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Association between uncoupling protein
polymorphisms ( UCP2-UCP3) and energy
metabolism/obesity in Pima Indians
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The UCP2-UCP3 gene cluster maps to chromosome
11913 in humans, and polymorphisms in these genes
may contribute to obesity through effects on energy
metabolism. DNA sequencing of UCP2 and UCP3
revealed three polymorphisms informative for
association studies: an Ala - Val substitution in exon

4 of UCP2, a 45 bp insertion/deletion in the
3'-untranslated region of exon 8 of UCP2andaC T
silent polymorphism in exon 3 of  UCP3. Initially, 82
young (mean age=30 + 7 years), unrelated, full-
blooded, non-diabetic Pima Indians were typed for
these polymorphisms by direct sequencing. The three
sites were in linkage disequilibrium (P < 0.00001). The
UCP2 variants were associated with metabolic rate
during sleep (exon 4, P=0.007; exon 8, P=0.016) and
over 24 h (exon 8, P=0.038). Heterozygotes for UCP2
variants had higher metabolic rates than homo-
zygotes. The UCP3 variant was not significantly
associated with metabolic rate or obesity. In a further
790 full-blooded Pima Indians, there was no significant
association between the insertion/deletion poly-
morphism and body mass index (BMI). However, when
only individuals >45 years of age were considered,
heterozygotes (subjects with the highest sleeping
metabolic rate) had the lowest BMI ( P = 0.04). The

location of the insertion/deletion polymorphism
suggested a role in mRNA stability; however, it
appeared to have no effect on skeletal muscle ucpP2z
MRNA levels in a subset of 23 randomly chosen Pima
Indians. In conclusion, these results suggest a
contribution from  UCPZ2 (or UCP3) to variation in
metabolic rate in young Pima Indians which may
contribute to overall body fat content later in life.

INTRODUCTION

Recently, two new mitochondrial uncoupling proteins have been
discovered with thermogenic properties that suggest involvement
in the control of metabolic efficiency. Human uncoupling protein

2 (UCP2) is expressed in many tissues with greatest expression
in skeletal muscle and tissues of the immune systgmir(
rodents, UCP2 is involved in the regulation of energy metab-
olism. For instance, in adipose tissue of obesity-resistant mice,
UCP2 expression is increased 2-fold when compared with
obesity-prone animalsl). Uncoupling protein 3 (UCP3) has
significant amino acid homology to UCP2 (71%), and expression
of UCP3 in humans is much greater in skeletal muscle than in any
other tissue 7-4). Several studies have shown that these
uncoupling proteins are regulated by dietary alterati#fs-{(),
thyroid hormones48,9) and agonists of th@-3 adrenergic
receptor {,2,4), supporting the hypothesis that UCP2 and UCP3
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could play an important role in energy metabolism and bodigtics are shown in Tableand association results are shown in
weight regulation. Table 2. For UCP2, both variants were biallelic with hetero-
UCP2andUCP3were both mapped to chromosome 11913 irzygosities of 0.41 and 0.45, respectively, so tests of association
humans 1,10). The genes were found to be located on the samgcluded data from all three genotypes. B&P3 the rare CC
BAC and P1 clones, indicating that they are probably clustergtbmozygotes were omitted from analysis since only two
(10). In Pima Indians, no significant evidence of linkage tdndividuals had this genotype. Including these two subjects with
obesity or energy metabolism was found in the region where thige heterozygotes did not alter the results.
UCP2-UCP3gene cluster maps1,12). In addition, an amino  sjeeping metabolic rate and 24 h energy expenditure were
acid polymorphism within UCP2 was not significantly associatedjgnificantly associated witdCP2variants. The average sleep-
with body mass index (BMI), fat mass or weight gain in Danlsﬁhg metabolic rate of subjects heterozygous for the Ala/Val
Caucasians1@). Significant linkages, however, were reported olymorphism of exon 4 d8CP2was 153 kcal/day higher than
between resting metabolic rate and markers flanking3/ala homozygotes and 52 kcallday higher than Val/Val
UCP2-UCP3in French Canadians4). hhomozygotesR = 0.007), adjusted for fat-free mass and fat mass.

