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Abstract

Background: Hepatic lipase (HL) plays a pivotal role in the metabolism of HDL and LDL. Recent genome-wide association

studies have identified common variants in the HL gene (LIPC) associated with HDL cholesterol.

Objective:We tested the effect of a common variant in LIPC on changes in blood lipids in response to weight-loss diets in

the Preventing Overweight Using Novel Dietary Strategies Trial.

Methods: We genotyped LIPC rs2070895 in 743 overweight or obese adults aged 30–70 y (61% women) who were

assigned to high-fat (40% energy) or low-fat (20% energy) diets for 2 y. We measured serum concentrations of total

cholesterol (TC), triglycerides, LDL cholesterol, and HDL cholesterol at baseline and 2 y of intervention.

Results: At 2 y of intervention, dietary fat modified effects of the variant on changes in serum TC, LDL cholesterol, and

HDL cholesterol (P-interaction: 0.0008, 0.004, and 0.03, respectively). In the low-fat group, as compared to the G allele, the

A allele tended to be related to the decrease in TC and LDL cholesterol concentrations [TC (b6 SE):25.56 3.0, P = 0.07;

LDL cholesterol:24.86 2.5, P = 0.06] and a lower increase in HDL cholesterol concentrations (b6 SE:21.376 0.69, P =

0.048), whereas an opposite effect in the high-fat diet group was evident [TC (b 6 SE): 7.3 6 2.7, P = 0.008; LDL

cholesterol: 4.16 2.3, P = 0.07], and there was no genetic effect on changes in HDL cholesterol concentrations (P = 0.54).

Conclusion: Dietary fat intake modifies the effect of a common variant in LIPC on changes in serum lipids during a

long-term weight-loss intervention in overweight or obese adults. This trial was registered at clinicaltrials.gov as

NCT00072995. J Nutr 2015;145:1289–94.
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Introduction

Dyslipidemia, such as low HDL cholesterol, and high LDL
cholesterol and TGs, has been well associated with increased

cardiovascular risk. Hepatic lipase (HL)11, which is expressed in
the liver, plays a pivotal role in the metabolism of lipoproteins as
a lipolytic enzyme that hydrolyzes TGs and phospholipids in
chylomicron remnants, intermediate-density lipoprotein, and
HDL. HL has a multifunctional effect on the development of
atherosclerosis. Previous studies support proatherogenic and
antiatherogenic functions for HL (1).Candidate gene studies
have reported that variation in the HL gene (LIPC) affected the
effectiveness of the therapy in reducing the risk of cardiovascular
disease (2, 3). Recent genome-wide association studies have
identified and confirmed a common variant rs2070895 in LIPC
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that is associated with HDL cholesterol concentrations (4, 5),
probably through affecting the activity of HL. A family study
showed that the total allelic variations at LIPC might account
for up to 25% of the total variance in plasma HDL cholesterol
concentrations (6).

Several previous studies found significant interaction between
LIPC genetic variants and dietary fat intake on the blood
concentrations of lipids such as HDL cholesterol (7–11). How-
ever, those studies were largely observational in nature and
might be biased by reverse causation and confounding. To our
knowledge, no study has assessed the long-term effect of LIPC
variants on changes in lipid profile and the potential interactions
with dietary fat intake in randomized clinical trials.

In the present study, we tested the effects of the common
variant rs2070895 in LIPC on changes in blood lipid concen-
trations in response to a 2-y diet intervention in a randomized
clinical trial, the Preventing Overweight Using Novel Dietary
Strategies (POUNDS LOST) Trial, and particularly examined
the gene-diet interactions.

