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Abstract The PPARy2 gene single nucleotide polymor-
phism (SNP) Prol2Ala has shown variable association with
metabolic syndrome traits in healthy subjects. The RISCK
Study investigated the effect of interaction between geno-
type and the ratio of polyunsaturated:saturated (P:S) fatty
acid intake on plasma lipids in 367 white subjects (ages 30-
70 years) at increased cardiometabolic risk. Interaction was
determined after habitual diet at recruitment, at baseline
after a 4-week high-SFA (HS) diet, and after a 24-week refer-
ence (HS), high-MUFA (HM), or low-fat (LF) diet. At re-
cruitment, there were no significant associations between
genotype and plasma lipids; however, P:S x genotype inter-
action influenced plasma total cholesterol (TC) (P = 0.02),
LDL-cholesterol (LDL-C) (P=0.002), and triglyceride (TG)
(P=0.02) concentrations. At P:S ratio < 0.33, mean TC and
LDL-C concentrations in Alal2 allele carriers were signifi-
cantly higher than in noncarriers (respectively, P = 0.003;
P = 0.0001). Significant trends in reduction of plasma TC
(P=0.02) and TG (P=0.002) concentrations occurred with
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increasing P:S (respectively, <0.33 to >0.65; 0.34 to >0.65)
in Alal2 allele carriers. There were no significant differ-
ences between carriers and noncarriers after the 4-week HS
diet or 24-week interventions.Bli Plasma TC and TG concen-
trations in PPARG Alal2 allele carriers decrease as P:S in-
creases, but they are not dependent on a reduction in SFA
intake.—AlSaleh, A., S. D. O’Dell, G. S. Frost, B. A. Griffin,
J. A. Lovegrove, S. A. Jebb, and T. A. B. Sanders. Interaction
of PPARG Prol2Ala with dietary fat influences plasma lipids
in subjects at cardiometabolic risk. J. Lipid Res. 2011. 52:
2298-2303.
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The transcription factor peroxisome proliferator-acti-
vated receptor-y (PPARYy) is one of three PPARs and a
member of the nuclear hormone receptor superfamily
(1). The major natural ligands are polyunsaturated fatty
acids and prostanoids (2), suggesting a role in transducing
nutritional to metabolic signals (3). An increase in PPARy
mRNA in adipose tissue of mice exposed to a high-fat diet
(4) suggested that dietary modulation might influence
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adipogenesis induced by PPARvy in response to raised
plasma concentration of fatty acid ligands.

Variants of the PPARYy2 gene PPARG could alter tran-
scriptional activity of the activator through DNA- and/or
ligand-binding affinity. The Prol2Ala single nucleotide
polymorphism (SNP) (rs1801282) is presentata frequency
of approximately 7.6% in Caucasians (5). Previous studies
have investigated genotype associations with risk of obesity
and diabetes, with equivocal results (6-8), suggesting that
environmental influences such as dietary intake may be
involved. Fatty acid affinities for PPARy depend largely on
their chain length and degree of saturation (2). Thus, the
metabolic impact of this polymorphism is potentially depen-
dent on gene interaction with different types of dietary fat.
Luan et al. (9) found that body mass index (BMI) in Alal2
allele carriers (but not Prol2 homozygotes) was influenced
by the ratio of habitual dietary polyunsaturated:saturated
fatty acid (P:S) intake, and Memisoglu et al. (10) found
MUFA (but not total fat intake) was inversely associated
with BMI only in Alal2 allele carriers. In vitro, the PPARy2
Ala-variant exhibits reduced binding to DNA and modest
impairment of transcriptional activation following treat-
ment with pharmacological ligand thiazolidinediones
(TZD) (11, 12). This raised the possibility that differential
responses by Alal2 allele carriers and noncarriers to un-
saturated fatty acid ligands might influence expression of
PPARYy target genes, including several involved in choles-
terol and triglyceride metabolism (13-15).