va-[ig(taioﬁg]a?tg g;; f}g%% xvo?qsiritt?utge:g”\]/q;?;ti\ggeit;]eén%(renetl?he average sleeping metabolic rate in individuals heterozygous
. 9 for the insertion/deletion polymorphism in theudtranslated

metabolism and obesity in Pima Indians, a population proneI . e :
obesity and diabetes ). r%glon of exon 8 oUCP2was similarly higher than for del/del

and ins/ins homozygotes: 135 and 54 kcal/day, respectively

RESULTS (P =0.016). Average 24 h energy expenditure was also higher in
the ins/del heterozygotes (+65 kcal/day versus del homozygotes,

Initially, 82 full-blooded, unrelated, non-diabetic Pima Indianst35 kcal/day versus ins homozygotes; 0.038). No significant

for whom we had measures of energy metabolism were typed fagsociation was found for the-O silent polymorphism in exon

the three polymorphisms @CP2andUCP3 Subject character- 3 of UCP3with metabolic rate.

Table 1.Characteristics of full-blooded Pima Indians in this study given as meabgrange]

Trait Subjects for energy

metabolism association
82 (52/30)
3@ 7 [18-56]

Subjects for BMI
association
790 (466/324)
37+ 11 [20-75]
102 21 [52-149] 114 18 [79-167]
168t 8 [149-187] 164 9 [137-187]
2343960 [1523-3342] -
167 @84 [994-2425] -
37.1+ 8.3 [19.8-56.4] 36.8+ 7.8 [21.1-73.8]

n (male/female)

Age (years)

Body weight (kg)

Height (cm)

24 h energy expenditure (kcal/day)
Sleeping metabolic rate (kcal/day)
BMI (kg/m?2)

Table 2. Results of tests for association of metabolicratith UCP2andUCP3genotypes (meah SEM)

Genotype n Sleeping metabolic rate 24 h Energy expenditure
(kcallday) (kcallday)

UCP2exon 4

Ala/Ala 18 1561+ 38 2286+ 36

Ala/Val 34 1714+ 27 2324+ 26

Val/Val 30 1662+ 28 2375+ 27

P-value 0.007 0.084

UCP2exon 8

ins/ins 17 1673 37 2347+ 34

ins/del 38 1722 25 2382+ 23

del/del 27 1592 31 2317+ 27

P-value 0.016 0.038

UCP3exon 3

c/Cc 2 1606t 118 2351+ 104

CIT 18 1637+ 40 2378+ 34

TIT 62 1687+ 21 2348+ 18

P-value 0.196 0.682

aSleeping metabolic rate and 24 h energy expenditure were adjusted for fat-free mass, fat mass andiGie. &fbthree genotypes were tested resulting in an

F test with 2 df. FOUCP3 the rarer genotype (CC) was omitted (sample size of two), resulting in an F test with 1 df.
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Table 3.Results of tests for association of BMlith UCP2exon 8 genotype  comprised of the resting metabolic rate, the thermic effect of food

(meant SD) and the energy cost of physical activity. Sixty to seventy percent
of total energy expenditure is related to resting metabolic rate,
All subjects Subjects aged >45 which itself can be partitioned into the energy expended for
n (male/female) 790 (466/324) 139 (91/48) sustaining life [(P0%) (in this study estlma}ted. by sleepmg
metabolic rate) and energy expended to maintain the conscious
UCP2genotype state without physical activityr .0%). The major determinants
ins/ins 37.4:16.7 38.4r13.4 of an individual's sleeping metabolic rate are the amount of
ins/del 36.0+ 15.8 33.7+ 13.6 fat-free mass and fat mass. Moreover, skeletal muscle metabolism

is a major determinant of basal and sleeping metabolic fa&es (

del/del 36.9t 14.1 34.6t14.7 The expression AdCP2andUCP3in skeletal muscle tissue and