Methods

Participants. The POUNDS LOST Trial (NCT00072995) was designed
to compare the effects of energy-reduced diets with different composi-

tions of macronutrients on body weight during 2 y of follow-up. The

study design has been described in detail elsewhere (12, 13). Briefly, 811

overweight and obese subjects (25# BMI < 40 kg/m2) aged 30–70 y with
no diabetes or unstable cardiovascular disease, no use of medications

affecting body weight, and insufficient motivation to take part in the

trial, were randomly assigned to 4 diets; the target percentages of energy

derived from fat, protein, and carbohydrate in the 4 diets were respectively
20%, 15%, and 65%; 20%, 25%, and 55%; 40%, 15%, and 45%; and

40%, 25%, and 35%. Thus, 2 diets were low fat (20%) and 2 diets were

high fat (40%), or 2 diets were average protein (15%) and 2 diets were
high protein (25%), which constituted a 2-by-2 factorial design. The

nutrient goals of the 4 diets were to be low in saturated fat and cholesterol

and high in fiber. In detail, the diets included 8% saturated fat for each

group; 6% monounsaturated fat for low-fat and 22% for high-fat groups;
6% polyunsaturated fat for low-fat and 10% for high-fat groups; at least

20 g dietary fiber/d; and #150 mg cholesterol/1000 kcal. Carbohydrate-

rich foods with a lower glycemic index were used. Each participant�s diet
prescription represented a 750-kcal/d deficit from baseline, which was
calculated from the person�s resting energy expenditure and activity level.

After 2 y, 80% of the participants (n = 645) completed the trial. The study

was approved by the human subjects committee at the Harvard School of
Public Health and Brigham and Women�s Hospital and the Pennington

Biomedical Research Center of the Louisiana State University System and

by a data and safety monitoring board appointed by the National Heart,

Lung, and Blood Institute. All participants gave written informed consent.
The present study reported the secondary outcomes of the POUNDS

LOSTTrial.We included 743 participants� genotype data available at baseline
in the current study. There was no significant difference in the baseline

characteristics between the participants with and without genotype data.

Assessment of outcomes and covariates. Body height was measured

at baseline. Body weight and waist circumference were measured in the
morning before breakfast at each intervention visit. Blood pressure was

measured on 2 d, at baseline, 6 mo, and 2 y, by using an automated

device (HEM-907XL; Omron). Dietary intake was assessed in a random

sample of 50% of the participants by a review of 5-d diet record at
baseline and by 24-h recall during a telephone interview on 3 noncon-

secutive days at 6 mo and 2 y. Respiratory quotient was measured at

baseline and during follow-up at 6 mo and 2 y as a biomarker of

adherence to the assigned diet, i.e., specific carbohydrate, protein, and fat
content. Fasting blood samples, 24-h urine samples, and measurement of

resting metabolic rate were obtained on 1 d. Concentrations of fasting

serum glucose, TG, total cholesterol (TC), HDL cholesterol, and LDL

cholesterol and 24-h urinary nitrogen excretion were measured at the

clinical laboratory at the Pennington Biomedical Research Center. TG,

TC, LDL cholesterol, and HDL cholesterol were measured on the

Synchron CX7 (Beckman Coulter). LDL was calculated for each
participant according to the following formula: LDL cholesterol = TC

2 HDL cholesterol 2 TG / 5 (14), except when TG concentration

exceeded 400 mg/dL, in which case LDL cholesterol was measured

directly on all samples of the participant. BMI was calculated as weight in
kilograms divided by height in squared meters.

Genotyping. DNA was extracted from the buffy coat fraction of

centrifuged blood by using the QIAmp Blood Kit (Qiagen). We genotyped
single nucleotide polymorphism (SNP) rs2070895 near LIPC that was

associated with the serum lipid concentrations in recent genome-wide

association studies (4). Genotyping was performed with use of the
OpenArray SNP Genotyping System (BioTrove), and the genotyping

success rate was 99%. Replicated quality control samples (10%) were

included in every genotyping plate with >99% concordance (15).

Statistical analysis. We used SAS version 9.1 (SAS Institute, Inc.) to

perform the data analysis. Because we aimed to examine the long-term

changes in blood lipids during the intervention, the primary outcomes of

the analysis were 2-y changes in blood lipids. Baseline data are presented
as means 6 SDs or medians [IQRs] for the continuous variables and n
(%) for the categorical variables. Variables with skewed distribution

