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Abstract

Accumulation of fat in the liver is associated with insulin resistance and type 2 diabetes mellitus. The carnitine palmitoyltransferase (CPT)
enzyme system facilitates the transport of long-chain fatty acids into mitochondria, and the gene for the hepatic isoform of CPT1 (CPT14) is
a candidate gene for metabolic disorders such as insulin resistance associated with fatty liver. We have now investigated the contribution of
the CPT1A locus to hepatic lipid content (HLC), insulin resistance, and susceptibility to type 2 diabetes mellitus. A total of 324 type 2
diabetic patients and 300 nondiabetic individuals were enrolled in the study. Eighty-seven of the type 2 diabetic patients who had not been
treated with insulin or lipid-lowering drugs were evaluated by homeostasis model assessment for insulin resistance and were subjected to
nuclear magnetic resonance for determination of HLC. A total of 19 single nucleotide polymorphisms (SNPs) were identified at the CPT14
locus, and linkage disequilibrium analysis revealed a strong linkage disequilibrium block between SNP8 (intron 5) and SNP17 (intron 14).
Neither haplotypes nor SNPs of CPT1A4 were found to be associated either with susceptibility to type 2 diabetes mellitus or with HLC or
insulin resistance in type 2 diabetic patients.
© 2007 Published by Elsevier Inc.

1. Introduction drial outer membrane, catalyzes the esterification of acyl-
coenzyme A to carnitine [11], which is the rate-limiting step
of mitochondrial fatty acid oxidation. Three isoforms of
CPT1 that are encoded by distinct genes and exhibit distinct
tissue distributions have been identified and have been
designated by liver (CPTIA or L-CPT1) [12], muscle
(CPTIB or M-CPT1) [13], and brain (CPTIC) [14]
isoforms. Consistent with their designations, CPTIB is
expressed predominantly in skeletal muscle, heart, and
adipose tissue, and CPTIC is expressed in the brain,
whereas CPT1A has a more widespread distribution but is
most abundant in liver. In the liver, it is therefore CPT1A
that plays the major role in fatty acid oxidation. The gene
for the hepatic isoform of CPT1 (CPTIA) is located in
human chromosomal region 11q13.1-q13.5 and consists of 1

* Corresponding author. Tel.: +81 78 382 5861; fax: +81 78 382 2080. noncoding exon and 18 coding exons [15]. Mutations of

E-mail address: hirota@med.kobe-u.ac.jp (Y. Hirota). CPTIA are responsible for a rare autosomal recessive

Insulin resistance plays an important role in the develop-
ment of type 2 diabetes mellitus and is determined by both
environmental and genetic factors. Although a genetic
contribution to insulin resistance has been established, the
underlying susceptibility genes are largely unknown [1].

Fat accumulation in the liver is associated with both
insulin resistance and type 2 diabetes mellitus [2-8]. The f3-
oxidation of long-chain fatty acids in mitochondria is a
major source of energy, and the carnitine palmitoyltransfer-
ase (CPT) enzyme system facilitates the transport of such
fatty acids into the mitochondria [9,10]. Carnitine palmi-
toyltransferase 1, which is localized within the mitochon-
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Fig. 1. Single nucleotide polymorphisms of CPT1A4. Coding and noncoding sequences of exons are represented by closed and open boxes, respectively. Single
nucleotide polymorphisms indicated by asterisks and open boxes were used for association and LD analyses, respectively.

disorder, CPT1A deficiency (Online Mendelian Inheritance
in Man [OMIM] no. 255120), that has been identified in
more than 30 individuals [16-19]. Adults and children with
inborn errors in fatty acid oxidation exhibit severe metabolic
disturbances including hypoketotic hypoglycemia and fatty
liver [20].

CPTIA is a candidate gene for metabolic disorders such
as insulin resistance associated with fatty liver [21].
However, as far as we are aware, no genetic association
studies have focused on the relation of CPTIA to insulin
resistance or type 2 diabetes mellitus. We have now
investigated whether CPT/4 might be a determinant of
hepatic lipid content (HLC), insulin resistance, or suscep-
tibility to type 2 diabetes mellitus.