We hypothesized that the P:S intake ratio might interact
with PPARG Prol2Ala genotype to influence concentra-
tion of plasma lipids. The RISCK Study investigated 367
white men and women aged 30-70 years who are at in-
creased risk of metabolic syndrome (16) and who under-
went a 4-week run-in on a diet high in SFA (HS diet),
followed by randomization to 24-week reference (HS),
high-MUFA (HM), and low-fat (LF) diets. We utilized ha-
bitual intake at recruitment to investigate the effect of P:S
ratio, as PUFA intake was constant in the subsequent inter-
ventions. A recent study has found interaction between
PPARG Prol2Ala genotype with the intake of saturated fat
as a determinant of LDL-C peak particle diameter (17).
We used data from the interventions to investigate the spe-
cific effect of reduction in SFA with respect to PUFA in-
take in determination of plasma lipid concentrations.

METHODS

Subjects

Ethical approval for the RISCK Study (ISRCTN29111298) was
granted from the National Research Ethics Service. Written in-
formed consent from participants was obtained, including for
subsequent genetic analyses. Men and women (age range, 30-70
years), who were recruited from the general population, attended
aclinic in a fasting state at the participating centers [University of
Reading, Imperial College London, University of Surrey, the
Medical Research Council-Human Nutrition Research Unit
(MRC-HNR) and King’s College London]. Eligibility for entry to
the study was assessed by a point system and implementation of
exclusion criteria described previously (16). A total of 549 sub-

jects completed the study. Self-reported ethnicity was recorded as
White, South Asian, Black African, or Other.

Study design

The RISCK Study is a parallel 2 x 2 factorial design compared
with a control intervention (16). At screening, unweighed 4-day
food diaries (3 week days and 1 weekend day) were collected to
record the habitual diet. Nutrient intakes were estimated by us-
ing the food-composition database software DINO as described
previously (18). The intervention diets were planned to provide
similar intakes of dietary energy but to vary in the amount and
type of fats and carbohydrates. All participants followed a 4-week
run-in period during which they consumed a high-saturated fat
“reference diet” before being randomized to the reference diet
or one of four isoenergetic dietary interventions designed to
lower saturated fat. In this study, the dietary intervention groups
differing in carbohydrate quality were combined to focus the
analyses on the manipulation of dietary fat. The resulting three
dietary groups were: high saturated fat “reference diet” (HS) de-
signed to reflect a higher saturated fat intake than the habitual
Western diet (~18% of energy SFA, 12% MUFA, 38% total fat,
45% CHO), high-MUFA diet (HM) in which SFA was reduced
and replaced with MUFA (~10% of energy SFA, 20% MUFA,
38% total fat, 45% CHO) and low-fat diet (LF), in which SFA was
reduced through replacement of total fat with carbohydrate
(~10% of energy SFA, 11% MUFA, 28% total fat, 55% CHO).
The dietary intervention is described in detail elsewhere (18).
Measurements made after the run-in diet are referred to as “base-
line.” All participants followed their randomly prescribed diets
for 24 weeks, after which a blood sample was collected and an-
thropometry was measured. Weight (in light clothing) and height
(without shoes) were measured. An indwelling venous cannula
was inserted into the forearm.

Biochemical analysis

Blood samples for analysis were drawn after a minimum 8 h
overnight fast, and serum was stored at —45°C until analyzed.
Fasting lipids, including total cholesterol (TC), HDL-cholesterol
(HDL-C), and triglycerides (TG), were measured as described
previously (16). LDL-cholesterol (LDL-C) was derived from the
Friedwald equation.

DNA extraction and genotyping

Buffy coats removed from blood samples were stored in EDTA
at —20°C. Genomic DNA was extracted from 200 pl buffy coat
using an Illustra blood genomic prep mini spin kit (GE Health-
care, Amersham, UK) according to manufacturer’s instructions.
The PPARG Prol2Ala SNP (rs1801282) was genotyped by KBio-
sciences (Hoddesdon, UK). Genotype accuracy as assessed by in-
clusion of duplicates in the array was 98%, and negative controls
(water blanks) were included on each plate. Genotyping success
rate was 89%.