(serum TG) were log transformed before analysis. The Hardy-Weinberg
equilibrium of rs2070895 genotypes and comparison of categorical

variables at baseline were accessed by x2 test. We used ANCOVA to test

the differences in continuous variables at baseline, with adjustment for

age, sex, and ethnicity groups. The primary outcomes were changes
(i.e., the concentrations at 2 y of follow-up time minus the baseline

concentrations) in fasting serum TC, TG, HDL cholesterol, and LDL

cholesterol over the time the participant remained in the trial. Multi-

variate general linear models were used to test the main genetic effects
and the potential interactions between the genetic variation and diet

intervention (high vs. low fat) on changes in weight and lipid profile (TC,

TG, HDL cholesterol, and LDL cholesterol). The significance of gene-diet

intervention interactions was tested by including the genotype-by-diet
interaction multiplicative terms in the models. The covariates included age,

sex, ethnicity, baseline BMI, and weight loss, and values for the respective

outcome were used in the analysis. Linear mixed models were used to test
genetic associations with the trajectory of changes in weight or lipids

according to diet groups. Time was treated as a repeated measurement

factor, with which genotype-time interaction terms were included in the

mixed models. An additive genetic model was analyzed. Because the
majority of study participants were white (80%), we also performed

sensitivity analysis in white participants. All P values were two-sided. A P
value of 0.05 was considered statistically significant.

Results

The mean age of the total participants was 51 y and mean
BMI was 32.7 kg/m2. Among the participants, 61% were
women, 80% were white, 15% were black, 3% were Hispanic,
and 2% were Asian or other ethnic groups. The minor allele
(A) frequency of LIPC rs2070895 was 26.4% in total partic-
ipants, and the genotype distribution fits the Hardy-Weinberg
equilibrium.

Table 1 shows baseline characteristics of participants
according to the LIPC rs2070895 genotypes. Genotype fre-
quencies were similar between men and women and across diet
groups. Significant difference of the genotype distribution was
observed among the ethnic groups (P < 0.0001). The A allele
of SNP rs2070895 was related to higher concentrations of
HDL cholesterol. No other differences in baseline characteristics
across the genotype were observed (all P $ 0.05). The results
were similar in the white participants (Supplemental Table 1). In
addition, there were no significant differences in nutrient intakes
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and biomarkers of adherence to the assigned diet at 2 y across
the LIPC rs2070895 genotype in low- and high-fat diet groups.

The weight losses (means 6 SDs) in the high- and low-fat
diet groups were 4.0 6 7.3 kg and 4.2 6 7.6 kg at 2 y,
respectively. The corresponding weight losses among the 3
genotypes of LIPC rs2070895 variant were 2.9 6 4.9 kg in the
AA, 3.8 6 7.6 kg in the GA, and 4.4 6 7.6 kg in the GG
genotype at 2 y, respectively. No main genetic effect or gene-
diet interaction was found on weight loss during 2 y of
intervention. Genotype did not affect the changes in serum TC,
LDL cholesterol, or HDL cholesterol concentrations during 2 y
of intervention (all P $ 0.35).

We then examined the interaction of dietary fat intake and
the genetic variation on changes in serum lipids. At 2 y of
intervention, we observed that dietary fat significantly modified
the genetic effects of rs2070895 on changes in serum TC, LDL
cholesterol, and HDL cholesterol (P-interaction: 0.0008, 0.004,
and 0.03, respectively), with adjustment for age, sex, ethnicity,
baseline BMI, weight loss, and baseline measurements for the
respective outcomes (Figure 1, Table 2). In the low-fat diet
group, the A allele was associated with a decrease of TC and
LDL cholesterol concentrations [TC (b 6 SE): 25.5 6 3.0, P =
0.07; LDL cholesterol: 24.8 6 2.5, P = 0.06], whereas an
opposite genetic effect was found in the high-fat diet group [TC
(b 6 SE): 7.3 6 2.7, P = 0.008; LDL cholesterol: 4.1 6 2.3, P =
0.07]. Then we tested the independent associations between the

genetic variation and lipids. We did not find a significant
difference in changes of TC after further adjustment for changes
in LDL cholesterol at 2 y in the low-fat or high-fat groups. We
found opposite genetic effects on changes in HDL cholesterol
concentrations. The A allele was significantly associated with
less increase of HDL cholesterol concentrations in the low-fat
group (b 6 SE: 21.37 6 0.69, P = 0.048), whereas no
association was observed in the high-fat group (b 6 SE: 0.44 6
0.71, P = 0.54). We did not detect any interactions between the
genetic variation and dietary fat intake on changes in serum TG
at 2 y of intervention (P-interaction: 0.62). Similar interactions
were observed when the analysis was restricted to the white
participants (Supplemental Table 2).