2. Materials and methods

2.1. Study population

A total of 324 patients with type 2 diabetes mellitus
(176 men and 148 women; age at testing, 62.4 + 10.7

years; body mass index [BMI], 24.1 + 3.8 kg/m’;
hemoglobin A;. [HbA;.] level, 8.0% =+ 1.9%) and 300
nondiabetic individuals (139 men and 161 women; age at
testing, 74.6 + 8.0 years; BMI, 21.6 + 3.6 kg/m*; HbA,,
level, 5.0 + 0.4%) were enrolled in the study. All
individuals were Japanese. Diabetes was diagnosed
according to the criteria of the American Diabetes
Association (1997), and the nondiabetic individuals were
selected according to the following criteria: age of older
than 60 years, no history of glucose intolerance, HbA .
level of less than 5.6%, and no family history of diabetes
mellitus. A total of 87 diabetic patients (51 men, 36
women) who had not been treated with insulin or lipid-
lowering drugs were both evaluated by the homeostasis
model assessment for insulin resistance (HOMA-IR) and
subjected to determination of HLC by nuclear magnetic
resonance. The study was performed with written informed
consent from all individuals and was approved by the
ethics committee of the Kobe University Graduate School
of Medicine.

Table 1

Single nucleotide polymorphisms of CPT/A4 examined in the present study

SNP Position (base pairs) Location Major/minor alleles dbSNP ID° MAF¢
SNP1 —27841 5’ Flanking C/G 1597316 0.25
SNP2 —26461 5’ Flanking C/G Novel 0.05
SNP3 —26422 5’ Flanking C/G Novel 0.05
SNP4 —12281 Intron 1 G/A 1rs879784 0.34
SNP5 —702 Intron 1 A/G 152924689 0.05
SNP6 3374 Intron 3 G/C 12278906 0.07
SNP7 7767 Intron 3 AIG 1s6591356 0.05
SNP8 14283 Intron 5 G/A 13794020 0.32
SNP9 16721 Intron 6 T/C 152924675 0.11
SNP10 22189 Intron 9 G/A Novel 0.11
SNPI11 30483 Intron 9 C/T 1s2305507 0.11
SNP12 33423 Intron 10 A/G 152305508 0.18
SNP13 33629 Exon 11 C/T 1s2228502 0.14
SNP14 34709 Intron 11 T/G 1s3019576 0.14
SNP15 42019 Intron 13 G/A Novel 0.05
SNP16 44309 Intron 14 T/C 152123869 0.16
SNP17 52712 Intron 14 G/A 1s2924699 0.11
SNP18 55369 Intron 17 C/T rs3019598 0.27
SNP19 59059 3’ Flanking G/A 1s2278908 0.27

 Position relative to the translation initiation site in the genomic sequence (GenBank accession no. NT_033903).
® Reference SNP ID (rs) in SNP database by NCBI: http://www.ncbi.nlm.nih.gov/SNP.
¢ Minor allele frequency determined by the 22 DNA samples by direct sequencing.
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Fig. 2. Pairwise LD analysis for SNPs of CPT/A. Pairwise LD between
SNPs was evaluated from D’ in 86 nondiabetic individuals. A strong LD
block was identified between SNP8 (intron 5) and SNP17 (intron 14).

2.2. Clinical assessment

The BMI of each individual was directly measured at the
time of collection of blood samples. The fasting plasma
glucose (FPG) concentration, fasting plasma immunoreac-
tive insulin (FIRI) concentration, serum lipid concentra-
tions, and HbA;. level were determined by standard
laboratory techniques calibrated with uniform standards.
Homeostasis model assessment for insulin resistance,
calculated as [FPG (mmol/L) X FIRI (xU/mL)]}/22.5, was
used as an index of insulin resistance [22].

2.3. Determination of HLC

The intracellular lipid content of the liver (HLC) was
determined by nuclear magnetic resonance as described
previously [23]. In brief, we used the fast spoiled gradient
recalled acquisition in the steady-state sequence to obtain in-
phase and out-of-phase images of the liver and then
calculated HLC as [(intensities of in-phase) — (intensities
of out-of-phase)]/[(intensities of in-phase) + (intensities of
out-of-phase)].

