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High prevalence of an anti-hypertriglyceridemic
variant of the MLXIPL gene in Central Asia

Kazuhiro Nakayama1, Yoshiko Yanagisawa1, Ayumi Ogawa1, Yuumi Ishizuka1, Lkhagvasuren Munkhtulga2,
Phitaya Charupoonphol3, Somjit Supannnatas4, Stevenson Kuartei5, Ulziiburen Chimedregzen6, Yoshiro Koda7,
Takafumi Ishida8, Yasuo Kagawa9 and Sadahiko Iwamoto1

MLXIPL is a transcription factor integral to the regulation of glycolysis and lipogenesis in the liver. Common variants of the

MLXIPL gene (MLXIPL) are known to influence plasma triglyceride levels in people of European descent. As MLXIPL has a key

role in energy storage, genetic variations of the MLXIPL may be relevant to physiological adaptations to nutritional stresses that

have occurred during the evolution of modern humans. In the present study, we assessed the phenotypic consequences of the

Q241H variant of MLXIPL in populations of Asian and Oceanian origin and also surveyed the prevalence of Q241H variant in

populations worldwide. Multiple linear regression models based on 2373 individuals of Asian origin showed that the H allele

was significantly associated with decreased concentrations of plasma triglycerides (P¼0.0003). Direct genotyping of 1455

individuals from Africa, Asia and Oceania showed that the triglyceride-lowering H allele was found at quite low frequencies

(0.00–0.16) in most of the populations examined. The exceptions were some Central Asian populations, including Mongolians,

Tibetans and Uyghurs, which exhibited much higher frequencies of the H allele (0.21–0.26). The high prevalence of the H allele

in Central Asia implies that the Q241H variant of MLXIPL might have been significant for utilization of carbohydrates and fats in

the common ancestors of these populations, who successfully adapted to the environment of Central Asia by relying on nomadic

livestock herding.
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INTRODUCTION

Triglycerides now receive much attention for their importance in the
etiology of cardiovascular disease, one of the leading causes of death in
industrialized countries. Hypertriglyceridemia (a condition in which
plasma triglyceride levels are elevated) can increase the risk of
developing atherosclerosis. However, triglycerides are the principal
energy source that is suitable for long-term storage. Therefore,
triglycerides have been essential molecules for the evolution of modern
humans. Abnormalities associated with triglycerides result in part
from the mismatch between modern lifestyles and an innate human
physiology that evolved to efficiently store excessive calories as
triglycerides.
Many genetic studies of lipid abnormalities and cardiovascular

disease have discovered loci associated with plasma triglyceride
concentrations, high-density lipoprotein (HDL) cholesterol, and
low-density lipoprotein (LDL) cholesterol1 Familial severe hyperlipi-
demia is caused by rare, deleterious mutations in genes that have
central roles in lipoprotein metabolism, including those that encode

lipoprotein lipase, LDL receptor, apolipoprotein B and cholesteryl
ester transfer protein. Common genetic variants with more moderate
effects have also been identified. These variants, such as the e4 allele of
the apolipoprotein E gene, contribute significantly to the variation
of plasma lipid traits and the risk for polygenic hyperlipidemia in
the general population.1

Recent genome-wide association studies identified at least 30 loci
that were associated with plasma lipid traits in populations of
European descent.2–6 One of these newly identified genes, MLXIPL
(MLX-interacting protein-like, located in 7q11), is involved in the
regulation of glycolysis and lipogenesis in humans and rodents.7

MLXIPL, also known as the carbohydrate-responsive element-binding
protein, is a basic helix-loop-helix leucine zipper transcription factor
expressed predominantly in the liver.8 The influx of glucose into
hepatocytes and the resulting generation of xylulose-5-phosphates
trigger nuclear localization and activation of MLXIPL.9 Heterotetra-
mers of activated MLXIPL and MLX (Max-like protein X) upregulate
the expression of the gene encoding liver-type pyruvate kinase, the
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enzyme that regulates the final step of glycolysis.10–12 MLXIPL also
regulates the expression of genes involved in the NADPH supply
system, gluconeogenesis and lipogenesis and consequently favors the
conversion of excess carbohydrates into triglycerides rather than glyco-
gen11,13 MLXIPL-knockout mice were viable and showed reduced
hepatic lipogenesis from glucose and increased liver glycogen content.11