We then examined the trajectory changes in lipids accord-
ing to the LIPC rs2070895 genotypes by dietary fat intake
over the 2-y intervention period. We observed significant
genotype-time interactions on changes in TC, LDL cholesterol,
and HDL cholesterol in the low-fat diet group (P-interactions:
0.01, 0.01, and 0.005, respectively). The LIPC genetic effects
on TC and LDL cholesterol displayed a cumulative pattern
throughout the intervention and reached the maximum values
at 2 y (all P-trend values were #0.002 for AA and AG
genotype, but there were no significant trends for GG
genotype), whereas continued cumulative increasing trends
were found in HDL cholesterol concentrations (both P-trend
values were#0.0001 for GG and AG genotype, but there were

TABLE 1 Baseline characteristics of the participants according to LIPC rs2070895 genotypes1

AA (n = 62) AG (n = 268) GG (n = 413) P 2

Age, y 47.9 6 8.3 50.5 6 9.1 51.9 6 9.4 0.06

Female 21 (33.9) 103 (38.4) 166 (40.2) 0.62

Dietary fat group 0.83

Low fat 30 (8.1) 138 (37.1) 204 (54.8)

High fat 32 (8.6) 130 (35.0) 209 (56.3)

Race or ethnic group ,0.0001

White 31 (5.2) 198 (33.3) 366 (61.5)

Black 27 (24.1) 53 (47.3) 32 (28.6)

Hispanic 3 (12.0) 13 (52.0) 9 (36.0)

Asian or other 1 (9.0) 4 (36.4) 6 (54.6)

Height, cm 167 6 8.5 169 6 9.2 169 6 8.5 0.09

Weight, kg 91.8 6 14.2 93.5 6 15.2 93.3 6 16.0 0.22

Waist circumference, cm 103 6 12.5 103 6 12.9 104 6 13.3 0.75

BMI, kg/m2 33.0 6 3.8 32.7 6 3.8 32.6 6 3.9 0.75

Blood pressure, mm Hg

Systolic 122 6 16 120 6 13 119 6 13 0.05

Diastolic 77 6 11 76 6 9 75 6 9 0.20

Fasting serum glucose, mg/dL 93 6 16 91 6 11 92 6 12 0.88

Fasting serum lipid profile, mg/dL

TGs 98.5 [70.0–168] 121 [80.0–165] 124 [90.0–193] 0.17

TC 205 6 41.3 201 6 37.1 203 6 36.1 0.47

HDL cholesterol 51.0 6 14.3 49.6 6 15.6 47.9 6 13.0 0.002

LDL cholesterol 129 6 34.2 125 6 31.3 126 6 32.2 0.99

Dietary intake per day

Carbohydrate, % of energy 45.9 6 7.5 45.2 6 8.0 44.1 6 7.4 0.28

Fat, % of energy 35.8 6 6.9 37.0 6 6.3 37.1 6 5.7 0.48

Protein, % of energy 18.3 6 3.2 17.7 6 3.3 18.4 6 3.4 0.17

Energy, kcal 1881 6 572 2036 6 539 1936 6 569 0.33

Urinary nitrogen, g/d 11.3 6 4.6 12.2 6 4.5 12.4 6 4.3 0.54

Respiratory quotient 0.84 6 0.05 0.84 6 0.04 0.84 6 0.04 0.72

1 Values are means 6 SDs, medians [IQRs], or n (%). LIPC, hepatic lipase gene; TC, total cholesterol.
2 P values were calculated by x2 test for categorical variables and ANCOVA for continuous variables after adjusting for age, sex, and

ethnicity.
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no significant trends for GG genotype) (Figure 1A–C). In the
high-fat diet group, we observed a significant genotype-time
interaction on changes in TC (P-interaction: 0.03), a marginal
interaction on changes in LDL cholesterol (P-interaction: 0.06),
and no significant interaction on changes in HDL cholesterol (P-
interaction: 0.68) (Figure 1D–F).