Statistical analysis

PPARG Prol2Ala genotype distributions were tested for devia-
tion from the Hardy-Weinberg equilibrium by a X2 test with 1 df
(P > 0.05). Statistical analyses were carried out using the SPSS
version 17.0 for Windows (SPSS Inc, Chicago, IL). Where needed,
variables were log-transformed to obtain better approximations
of the normal distribution prior to analysis. SNP genotype asso-
ciation with plasma lipid (TC, LDL-C, or TG) concentration was
tested using analysis of covariance (ANCOVA), with BMI, age,
gender, and diet as covariates. Outliers, defined as points >2.5 times
the interquartile range from the median on the transformed scale at
recruitment or after HS diet, were excluded. ANCOVA was also
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used to test interaction between genotypes and P:S quartiles. In
this model, the dependent variable was the analyzed plasma lipid
and fixed factors were the genotypes and P:S quartiles, with BMI,
age, and gender as covariates. All data presented in text and ta-
bles are expressed as means or geometric means + SD or 95% CL
Statistical significance was taken at P< 0.05.

RESULTS

PPARG Prol2Ala allele and genotype frequencies

All available DNA samples were genotyped initially (n =
466), and data was obtained for 415 subjects. The Alal2
allele frequency in white RISCK subjects was 0.10, greater
than 0.076 in HapMap-CEU (European) subjects recorded
on the NCBI SNP database (5). The SNP was absent in
black RISCK subjects, as recorded in HapMap-YRI (sub-
Saharan African). There are no comparative data available
for South Asians. The genotype distributions did not devi-
ate from Hardy-Weinberg expectations. The numbers of
each genotype in white subjects were as follows: Pro/Pro:
258 (80%); Pro/Ala: 61 (19%); Ala/Ala: 3 (1%); total n=
322.

Characteristics of subjects

A total of 549 subjects completed the RISCK Study. Ac-
cording to the criteria of the International Diabetes Fed-
eration (19), 47.5% had metabolic syndrome. On the basis
of self-reported ethnicity, individuals of white, South Asian,
black African, and other ancestry were distinguished. In
view of the small sample size of the South Asian and other
ancestries and absence of the Alal2 allele in blacks, we
chose to focus our genetic investigation on the white sub-
jects only. The characteristics at recruitment of the white
participants (n = 367) who completed the study and for
whom DNA was available are presented in Table 1.

Interaction between PPARG Prol2Ala genotype and
habitual dietary P:S ratio

After adjustment for BMI, gender, and age there were
no significant associations between PPARG Prol2Ala
genotype and plasma concentrations of TC, LDL-C, or
TG in white subjects at recruitment screening P = 0.05.
Table 2 shows plasma TC, LDL-C, and TG concentrations
with respect to genotype in quartiles of habitual P:S in-
take. There was a significant interaction between dietary
P:S ratio and genotype as a determinant of plasma con-
centrations of TC (P = 0.02), LDL-C (P=0.002), and TG
(P=10.02) after adjustment for BMI, age, and gender. In-
teraction between P:S ratio x genotype x gender was not
significant, so we did not test the effect of P:S ratio x geno-
type interaction in males and females separately. When
the P:S ratio was low (<0.33), mean plasma TC concentra-
tion in Alal2 carriers was significantly higher than in non-
carriers (P=10.003). As P:S increased, the concentration of
TC fell by 10%. The trend in reduction as the ratio in-
creased from <0.33 to >0.65 was significant (P=0.02). An
even more significant difference was seen in LDL-C con-
centration between carriers and noncarriers in the lowest
P:S quartile (P=0.0001). As P:S increased, the concentra-
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TABLE 1. Characteristics of white RISCK Study subjects
at recruitment screening

Phenotype Male (n = 155) Female (n = 212)
Age (y) 54 + 10 53 +10
Waist circumference (cm) 103.1 +10.7 95.4 £ 12.6
BMI (kg/m2) 28.6 + 4.0 29.1+£5.3
TG (mmol/1)* 1.4+038 1.2+0.7
TC (mmol/1) 5.6+0.8 5.7+1.0
LDL-C (mmol/1) 3.6+0.8 35+0.9
HDL-C (mmol/1)“ 1.2+0.3 1.5+0.4

Data measured at recruitment is presented for all white subjects
who completed the study and for whom DNA samples were available
(n =367). Values are mean + SD unless indicated otherwise.