In the genome-wide association study conducted by Kooner et al., a
common missense variant in the exon 6 of MLXIPL (rs3812316),
resulting in a change from glutamine (Q) to histidine (H) at residue
241 of MLXIPL, was strongly associated with low plasma triglyceride
concentrations.3 We successfully replicated the association between
the Q241H variant and low plasma triglyceride concentrations in
a population of over 20 000 Japanese individuals,14 and Pan et al.
reported a significant association between the Q241H variant and risks
for coronary artery disease in a Chinese population.15 In contrast,
Vrabilk et al. found no evidence for an association between Q241H
variant and low plasma triglyceride concentrations in a Caucasian
population.16 Repeating these studies in a variety of human popula-
tions would thus help to substantiate the association between the
Q241H variant and plasma triglyceride concentrations. Additionally,
Kooner et al. postulated that because the major Q allele of MLXIPL,
which was associated with higher triglyceride concentrations, seems to
permit more efficient conversion of carbohydrates into fats when
food is abundant, MLXIPL is a plausible candidate for a ‘thrifty gene’
in the evolution of modern humans.3 Information on the worldwide
prevalence of the Q241H variant may provide insights into the
evolutionary role of MLXIPL; however, very little is known about
the frequencies of the Q241H variant in the human populations
worldwide. In the present study, we assessed the association between
the Q241H variant and plasma triglyceride concentrations in Asian
and Oceanian populations with different lifestyles and also surveyed
the distribution of the Q241H variant in populations worldwide.

MATERIALS AND METHODS

Association study
Blood specimens were collected from 2492 unrelated individuals, including

570 Japanese, 1203 Mongolian, 388 Chinese, 212 Thai and 119 Palauans.

Written informed consent was obtained from the all participants. Plasma

triglyceride, total cholesterol and high-density lipoprotein (HDL) cholesterol

concentrations were determined using standard methods. LDL cholesterol

concentrations were estimated according to the Friedewald’s formula. For

individuals exhibiting 4400mgdl�1 triglycerides, a null value was assigned

for the LDL cholesterol concentration. Genotyping of the Q241H variant was

performed using TaqMan genotyping assay systems and an ABI PRISM

7900HT Sequence Detection System (Applied Biosystems). The association

between the Q241H variant and plasma lipid concentrations was tested using

multiple linear regression models assuming an additive model of inheritance.

Genotypes were coded as 0, 1 or 2 depending on the copy numbers of the H

allele. Triglyceride concentration values were transformed using a -1/sqrt of log

transformation to remove skew.3,14 Individuals under treatment for diabetes

mellitus or with HbA1c X6.5% were excluded. Sex (male¼0; female¼1), age

and body mass index were included as independent variables. We also tested

the association between the Q241H variant and plasma triglyceride concentra-

tions in combined samples by means of a linear multiple regression model

including genotypes, sex, age, body mass index and ethnicity.

Estimation of the worldwide distribution of Q241H variant
We determined Q241H variant genotypes of 1455 unrelated individuals

from Africa (Ghanaians, Xhosans and South Africans of European descent),

South Asia (Tamils, Sinhalese, Nepalis and Bangladeshis), East Asia (two Han

Chinese populations and Japanese in Okinawa), South-East Asia (Indonesians),

Central Asia (Uyghurs and Tibetans) and Oceania (Samoans). Genotyping

was performed as described above. We also retrieved H allele frequencies of

East Asian populations from the HGDP-CEPH Human Genome Diversity

Cell Line Panel.17 Genotype data including 650 000 single-nucleotide poly-

morphisms (SNPs) from the HGDP-CEPH individuals were downloaded from

the HGDP-CEPH database.18 As the Q241H variant was not found in the SNP

array in the previous study,18 rs17147538, which is separated from the Q241H

variant by 37.4 kb and in absolute linkage disequilibrium with the Q241H

variant in Mongolians and Japanese (r 2¼1.0), was used to infer Q241H variant

genotypes of the HDGP-CEPH individuals.

Determination of the ancestral allele of the Q241H variant
To determine the human ancestral allele of the Q241H variant, the MLXIPL

coding sequences from eight chimpanzees (Pan troglodytes) were determined

using PCR amplification and direct sequencing. Exon 6 and flanking intronic

sequences of MLXIPL were amplified with FastStart Taq Polymerase (Roche

Applied Science, Tokyo, Japan). PCR products were purified using Agencourt

AMPure (Beckman Coulter, Tokyo, Japan). The dye termination reaction was

performed using the DYEnamic ET dye terminator kit (GE Healthcare,

Tokyo, Japan). DNA sequences were determined using a MegaBACE 1000

(GE Healthcare). We also queried two world-wide web-based services, Poly-

phen (http://genetics.bwh.harvard.edu/pph/) and SIFT (http://sift.jcvi.org/),

for the functional significance of the Q to H substitution at residue 241 of

MLXIPL.