Discussion

In this 2-y randomized weight-loss intervention trial, we
observed a significant interaction between the LIPC SNP
rs2070895 and dietary fat intake on changes in serum TC,
LDL cholesterol, and HDL cholesterol concentrations. The A
allele was related to a decrease in TC and LDL cholesterol and a
small increase in HDL cholesterol in response to the low-fat diet,
whereas an opposite genetic effect was observed when partic-
ipants were assigned a high-fat diet. The genetic effect on
changes of blood cholesterol concentrations showed a long-
term, cumulative pattern throughout the intervention.

Our findings are in line with several previous studies. These
studies have reported that the effects of 2514C/T (rs1800588)
of LIPC, which is in high linkage disequilibrium with rs2070895
(r2 = 0.97), on HDL cholesterol concentrations were modified by
dietary fat intake (7, 10, 11). Like rs2070895, rs1800588 is
located in the promoter region and associated with decreased
plasma HL activity and increased HDL cholesterol concentra-
tions (3, 16, 17). In the Framingham Study, the T allele (in
linkage disequilibrium with allele A in rs2070895) was associ-
ated with significantly higher HDL cholesterol concentrations
and large particle size only in subjects consuming 30% of energy
from fat (10). The study indicated an intraindividual difference
in the plasma lipid response to the dietary fat. Similar results
were found in African Americans (16) and subjects of Indian
origin living in Singapore (11).

However, few studies have assessed interactions between
LIPC genotype and dietary factors in intervention trials (18). In
the Finnish Diabetes Prevention Study (18), the A allele was
associated with a low conversion rate to type 2 diabetes in the
lifestyle intervention group, which was assigned to a reduced fat
intake of <30% of energy consumed and reduced intake of
saturated fat to <10% of energy consumed. In addition, a greater
increase in HDL cholesterol concentration from baseline to 3 y
was found in subjects carrying the A allele than those with the G

allele. In the current study, the minor allele A was associated
with less of an increase in HDL cholesterol in response to a low-
fat diet. Our data suggest that LIPC may partly account for the
interindividual heterogeneity in HDL cholesterol changes in-
duced by different dietary fat intake, although the underlying
mechanisms remain to be determined.

In addition to HDL cholesterol, we also found that dietary fat
intake significantly modified the genetic effect of LIPC on
changes in TC and LDL cholesterol concentrations during the
weight-loss trial. Our results were consistent with previous
investigation (19). Lindi et al. (19) reported that individuals with
the AA genotype were responsive to the multiunsaturated FA–
enriched diet, and their serum LDL cholesterol concentrations
decreased more than in subjects with other genotypes. Interest-
ingly, we found that the genetic effect on changes in TC and LDL
cholesterol in response to a low-fat diet showed a cumulative
pattern throughout the intervention and reached the maximum

FIGURE 1 Trajectory analysis on 2-y

changes in serum total cholesterol (A, D),

LDL cholesterol (B, E), and HDL cholesterol

(C, F) by LIPC rs2070895 genotype of

participants that consumed the low-fat (up-

per panels) or high-fat (lower panels) diets.

The number of participants in the low-fat diet

group (A–C), for AA: n = 30 at baseline, n =

22 at 6 mo, and n = 20 at 2 y; AG: n = 138 at

baseline, n = 118 at 6 mo, and n = 101 at 2 y;

and GG: n = 204 at baseline, n = 182 at 6

mo, and n = 155 at 2 y. The corresponding

numbers in the high-fat diet group (D–F), AA:

n = 32, 24, and 20, at baseline, 6 mo, and

2 y, respectively; AG: n = 130, 110, and 98,

at baseline, 6 mo, and 2 y, respectively; and

GG: n = 209,180, and 149, at baseline, 6 mo,

and 2 y, respectively. Values are adjusted

means 6 SEs after adjusting for age, sex, ethnicity, baseline BMI, weight loss, and baseline values for respective outcomes. P-interactions were

derived from the linear mixed models, in which intervention time was treated as a repeated measurement factor, and genotype time as the

interaction terms. LIPC, hepatic lipase gene.