“Log transformed mean + SD.

tion fell by 19.5% in Alal2 carriers, but the trend was not
significant (P > 0.05). There were no significant differ-
ences in plasma TG concentrations between Alal2 carri-
ers and noncarriers in any P:S quartile. However, there
was a significant trend in the reduction of plasma TG in
Alal2 carriers as the P:S ratio increased from 0.34 to >0.65,
in which concentration fell by 50% (P=0.002). Plasma TG
concentrations stratified by genotype and P:S quartile are
shown in Fig. 1.

Change in plasma lipid concentrations after dietary
intervention

After the 4-week run-in on HS diet, subjects were ran-
domly assigned to continue the HS reference diet or to
begin the HM or LF diet. The HM group had lower plasma
phospholipid % SF than the LF group (P < 0.03) and
higher % MUFA (P = 0.0001). The dietary interventions
did not affect other fatty acid classes [(n-3) PUFA, (n-6)
PUFA and trans FA] (18). TC and LDL-C concentrations
were significantly lower with the HM and LF diets than
with the HS diet (P< 0.001 and P< 0.001). Apo B concen-
trations differed between treatment groups (P < 0.001)
and were lower with the HM and LF diets than with the HS
diet. HDL-C concentrations were lower with the LF diet
than with the HS or HM diet (P< 0.001 and P = 0.002, re-
spectively). There were no significant changes in concen-
tration of plasma TG following interventions (16).

PPARG Prol2Ala genotype associations with change in
plasma lipid concentrations after dietary intervention

In the HS diet consumed during the 4-week run-in to
baseline, SFA composed 18% of energy intake. The P:S
ratio in whites at baseline was 0.35 [i.e., in the second
quartile of habitual P:S intake (0.34-0.47)]. At baseline,
carriers of the Alal2 allele (n=64) had higher plasma con-
centrations compared with noncarriers (n = 258) of TC
[mean (95% CI) 5.6 (5.5,5.7) versus 5.8 (5.6, 6.1) mmol/1];
LDL-C [3.5 (3.4, 3.6) versus 3.7 (3.5, 3.9) mmol/1)] and
apoB [0.95 (0.29, 0.02) versus 1.03 (0.33, 0.04) g/1)], but
differences were not significant after adjustment for BMI,
gender, and age.

To investigate the effect of decrease in SFA without al-
teration in MUFA intake, we compared change in plasma
lipid concentrations after continuation on the HS with



TABLE 2. Plasma lipid concentrations with respect to Prol2Ala genotype and quartiles of habitual dietary P:S
intake ratio

TC

LDL-C TG

P:S quartile Pro/Pro Pro/Ala + Ala/Ala P Pro/Pro

Pro/Ala + Ala/Ala P Pro/Pro Pro/Ala + Ala/Ala P

Mean (95% CI) n Mean (95% CI) n

<0.33 5.4 (5.2,5.6) 64 6.1 (5.7,6.6) 160.003 3.3 (3.1,3.5)
0.34-0.47 5.7 (5559) 76 58(5.1,65) 8 092 3.6 (3.4,3.8)
0.48-0.65 5.6 (5.3,5.8) 59 5.5 (51,59) 190.71 3.5 (3.3,3.7)
>0.65 5.8 (5.5,6.0) 49 5.5 (5.0,6.0) 170.33 3.7 (3.4,3.9)