Analysis of polymorphism patterns surrounding the Q241H variant
The genotypes of 46 SNPs near the Q241H variant were determined in 47

randomly selected Mongolian individuals by using the high resolution melting

analysis.19 A list of the genotyped SNPs and PCR primer sequences may be

available by request. PCR was performed using ExTaq polymerase version HS

(Takara, Tokyo, Japan) and LCGreen+ (Idaho Technology, Salt Lake City, UT,

USA). High resolution melting analysis of the amplified products was performed

using a LightScanner instrument (Idaho Technology). The linkage disequilibrium

(LD) status of the Q241H variant with the 46 SNPs was analyzed using Haploview

software (http://www.broadinstitute.org/).20 We also genotyped 95 Japanese, 121

Ghanaians and 100 South Africans of European descent for rs17145738 and

determined its LD status with the Q241H variant in each population.

RESULTS

Association between the Q241H variant and plasma triglyceride
concentrations
The frequencies of the H allele in the five Asia-Pacific populations were
estimated as follows: 0.23 in the Mongolian, 0.10 in the Japanese, 0.09
in the Thai, 0.13 in the Chinese and 0.03 in the Palauan population
(Table 1). Deviation from the Hardy–Weinberg equilibrium was not
observed in any of the populations (P40.05). Individuals homozygous
for the H allele were not detected in the Palauan population.
We therefore excluded the Palauan population from further association
analysis. The results of the multiple linear regression analyses are shown
in Table 2. In the combined samples analysis, body mass index and sex
showed strong associations with plasma triglyceride concentrations, and
the H allele was strongly associated with lower plasma triglyceride
concentrations (b¼�0.08, P¼0.0003). Linear multiple regression mod-
els based on the individual populations showed that the association
between the H allele and the plasma triglyceride concentration was
significant in the Mongolian, Japanese and Chinese populations
(Po0.05). The H allele also showed a triglyceride-lowering effect in
the Thai population, although the association was not significant. In the
combined samples, the H allele was not associated with body mass
index or with plasma concentrations of total cholesterol, HDL choles-
terol or LDL cholesterol (data not shown).

Worldwide distribution of the H allele
We determined genotypes of Q241H variant of 1455 individuals
from Africa, South Asia, East Asia, Central Asia, South-East Asia
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and Oceania in order to know the prevalence of the H allele in
populations worldwide. We also estimated the frequencies of the H
allele in the HGDP-CEPH Asian populations by inference from their
genotypes of rs17145738, in which we confirmed absolute linkage
disequilibrium with Q241H variant in Japanese and Mongolian
populations. The distribution of the H allele in the tested populations
is illustrated in Figure 1. Among the directly genotyped populations,
the H allele was found at low frequencies in Africa (0.05), South Asia
(0.06), East Asia (0.11) and South-East Asia (0.12). Central Asian
populations including Mongolians, Tibetans and Uyghurs showed
a higher prevalence of the H allele (0.21–0.26). Among the
HGDP-CHEP Asian populations, the Yakut (n¼25) showed a high
prevalence of the H allele (0.30). Although the sample sizes of the
other HGDP-CHEP populations were quite small (np11), estimated
H allele frequencies ranged from 0.00 (Lahu, Dai and Miao) to 0.22
(Hezhen), 0.33(Xibo), 0.35 (Yi) and 0.50 (Naxi).

Polymorphism patterns of MLXIPL and surrounding regions
Our sequencing analysis revealed that all eight chimpanzees tested
harbored the Q residue at amino acid position 241 of MLXIPL.
Additionally, the published genome sequence of a rhesus macaque also
encodes Q at this position. Therefore, the major Q allele was assigned
as the human ancestral allele of Q241H variant. The functional
predictions for the Q-to-H substitution at position 241 were ‘possibly
damaging’ and ‘tolerated’ according to Polyphen and SIFT,
respectively. Unfortunately the LD status of the Q241H variant and
surrounding SNPs in humans is not well characterized as the Q241H
variant was neither genotyped in the HapMap populations nor
implemented in any commercially available genome-wide association
studies platform. We therefore analyzed the LD status of the Q241H
variant with a total of 46 nearby SNPs in 47 randomly selected