2.4. Sequencing of CPTIA and genotyping of single
nucleotide polymorphisms

Genomic DNA was extracted from blood with a QIAamp
DNA Blood Maxi Kit (Qiagen, Valencia, CA). Specific
oligonucleotide primer sets were designed on the basis of
the CPTIA sequence information in GenBank (accession
number NT 033903). Regions encompassing all coding

exons, exon-intron boundaries, and the 5 flanking sequence
of CPT1A4 were amplified by the polymerase chain reaction
(PCR) from genomic DNA of 22 patients with type 2
diabetes mellitus. The conditions and the sequences of
primers are available from the authors. Sequencing of PCR
products was performed with a Big Dye Terminator Cycle
Sequencing Kit (Applied Biosystems, Foster City, CA) and
an ABI 3100 DNA automated sequencer (Applied Bio-
systems). We selected 7 single nucleotide polymorphisms
(SNPs) from the public database (rs597316, SNPI1;
rs879784, SNP4; 1s2278906, SNP6; rs3794020, SNPS;
1s2924675, SNP9; rs2123869, SNP16; and rs2278908,
SNP19) and determined their genotypes by direct sequenc-
ing of the PCR products for verification of other genotyping
methods. The genotypes of 4 SNPs (rs2924689, SNPS5;
rs3794020, SNP8; rs2305507, SNP11; and rs2305508,
SNP12) were determined by the TagMan procedure with
an ABI Prism 7700 instrument (Applied Biosystems). The
genotypes of 9 other SNPs (rs597316, SNPI1; rs879784,
SNP4; 1s2278906, SNP6; 1rs2924675, SNP9; rs2228502,
SNP13; novel SNP, SNP15; rs2123869, SNP16; rs2924699,
SNP17; and 152278908, SNP19) were determined by the
intercalator-mediated fluorescence resonance energy trans-
fer probe method (Toyobo Gene Analysis, Tsuruga, Japan).
In brief, the reaction was performed in a volume of 25 uL
containing 20 ng of genomic DNA, enzyme reaction buffer,
1.5 to 3.5 mmol/L MgCl,, 0.2 mmol/L deoxynucleoside
triphosphates, and 1.25 U of rTaq containing anti-Tagplus
High (Toyobo, Osaka, Japan). The amplification protocol
was performed in a PE 9700 thermocycler (Applied
Biosystems) and included an initial denaturation at 95°C
for 5 minutes; 40 or 45 cycles of denaturation at 95°C for 30
seconds, annealing at 65°C for 30 seconds, and primer
extension at 72°C for 30 seconds; and a final extension at
72°C for 2 minutes. The PCR products were then mixed
with 5 uL of a solution containing 40 mmol/L EDTA, 10
pmol of Texas red—labeled probe, and SYBR Green I
(Invitrogen, Carlsbad, CA; final concentration, x25 000)
and transferred to an ABI Prism 7700 instrument for
measurement of the melting temperature with incubations
at 95°C for 30 seconds, 40°C for 1 minute, and temperatures
increasing to 80°C over 10 minutes. The fluorescence signal
was detected at excitation and emission wavelengths of
485 and 612 nm, respectively. The conditions and primer
and probe sequences for genotyping are available from
the authors. Genotypes determined by the TagMan or

Table 2

Common haplotypes of the identified LD block in CPT1A4

Haplotype SNP8 SNP9 SNP11 SNP12 SNP13 SNP16 SNP17 Frequency
htl G T C A C T G 0.31

ht2 A T C A C T G 0.31

ht3 G T C G C T G 0.25

ht4 G C T A T C A 0.07

ht5 G T C A C C G 0.06

SNP8, SNP9, SNP12, and SNP16 are HT-SNPs for distinguishing these 5 common haplotypes.
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Table 3
Association analysis for SNPs of CPT/A and type 2 diabetes mellitus
SNP M/m alleles Genotype distribution (MM/Mm/mm) Minor allele frequency P

Case Control Case Control Genotype Allele
SNP1 C/G 208/105/11 193/90/17 0.20 0.21 .35 .64
SNP4 G/A 87/166/71 68/157/74 0.48 0.51 44 22
SNP5 A/G 252/67/4 234/45/4 0.12 0.09 31 .20
SNP6 G/C 272/44/2 256/43/1 0.07 0.08 .85 .98
SNP8 G/A 150/139/33 135/119/33 0.32 0.32 .85 .88
SNP9 T/C 267/55/2 257/43/0 0.09 0.07 .25 21
SNP12 A/G 194/113/16 174/92/18 0.22 0.23 .65 97
SNP16 T/C 245/74/4 238/54/5 0.13 0.11 32 .29
SNP19 G/A 200/105/19 180/103/13 0.22 0.22 .63 91

M and m indicate major and minor alleles, respectively.

intercalator-mediated fluorescence resonance energy trans-
fer probe methods were identical to those determined by
direct sequencing of PCR products for the 22 DNA samples
subjected to this latter analysis.