Mean (95% CI) n Mean (95% CI) n

Mean (95% CI) n Mean (95% CI) n

64 4.1(3.7,4.6) 160.0001 1.3 (1.2,1.5) 64 1.1(0.9,1.4) 160.09
76 3.3(2.6,39) 9016 1.3(1.214) 76 2.0(1.42.8) 8 0.09
59 3.3(2.9,3.8) 19051  1.2(1.1,1.4) 59 1.4(1.1,1.8) 19 0.19
49 3.6 (3.1,40) 17067 1.2(1.0,1.3) 49 1.0(0.8,1.3) 17 0.37

Data is presented for subjects for whom genotypic and phenotypic data was available (n = 367). Mean (95% CI) or geometric mean (95% CI)
values for TG (mmol/1), stratified by genotype, are shown after habitual diet. Association was tested by univariate ANOVA based on a dominant
model. Pvalues, adjusted for BMI, age, and gender, are shown in bold when nominally significant (< 0.05).

switching to LF diet (18% versus 10% SFA), with respect to
PPARG Prol2Ala genotype. Both diets contained the same
proportion of PUFA. There was no significant difference
in the change in plasma TC, LDL-C, or TG concentrations
with respect to genotype (n =193), respectively, P = 0.72,
P=0.60, and P=0.69 after adjustment for change in BMI,
age, and gender (supplementary Table I). To examine the
effect of increased intake of MUFA without alteration in
SFA, we compared change in plasma lipid concentrations
after the HM and LF diets (20% versus 11% MUFA), which
also contained the same proportion of PUFA. There was
no significant difference in the change in plasma TC, LDL-
G, or TG concentrations with respect to genotype (n=268),
respectively, P = 0.74, P= 0.94, and P = 0.43 after adjust-
ments (supplementary Table I).

DISCUSSION

Numerous studies have investigated associations be-
tween PPARG Prol2Ala genotype and risk of obesity and
diabetes, with equivocal outcomes (6-8). These inconsis-
tencies suggest that environmental modifiers of the effects
of genetic variation in PPARy2 may be involved. We inves-
tigated associations between genotype and plasma lipid
concentrations in white subjects at risk of the metabolic
syndrome following diets differing in proportions of satu-
rated and unsaturated fatty acids. There were no signifi-
cant associations between genotype and plasma lipids after
habitual intake or dietary interventions. However, habitual
dietary P:S ratio x genotype interaction influenced plasma
TC, LDL-C, and TG concentrations. At low P:S ratio
(=<0.33), mean TC and LDL-C concentrations in Alal2 al-
lele carriers were significantly higher than in noncarriers.
The trends for reduction in plasma TC and TG concentra-
tions with increasing P:S intake were significant in Alal2
allele carriers. Paired comparisons of outcomes after di-
etary intervention suggest that lower SFA intake was not
responsible for the effect.

Memisoglu et al. (10) showed that the responsiveness of
Alal?2 carriers to dietary manipulation only emerged when
MUPFA rather than total fat intake was analyzed. Luan et al.
(9) had previously shown greater sensitivity of Alal2 allele
carriers to dietary PUFA in determination of BMI. Geno-
type was not significantly associated with BMI without ref-
erence to diet, but interaction between the P:S ratio and
genotype in its determination was highly significant. As

the ratio of P:S increased, BMI decreased in Alal2 carriers
but not in Prol2 homozygotes. Both findings (9, 10) are
compatible with unsaturated fats acting as specific ligands
for PPARy (2) and lower transcriptional activity of the
PPARwy-Ala variant reducing PPARy-mediated adipogene-
sis (11).

Our study is the first to report significant interaction be-
tween the P:S ratio and Prol2Ala genotype influencing
plasma TC, LDL-C, and TG concentrations. At low (<0.33)
ratio of P:S in habitual intake, TC and LDL-C concentra-
tions in carriers of the less transcriptionally active PPAR'y-
Ala variant were significantly higher than in those
homozygous for the normal PPARYy-Pro form. As the P:S
ratio increased, the concentration of plasma TC and LDL-
Cfell in Alal2 carriers, with a significant trend seen in the
former. When PUFA replaces SFA in the diet, the major
portion of cholesterol lowering is seen in the LDL fraction
(20). Increased plasma LDL-C has been observed follow-
ing TZD treatment (21); however, a mechanistic link to
PPARYy target gene activation that might infer association
of the less active PPARy-Ala form with lower LDL-C con-
centration has not been established.