Mongolian individuals. None of the additional 46 SNPs genotyped
deviated from the Hardy–Weinberg equilibrium in these individuals.
The Q241H variant was located in a tight 191-kb LD block that
involved the entire coding region of MLXIPL as well as four nearby
genes (Figure 2). The rs17145738, which has been shown to be
associated with triglycerides in populations of European descent,2,4–6

was also located in the 191 kb LD block and was in absolute LD
(r 2¼1.0) with the Q241H variant in the Mongolians tested. We
further determined the rs17145738 genotypes of 95 Japanese, 121
Ghanaians and 100 South Africans of European descent. rs17145738
and the Q241H variant were in tight LD in the Japanese (r 2¼1.0) and
the South Africans of European descent (r 2¼0.91), but no tight LD
status was observed in the Ghanaians (r 2¼0.15).

DISCUSSION

The strong association between the Q241H variant ofMLXIPL and low
plasma triglyceride concentrations was first reported by Kooner et al.,3

and we successfully replicated this association in our previous study.14

In the present study, we found additional evidence for the association
between the Q241H variant and low plasma triglyceride concentrations
in 2373 Asian individuals of multiple ethnic origins. The association
was also supported by regression models based on subsets of the
individual populations including the Mongolian, Japanese and Chinese
populations. We believe that the absence of significant associations in
the models based on the Thai population was due only to the small
sample sizes. Furthermore, our screening for the Q241H variant
revealed that the triglyceride-lowering H allele was found at high
frequencies in various ethnic groups in Central and East Asia. The
Q241H variant of MLXIPL is considered to be an important protective
factor against polygenic hypertriglyceridemia in Central and East
Asians, as well as in populations of European descent.21,22

Table 2 The H allele and plasma triglyceride concentrations in the subject populations

Mongolian Japanese Chinese Thai Combined

b P b P b P b P b P

Sex �0.16 4.7E�07 �0.25 5.9E�11 0.05 0.311 0.07 0.356 �0.13 5.9E�10

Age 0.06 0.045 0.09 0.021 �0.13 0.020 0.03 0.724 0.04 0.057

BMI 0.37 3.3E�32 0.38 1.5E�22 0.40 9.3E�15 0.25 0.001 0.39 2.9E�70

Q241H �0.07 0.018 �0.09 0.014 �0.08 0.048 �0.04 0.610 �0.08 0.0003

Abbreviation: BMI, body mass index.
Effect size (b) and P-values from the multiple linear regression models are shown.

Table 1 Clinical characteristics and the H allele frequencies in the subject populations

Mongolian Japanese Chinese Thai Palauan

No. of individuals 1203 570 388 212 119

% Of females 54.4 33.7 50.5 50.00 54.2

Agea 49 (20) 52 (13) 52 (10) 59 (9) 61 (16)

BMI (kg m�2)a 26.0 (6.0) 24.0 (4.0) 26.0 (5.0) 24.0 (5.0) 30.0 (6.5)

% With diabetes mellitus 23.4 1.1 6.7 13.2 27.7

Triglycerides (mg dl�1)b 88.0 (69.0) 95.0 (74.8) 108.0 (85.5) 94.0 (57.5) 109.0 (122.2)

Total cholesterol (mgdl�1)b 177.0 (45.0) 203.0 (43.8) 190.0 (42.0) 229.0 (45.0) 189.0 (57.5)

HDL cholesterol (mg dl�1)b 55.0 (15.0) 59.0 (22.0) 53.0 (14.0) 59.0 (19.0) 45.0 (12.0)

LDL cholesterol (mgdl�1)b 101.0 (39.0) 119.5 (42.0) 109.0 (36.0) 147.0 (43.5) 118.0 (59.5)