2.5. Statistical analysis

Averaged data are presented as means + SD. We
assessed association and Hardy-Weinberg equilibrium by
the y* test. Linkage disequilibrium (LD) and haplotype
analyses were performed with SNPAlyze software version
5.0 Pro (Dynacom, Chiba, Japan). Haplotype estimation was
performed by the expectation-maximization algorithm. To
measure LD between SNPs, we calculated D’ for 86
nondiabetic individuals. Statistical analysis was performed
using StatView software version 5.0-J (SAS Institute, Cary,
NC). Comparisons among several groups were performed
using the Kruskal-Wallis test, and categorical variables were
compared using the 72 test. A P value of less than .05 was
considered statistically significant.

3. Results

We identified a total of 19 SNPs at the CPTIA locus
(Fig. 1, Table 1). Genotyping of these 19 SNPs in 22
diabetic patients revealed 4 groups of polymorphisms in
absolute LD: group 1, SNP2, SNP3, SNP5, and SNP7;
group 2, SNP9 and SNP10; group 3, SNP13 and SNP14;

group 4, SNP18 and SNP19 (Fig. 1). We selected one SNP
from each group and then genotyped these 4 representative
SNPs together with the 9 remaining polymorphisms in 86
nondiabetic individuals to identify LD blocks. The genotype
frequency for SNP15 was not in Hardy-Weinberg equilib-
rium (P < 0.05), and this SNP was therefore not analyzed
further. Linkage disequilibrium analysis identified a strong
LD block between SNP8 (intron 5) and SNP17 (intron 14)
(Fig. 2). We identified 5 common haplotypes for the 7 SNPs
in the LD block as well as 4 haplotype-tagging SNPs (HT-
SNPs) to distinguish these 5 common haplotypes and to
capture the most haplotype diversity [24] (Table 2). We then
expanded genotyping for these 4 HT-SNPs (SNP8, SNP9,
SNP12, SNP16) and the 5 SNPs outside of the LD block
(SNPI1, SNP4, SNP5, SNP6, SNP19) to all 624 samples to
perform an association study. No significant associations
between these SNPs and type 2 diabetes mellitus were
observed (Table 3). Furthermore, haplotype analysis
revealed that the frequencies of the haplotypes for the LD
block did not differ significantly between cases and controls
(data not shown). These 5 haplotypes accounted for 99% of
all chromosomes.

We next analyzed the possible effects of haplotype on
HLC, HOMA-IR, and serum triglyceride concentration in
87 type 2 diabetic patients. We detected a borderline
association for the Az2 haplotype of the LD block and
HOMA-IR (P = .066). However, this haplotype was not

Table 4

Clinical profiles of type 2 diabetic patients according to genotype for the 422 haplotype of CPT1A4

Characteristic —/— (n = 40) —/ht2 (n = 37) ht2/ht2 (n = 10) P
Sex (male/female) 26/14 21/16 4/6 347
Age (y) 582 + 13.6 60.4 + 12.5 56.8 £ 10.9 47
BMI (kg/m?) 250 £ 42 253 £ 3.7 27.0 £ 6.0 .69
FPG (mmol/L) 74+ 19 75+ 25 75+ 1.6 75
FIRI (pmol/L) 46.6 + 39.7 49.0 + 31.5 923 + 65.3 .064
HOMA-IR 2.7 £ 2.1 3.0£23 52135 .066
Total serum cholesterol (mmol/L) 5.40 + 0.88 5.35 + 0.89 5.53 + 1.06 .73
Serum triglyceride (mmol/L) 1.72 £ 0.89 1.72 £ 0.81 1.65 + 0.63 97
Serum HDL cholesterol (mmol/L) 1.22 + 0.37 1.19 £ 0.27 1.18 £ 0.17 97
HLC (U) 9.1+ 62 95+ 6.7 12.9 + 8.1 34