P-value 0.39 0.04 the dominant role of sleeping metabolic rate in total energy
expenditure are consistent with the potential effect of

aBMI was adjusted for age and sex. UCP2-UCP3genetic variation on metabolic rate and, therefore,

body weight. The magnitude of tHeCP2 effect, however,
. ) appears to be small in this study. After adjustment for fat-free
The exon 8 variant oUCP2 was typed in a further 790 mass and fat masdCP2variants account for only 5-11% of the
full-blooded Pima Indians, whose characteristics are given in Tabﬂémaining variation in sleeping metabolic rate.
1. The al'lele frequenCIGS were 0.41 for the |nsert|0n, and 059f0r|t was Surprising to Observe h|gher S|eeping metabo“c rate for
the deletion, while the genotype frequencies were 16% for ins/ingcp2heterozygotes. Given that tHEP2variants reported here
49% for ins/del and 35% for del/del. Concordance with Hardywere not associated with severe loss of function, one could
Weinberg equilibrium was confirmed for this variagt € 0.5, speculate that increased metabolic rate might be due to different,
df =2). There was no difference in allele frequencies betwegyyt synergistic, biochemical properties of the two alleles.
diabetic and non-diabetic groupg € 3.1, df = 2P = 0.21). Despite the association of the exon 8 variant/6P2 with
Overall, no significant association was detected between tgeping metabolic rate, no significant association was found with
exon 8 variant and phenotypic measures of obesity such as B in the larger population of Pima Indians £ 790). Only
or indicators of body fat distribution (waist circumference,yhen the analysis was restricted to Pima Indians aged >45 years
waist-to-thigh ratio). However, when the analysis was confinegas a significant association found with BMI. This suggests that
to individuals over the age of 45 yeans{ 139, age 54.2 7.2 genetic variation itJCP2can affect metabolic rate, but that this
years, BMI 34.5 6.7 kg/n? (meant SD)], we found evidence effect may take many years to translate into a difference in body
of an association between the genotype at the exon 8 variant@fmposition.
UCP2and BMI (adjusted for age and s€x: 0.04). Individuals  The |ocation of this polymorphism in thethtranslated region
heterozygous for the ins/del polymorphism, who exhibited thgf exon 8 of thdUCP2 gene suggests possible involvement in
highest sleeping metabolic rate and 24 h energy expenditure, hagkNA processing or in the stability of the transcript. However,
the lowest BMI, as would be expected (Tab)le o we found no significant difference in mRNA levels in skeletal
UCP2mRNA levels were measured in muscle biopsies froniyyscle of Pima Indians according to the genotype at this site. This
23 randomly chosen Pima Indians to assess the effect of thissult does not preclude a possible effect of the insertion/deletion
polymorphism onUCP2 mRNA processing/stability. Of this polymorphism on post-transcriptional modification or translation
group, only one individual was found to be homozygous for thgf UcP2mRNA, which potentially could result in altered levels
insertion allele, and therefore was excluded from the analysis. Qfd/or activity of the mature protein. It is also possible that this
the remaining 22 subjects, 10 were homozygous for the deletigiblymorphism is simply acting as a marker for another genetic
while 12 were heterozygotes. There was no significant differencgyiant in this region which affects energy metabolism.
in UCP2 gene expression between these two groups (ins/del|n conclusion, genetic variation at tbéeP2locus on human
0.21+ 0.08 versus del/del 0.270.15 arbitrary units? = 0.27).  chromosome 1113 was significantly associated with sleeping
metabolic rate and 24 h energy expenditure in Pima Indians, and
DISCUSSION also with BMI in older Pima Indians.

By virtue of their ability to uncouple electron transport from ATP
synthesis, the uncoupling proteins may play an important role in
the regulation of human energy metabolism. The substantiflATERIALS AND METHODS
levels of UCP2 expression in human adipose tiss@y dnd
muscle (-3), and the high levels &#CP3expression in human
skeletal muscle4) are consistent with this viewpoint. The
discovery of significant linkage between resting metabolic rate
and UCP2-UCP3linked microsatellite markersl{) suggests In a first phase of this study, 82 full-blooded, non-diabetic Pima
that variation in one or both of these genes can have an effectlodians (one per nuclear family) were randomly selected for
metabolic rate. association studies with energy metabolism. Subjects were
In this study, we detected significant associatiolJ@P2  genotyped at three polymorphic sitesU€P2 and UCP3 A
variants with metabolic rate during sleep and total energfurther 790 full-blooded Pima Indians were genotyped for
expenditure over 24 h, and, to a lesser extent, with BMI iassociation analysis with BMI at the exonUEP2 variant.
individuals >45 years of age. Total energy expenditure i§lucose tolerance was assessed by oral glucose tolerance tes