Frequency of the H allele 0.23 0.10 0.13 0.09 0.03

Abbreviations: BMI, body mass index; HDL, high-density lipoprotein; LDL, low-density lipoprotein.
aMedian (quartile range) values are shown.
bMedian (quartile range) values for individuals without diabetes mellitus are shown.
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It remains unclear whether the observed associations were due to a
deleterious effect of the Q241H variant on MLXIPL function. The Q
residue at position 241 is located in an evolutionarily conserved motif
of MLXIPL, namely the Glucose-Sensing Module.7 The Polyphen
algorithm predicted that the Q-to-H substitution might impair
MLXIPL function, but the SIFT algorithm did not support any such
effect. The functional consequences of the Q-to-H substitution should
be confirmed experimentally in order to address this question. It is
also possible that the observed associations simply reflected linkage
disequilibrium with another variant. In the genome-wide association
studiess conducted by Kathiresan et al. and Willer et al., the Q241H
variant was not genotyped and rs17145738 was identified as the
marker with the strongest evidence for association with low plasma

triglyceride concentrations.2,4 Our LD analyses showed that the
Q241H variant and rs17145738 were in tight LD in East Asians and
in South Africans of European descent (r 2X0.90) and fell into a
191-kb LD block that included MLXIPL and four nearby genes. On
the other hand, H241Q variant and rs17145738 did not show strong
LD in Ghanaians (r 2¼0.15). We therefore propose further association
studies on individuals of African origins to help substantiate the
association between the Q241H variant and low plasma triglyceride
concentrations.
It is intriguing that the ‘anti-hyperlipidemic’ H allele was found at

higher frequencies in Central Asians. Mongolians and Tibetans
apparently originated from nomadic tribes inhabiting northern
China,23 and genetic studies have consistently supported a close
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Figure 1 Distribution of the Q241H variant in the Old World (a) and in Asia (b). Allele frequencies of the H allele in each population are indicated in black

areas (directly genotyped populations) or gray areas (HGDP-CEPH populations) of the pie charts. GH: Ghanaians; XA: Xhosans; AE: South Africans of
European descent; UG: Uyghurs; TB: Tibetans; MG: Mongolians; NP: Nepalis; SH: Sinhalese; TM: Tamils; BA: Bangladeshis; TH: Thai; HN: Han Chinese

(northern); HS: Han Chinese (southern); KR: Koreans; JK: Japanese (Kanto); JO: Japanese (Okinawa); PL: Palauans; SA: Samoans; YK: Yakuts; OR: Oroqens;

DR: Daurs; HZ: Hezhens; XB: Xibo; MO: Mongola; TU: Tu; NX: Naxi; YI: Yi; MI: Miao; TJ: Tujia; LH: Lahu; DA: Dai; and SE: She. The positions of SH,

TM and YK in the map B do not reflect the geographic locations of the sampling sites. The H allele frequencies of the directly genotyped populations are

listed in Supplementary Table S1.
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ancestral relationship between Tibetans and Mongolians.24–26 The
Uyghur are Turk-speaking people who live predominantly in the
Xinjiang Uyghur Autonomous Region of China and can be traced
back to the nomadic tribes of eastern Turkistan.27 Although modern
Uyghur populations contain a substantial admixture of European
genes,28 the close genetic relationship between the Uyghur and
Mongolians was supported by a mitochondrial DNA study.29 We
inferred the Q241H variant genotypes of the HGDP-CEPH popula-
tions from their rs17145738 genotypes and found that the H allele was
also prevalent in Yakuts, who are Turk-speaking people living
predominantly in Siberia. Additionally, several Chinese minority
groups in HGDP-CEPH, including the Hezhen, Xibo, Naxi and Yi,
showed a high prevalence of the H allele, although sample sizes of
these populations were quite small. Linguistic and historical evidence
suggests that these HDGP-CEPH groups may share ancestry with the
three central Asian populations.27 The considerable genetic and
historical evidence for relationships among these populations suggests
that the frequency of the H allele was increased in their common
ancestors in Central Asia, who probably lived a nomadic lifestyle
dependent on livestock herding.
The worldwide distribution of the Q241H variant may reflect the

history of the dietary adaptations of modern humans. MLXIPL
function, which ultimately converts excess glucose to triglycerides,
would be important for coping with severe fluctuations in the
availability of food. The brain and erythrocytes depend largely on
glycolysis rather than on the b-oxidation of fatty acids for the
generation of energy. In a situation in which carbohydrates were
scarce but fats were readily available, impaired conversion of glucose to
triglycerides by the liver might promote survival by reserving glucose
for these more dependent cell types. The traditional foods and dietary
behaviors of Central Asians, such as Mongolians, strongly suggest that
fat-rich livestock products, including meats, milk and butter, were
important dietary energy sources for their nomadic ancestors. We
believe that the rise of the H allele in Central Asians may be a genetic

component of adaptation to a nomadic livestock herding system.
We are now performing resequencing and population genetic analyses
of MLXIPL in Mongolians and other Central Asian populations to
attempt to detect signatures of such selection for the Q241H variant.
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