulin resistance. In contrast,
our results provide stronger evidence against the lipo-
toxicity hypothesis, in that raised circulating triglyceride
levels contribute to altered -cell function and type 2 di-
abetes. A second limitation is that we have not tested the
effects of raised circulating triglyceride levels alone but
rather a mixture of raised circulating triglycerides and, to
a lesser extent, raised LDL and total cholesterol and lower
HDL cholesterol. However, an analysis using just the four
variants with disproportionate effects on circulating tri-
glyceride levels relative to HDL cholesterol provided similar
results. With the identification of an increasing number of
genetic variants related to lipid fractions, it will be possible
to produce multiple allele score instruments, which would
allow a demonstration of a lack of pleiotropy in generating
the observed findings. Finally, the 10 SNPs used only ac-
count for 3-56% of the phenotypic variation in circulating
triglyceride levels. We have therefore not tested the full
spectrum of genetically influenced triglyceride levels.

Further Mendelian randomization studies will be needed
to test the role of circulating FFAs, which may be more
critical to reduced -cell function than triglycerides (48).
We excluded from our main analysis the common variant
near the FADS1 gene because this variant is most strongly
associated with polyunsaturated fatty acids (49). The FADS1
variant is also associated with fasting-based measures of
insulin secretion, such as fasting glucose and HOMA-B, and
to a lesser extent type 2 diabetes (29), suggesting that FFAs
could have a causal role in diabetes. Additional genetic
studies are needed to assess the role of FFAs and different
types of FFAs in insulin resistance and secretion.

In conclusion, we have performed a powerful Mendelian
randomization analysis of circulating triglyceride levels.
Our data provide evidence that genetically influenced raised
circulating triglyceride levels do not increase the risk of
type 2 diabetes and related metabolic traits.
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