TABLE 2 Dietary fat intakes modulated the genotype effect of
the LIPC rs2070895 variant on the changes in lipids in response to
the dietary fat intervention at 2 y1

Low-fat diet High-fat diet P-interaction

DTotal cholesterol,2 mg/dL

AA 20 (224.7 6 8.2) 20 (7.4 6 9.5)

AG 101 (215.0 6 5.2) 98 (1.3 6 7.8)

GG 155 (211.2 6 5.2) 149 (26.3 6 7.6)

P-trend3 0.07 0.008 0.0008

DLDL cholesterol,2 mg/dL

AA 20 (221.8 6 6.8) 20 (10.7 6 8.1)

AG 101 (211.2 6 4.3) 98 (6.3 6 6.7)

GG 155 (28.7 6 4.3) 149 (2.1 6 6.5)

P-trend3 0.06 0.07 0.004

DHDL cholesterol,2 mg/dL

AA 20 (2.73 6 1.85) 20 (5.67 6 2.42)

AG 101 (3.32 6 1.16) 98 (9.02 6 1.99)

GG 155 (4.81 6 1.16) 149 (7.09 6 1.95)

P-trend3 0.048 0.54 0.03

1 Values are n (means 6 SEs). LIPC, hepatic lipase gene.
2 The D variables indicate the change of respective outcomes.
3 P-trend was for general linear regression in which an additive genetic model was

analyzed for the rs2070895 variant. The adjustment was including age, sex, ethnicity,

baseline BMI, weight loss, and baseline values for respective outcomes.
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values at 2 y. The gene-time interactions were less significant in
the high-fat diet. These findings suggest that the gene-diet
interactions on the changes of cholesterol concentrations might
be persistent.

HL plays a pivotal role in lipid metabolism by affecting both
reverse cholesterol transport and remodeling of TG-rich lipo-
protein particles and, thereby, the formation of atherogenic small
dense LDLs (1). Increased HL is associated with smaller and
denser LDL and HDL particles that are proatherogenic, whereas
decreased HL is associated with larger and more buoyant LDL
and HDL particles (20). Previous animal studies showed that the
activity of HL in the liver could be depressed by high-fat feeding
(21). Dysfunctional HL may associate with elevated blood HDL
cholesterol concentrations with varying size of HDL particles
and paradoxically increased atherosclerosis risk. In the present
study, we observed a greater decrease in TC and LDL cholesterol
and a small increase in HDL cholesterol in the A allele carriers
assigned to the low-fat diet, which may give suggestive implica-
tions in preventive medicine and public health.

To our knowledge, this is the first report about the interac-
tions of the genetic effect of the HL activity determinant gene
and dietary fat intake on changes of serum lipids, especially
cholesterols, in a long-term, randomized weight-loss interven-
tion trial. Our results indicate that the effect of genetic variation
of LIPC on changes of lipid concentrations was modified by
dietary fat intake. In contrast to observational studies, the study
conditions in randomized clinical trials are controlled directly
by the investigators, including the specifically defined dietary
intakes. This control minimizes the possibility of bias and increases
the level of causality (22).

However, some limitations should be acknowledged. We did
not measure the HL activity, which did not allow assessing the
direct genetic effect of LIPC on HL. However, a genetic marker
could be a surrogate for the biomarker in yielding causal relation
according to the Mendelian randomization principle (23, 24).
Moreover, previous studies have shown that the minor alleles of
these promoter variants (rs2070895 and rs1800588) have been
associated with diminished transcriptional activity in vitro (25)
and a 15–45% decrease in plasma HL activity in vivo (26). Also,
because the participants are all overweight or obese, our results
should be cautiously generalized to the general population with
normal body weight. Finally, given that 80% of the participants
are white, future studies are warranted to verify the gene-diet
interactions in other ethnicity groups.

In conclusion, we observed that dietary fat intake signif-
icantly modified the LIPC rs2070895 genetic effect on changes
in serum TC, LDL cholesterol, and HDL cholesterol concentra-
tions during a 2-y randomized weight-loss intervention trial.
Our data suggest that the carriers of A alleles might benefit more
in terms of improved lipid profiles by eating a low-fat (20%),
high-carbohydrate (55–65%) diet.
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