Subjects
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Figure 1. Chromosomal organization of humd@P2-UCP3Exons are indicated by black bars. Untranslated regions are indicated by diagoniCigisas two
alternative spliced forms (Solaretsal, 1997). Th&JCP2boundary locations of exons 1 and 2 were not determined precisely so this region is indicated by horizontal
lines. Genotypic frequencies for variant sites are given in pie charts.

according to World Health Organization (WHO) criteri®)(  The linear phases of thiCP2andB-actin PCRs were determined
Characteristics of the two groups are given in Table empirically. The PCR products were resolved on 1% agarose gels
containing ethidium bromide and photographed under UV

. transillumination. The relative concentrations of the PCR prod-
UCP2-UCP3polymorphisms ucts were determined by scanning densitometry (Biolmage 3.3,

A search for variants ddCP2 and UCP3 was performed in 10 Sun Sparc Station 5). Each experiment was performed in
unrelated Hispanic individuals by direct sequencing of exondfiplicate and the mean value was used for analysis. Levels of
Screening this limited number of individuals may fail to detect som@RNA were expressed as the ratio of signal intensity &2

rarer polymorphisms; however, we feel that this number is sufficiefglative top-actin, corrected for the size of the PCR product.

to identify most variants which are sufficiently polymorphic to
warrant association studies. Two sitegd@P2 a C- T substitution

in exon 4 resulting in an alaval substitution at codon 55, and a 45

bp ins/del in the 3untranscribed region of exon 8, were found t0 b&some individuals in the study had multiple measurements of
sufficiently polymorphic to warrant association studies. The 45 bgnergy metabolism over years. For these subjects, values at the

ins/del occurs 158 bp 8f the stop codon. It is shown in upper casqowest body weight were used in the analyses. This selection
as follows: CCCTCTTTCCCCACCTCTTCCTTCCGCCCTTTA- should increase the chances of finding potential effects of variants

CCTACCACCTTCCCTCTTTCAACATTCT. Primers flanking the oy energy metabolism since, in response to weight gain, an initial

ins/del were designed to produce products of 457 or 412 bp, with|gty metabolic rate tends to become normalized for the new body
without the insertion. Sequences of these primers were hUCP2e8fe and body compositiofi7). However, such selection criteria
(5-CAG TGA GGG AAG TGG GAG G-3 and hUCP2e8r may not be optimal for finding effects on obesity. Twenty-four
(5-GGG GCA GGA CGA AGA TTC-3. Only one variant of  hoyr energy expenditure, an average measure of metabolic rate
UCP3 a C- T silent substitution in exon 3 at codon 99 (Tyr), wapyer a full day, was measured in a respiratory chami®r (
considered sufficiently polymorphic for informative associationsjeeping metabolic rate, a measure of the basal metabolism
analysis. Both thelCP2exon 4 andJCP3exon 3 polymorphisms  necessary to support life, was calculated between 11 p.m. and
were typed by direct sequencing. The genomic organization agth m. [using all 15 min periods during which spontaneous
locations of the analysed variants are shown in Fiure physical activity was detected <1.5% of the t{it®)]. All energy
expenditure results were adjusted for differences in fat-free mass,
fat mass, age and sex.

A larger group of 790 full-blooded Pima Indians was then
The location of th&JCP2exon 8 polymorphism suggests that itgenotyped for the exon 8 polymorphismWEP2 BMI was
may affect the processing and/or stability of tH@P2 mRNA  calculated as weight (kg)/heigh{m). In individuals with
transcript. We therefore measured the expressi?dC#f2in a  multiple measurements over time, values at the highest body
subset of 23 individuals. Percutaneous muscle biopsies weseight, regardless of diabetic status, were used in the analysis as
taken from the vastus lateralis muscle after an overnight fashis measure is likely to represent the true susceptibility for
UCP2 gene expression was measured by reverse transcriptiobesity. BMI was adjusted for age and sex, and log transformed
PCR (RT-PCR), witl-actin co-amplified as an internal control. to approximate a normal distribution.

Phenotypic measurements

Determination of UCP2gene expression
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