Statistical analysis was performed using the Kruskal-Wallis test, unless specified otherwise. Data are expressed as means = SD. HDL indicates high density

lipoprotein.
2 52 Test.
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associated with HLC (P = .34) or with serum triglyceride
concentration (P = .97) (Table 4). Although we measured
HOMA-IR in an additional 149 type 2 diabetic patients,
we still did not detect a significant association with /2
(3.5£59,29 £ 2.5, and 4.3 £ 3.8 for —/—, —/+, and +/
+, respectively; n = 236, P = .29). We also examined the
possible association of individual SNPs inside and outside
of the LD block (SNP1, SNP4, SNP5, SNP6, SNPS8,
SNP9, SNP12, SNP16, SNP19) with HOMA-IR or HLC.
No significant differences in these parameters were
apparent among genotypes for any of these SNPs (data
not shown).

4. Discussion

Our results failed to reveal an association between SNPs
or common haplotypes of CPTIA and type 2 diabetes
mellitus. Furthermore, we found no association between
CPT1A haplotypes or SNPs and either an index of insulin
resistance or HLC in Japanese with type 2 diabetes mellitus.

Although about 30 mutations of CPTIA have been
described [16-20], as far as we are aware, our results
constitute the first association study for CPT/A variants and
insulin resistance or type 2 diabetes mellitus. We screened
all exons by direct sequencing of PCR products from 22
DNA samples. One variant was detected in exon 11 (C>T at
position 33 629) that did not result in a change in amino acid
(Phe417Phe) and had a minor allele frequency of 13.6%.
Screening of 22 DNA samples was sufficient to detect
common polymorphisms but not rare ones. Our screening
for CPTI1A variants indicates that reported functional or
putatively functional mutations are not common in the
Japanese population.

We identified and analyzed 19 SNPs at the CPT/A4 locus,
an average marker density of 1 per 4.8 kilobase (kb)
covering a total of 87 kb of DNA sequence. To reduce the
risk of type II error in association studies with a relatively
small sample size, we analyzed LD between SNPs and
performed a haplotype association study for an identified
LD block. Statistical analysis based on haplotypes is often
more efficient than are separate analyses of individual SNPs
[25,26]. However, we found no association of either SNPs
or haplotypes with type 2 diabetes mellitus.

Association studies with relevant clinical parameters can
be a useful approach to clarification of the role of genetic
factors in the pathogenesis of type 2 diabetes mellitus or
insulin resistance [27]. We previously showed that the
—112A>C polymorphism of the uncoupling protein 1 gene
(UCPI) is a determinant of hepatic lipid accumulation and
the development of insulin resistance in type 2 diabetic
patients [28]. Stefan and colleagues [29,30] showed that the
—514C>T polymorphism of the hepatic lipase gene (LIPC)
as well as polymorphisms in the gene for adiponectin
receptor 1 (ADIPORI) were associated with liver fat content
and insulin resistance. These observations reveal the
existence of genetic determinants of liver fat content and

insulin resistance, and they suggest that such genetic
variants may serve as biomarkers for these conditions.

The CPT enzyme system facilitates the transport of long-
chain fatty acids into mitochondria. In the liver, excess long-
chain fatty acids are converted into triglycerides, a
proportion of which is stored in hepatocytes and the
remainder is secreted into the plasma as very low-density
lipoprotein, giving rise to hypertriglyceridemia [31]. It is
possible that differences in CPT1 activity attributable to
genetic polymorphisms affect HLC and serum triglyceride
concentration. However, our data failed to reveal a
significant association of CPT1A polymorphisms with these
parameters. Furthermore, Cptla™~ mice were recently
found not to show an increase in liver fat content or in
serum triglyceride concentration [32]. The effects of genetic
variants of CPT/A4 in humans are likely to be even smaller
than that of Cpt/a hemizygosity in mice. Our data thus
seem consistent with the phenotype of Cptla™~ mice.

In conclusion, we found no evidence for a substantial
effect of CPT1A4 haplotypes or SNPs either on susceptibility
to type 2 diabetes mellitus or on HLC or insulin resistance
in type 2 diabetic patients. However, association studies for
genetic polymorphisms and clinical parameters such as
HLC may provide insight into the pathogenesis of type 2
diabetes mellitus and insulin resistance in humans. Similar
studies with a larger sample size and with nondiabetic
individuals are needed to clarify the clinical importance of
CPTI1A in humans.
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