Lipoprotein lipase activity is a rate-limiting determinant
of TG hydrolysis in plasma. Plasma TG concentration in
Alal2 allele carriers fell consistently beyond the second

[ Pro/Pro
[ Pro/Ala +Ala/Ala

(mmol/L)
N

Mean TG with 95% CI

<=0.33 0.34-0.47 0.48-0.65 >0.65

Fig. 1. Mean TG concentrations with respect to quartiles of ha-
bitual dietary P:S ratio and PPARG Prol2Ala genotype. The num-
bers of genotyped subjects with measurements in each quartile of
P:S ratio were as shown in Table 2. Geometric mean concentrations
of TG are shown. Bars represent 95% CI. Dietary P:S ratio x geno-
type interaction determined by univariate ANCOVA significantly
influenced plasma TG concentration (P = 0.02, after adjustment
for BMI, gender, and age). There was a significant trend in reduc-
tion of plasma TG concentration between P:S ratio 0.34 and >0.65
(P=0.002) in Alal?2 allele carriers.
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P:S quartile, showing a significant trend. It is well known
that n-3 fatty acids decrease the concentration of serum
TG (22). PPARyY may mediate this effect, as PUFAs are
PPARY ligands (2) and LPL is a PPARy target gene (15).
Lindi et al. (23) found a significantly greater decrease in
serum TG concentration in Alal?2 allele carriers than in
Prol2 homozygotes in response to n-3 fatty acid supple-
mentation when the intake of SFA was below 10% (i.e., at
high P:S intake). This is consistent with our finding of a
fall in plasma TG concentration in Alal2 allele carriers as
P:S intake increased, but it is inconsistent with reduced li-
pase activity associated with a less active PPARy-Ala form.

To establish whether effects of interaction between with
the P:S ratio of habitual intake and genotype that we had
observed were related to increased PUFA (as distinct from
decreased SFA), we first compared change in plasma lipid
concentrations after HS and LF diets, in which SFA was re-
duced and MUFA remained constant. Carriage of the Alal2
allele was not significantly associated with change in either
plasma LDL-C or TG concentration, so the decrease in SFA
had no significant effect. This was not unexpected, in view
of the finding that SFAs fail to interact efficiently with
PPARY in vitro (2). We obtained the same results when we
compared changes in lipids after HM and LF diets, in which
MUPFA was raised and SFA remained constant. An increase
in MUFAs might have been expected to have some effect,
but they are weaker PPARy activators than are PUFAs (2).
Therefore, we cannot confirm that the interaction between
the P:S ratio of habitual intake and Prol2Ala genotype in
determining plasma TC, LDL-C, and TG concentrations
depends specifically on an increase in consumption of
PUFA, but it seems not to depend on a decrease in SFA.

Limitations of our study include a relatively small num-
ber of genotyped subjects with plasma lipid measurements
(n=367) and the small observed changes in plasma lipid
concentrations. To demonstrate a significant difference in
LDL-C concentration in Alal2 allele carriers compared
with noncarriers across all P:S quartiles, a total sample size
of 1,600 would be required for a = 0.05 and a power of
0.95. For TG concentration, the equivalent sample size
needed would be 1,800. The significance of the effect of
dietary P:S x gene interactions on plasma TC, LDL-C, and
TG concentrations should be treated with caution, as they
were of modest significance in mainly overweight subjects.
Replication in other studies with maximal correspondence
in ethnic origin, age, and gender would be required to
minimize the risk of false positive or negative gene-diet as-
sociations. If substantiated in a larger cohort, a recom-
mendation to Alal2 carriers to maintain a high dietary
intake of PUFA:SFA and to reduce plasma concentrations
of atherogenic cholesterol and TG would be justified.
Identification of individuals who are genetically more
likely to respond to particular dietary changes may be im-
portant for successful intervention in the prevention of
cardiovascular disease Bl
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