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Abstract

C-peptide is a substance that the pancreas releases into the circulation in equimolar amounts to insulin and has demonstrated
important physiological effects which relate to the vascular field, in particular the microcirculation. For this analysis, we included
321 full and 36 half sibling pairs affected with type 2 diabetes (T2D) from West Africa. A genome-wide panel of 390 tri-nucleotide
and tetra-nucleotide repeats with an average distance of 8.9 cM was performed on a total of 691 persons. Variance components
based on multipoint linkage approach as implemented in SOLAR were performed for log C-peptide. Significant linkage evidences
were observed on 10q23 at D10S2327 with a LOD score of 4.04 (nominal p-value = 0.000008, empirical p-value = 0.0004); and on
4p15 at D4S2632 with a LOD score of 3.48 (nominal p-value = 0.000031, empirical p-value = 0.0013). Other suggestive evidence
of linkage were observed on 15q14 at D15S659 with a LOD score 2.41 (nominal p-value = 0.000435, empirical p-value = 0.0068),
and on 18pl1 near D18S976 with a LOD score 2.18 (nominal p-value = 0.000771 and empirical p-value = 0.0094). Interestingly,
five positional candidate genes for diabetes and related complications are located in our linkage region (the pituitary adenylate
cyclase activating polypeptide (PACAP in 18p11); the peroxisome proliferator-activated receptor gamma coactivator 1 (PPARGC1
in 4p15); PTEN, PPP1RS5, and IDE located in 10q23. In conclusion, we identified four major genetic loci (10923, 4p15, 15q14, and
18p11) influencing C-peptide concentration in West Africans with T2D.
© 2007 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction
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physiological role of C-peptide is to facilitate the
folding of the pro-insulin molecule. However, recent
studies have been demonstrated physiological effects of
C-peptide involving renal and nerve function, and the
stimulation of whole body glucose uptake in patients
with type 1 diabetes [1-4]. For example, a positive
linear relationship has been observed between residual
plasma C-peptide concentration and erythrocyte Na*—
K*-ATPase activity in a cohort of patients with T2D [5].
Under diabetic conditions, Na*, K*-ATPase activity is
decreased in different cell types and might be involved
in the pathogenesis of various diabetic complications
[6-8]. In contrast, similar physiologic effects of C-
peptide have not been observed in health subjects or
animals suggesting a saturation of the mechanisms of C-
peptide action in health subjects [6]. These growing
physiologic importances of C-peptide prompted us to
considerate C-peptide as a phenotype in whole-genome
linkage studies for T2D.

2. Research design and methods
2.1. Subjects

Participants included in these analyses were enrolled in the
AADM study as described in detail by Rotimi et al. [9,10]. The
protocol was approved by Institutional Review Board (IRB) of
each institution and written informed consent was obtained
from all participants. At the time of these analyses, the AADM
study enrolled only affected pairs with T2D. In this regard,
data on parents and other family members were not available.
Participants were enrolled from three centers in Nigeria
(Enugu, Ibadan and Lagos) and two centers in Ghana (Kumasi
and Accra). Diabetes diagnosis was based on the criteria
established by the America Diabetes Association Expert
Committee as follows: a fasting plasma glucose (FPG) con-
centration > 126 mg/dl (7.0 mmol/l) or a 2-h post-load value
in the OGTT > 200 mg/dl (11.1 mmol/l) on more than one
occasion. The detection of auto-antibodies to glutamic acid
decarboxylase (GAD) antibody and/or a fasting C-pepti-
de < 0.03 nmol/l were used to exclude probable cases of type
1 diabetes. Probands were required to: (1) be older than 25
years at the time of diagnosis of T2DM; (2) have at least one
full sibling with T2DM; (3) not have classical features of type
1 diabetes (i.e., insulin-dependence, repeated episodes of
ketoacidosis); and (4) not have cases of type 1 diabetes in
first degree relatives. The diagnosis of diabetes was based on
the 1999 America Diabetes Association criteria.

2.2. Measurements

Detailed clinic examination was conducted on each parti-
cipant including physical exam, medical history, anthropo-
metric measurements, blood pressure and venous puncture to
obtain blood samples for biochemistries and genetic analyses.

A minimum of 8-h fasting blood samples were obtained from
all participants for the assessment of multiple metabolic traits
including glucose, insulin, C-peptide, basic chemistries and
complete lipid profile in centralized reference labs in the
Northwest Lipid Research Laboratories and the Diabetes
Endocrinology Research Center (DERC) immunoassay Core
Laboratory in Seattle, Washington. In brief, the C-peptide
radioimmunoassay uses a commercially available antibody
from Linco and the assay is a 48-h PEG accelerated assay. The
antibody is produced in guinea pigs by repeated immunization
with highly purified human C-peptide.

2.3. Genotyping

Genotyping was carried out at the Center for Inherited
Disease Research (CIDR). The CIDR marker set is composed
primarily of tri-nucleotide and tetra-nucleotide repeats and
consists of 392 primer pairs with average distance of 8.9 cM
throughout the genome. The average marker heterozygosity is
0.76. For AADM study, 390 short tandem repeat markers were
genotyped for an average sex-equal distance of 8.9 cM and with
no gaps greater than 18 cM. Extensive quality checks were
carried out to verify consistency of marker genotyping and
stated pedigree relations. We used all 390 markers to check
pedigree errors by S.A.G.E.-REALTEST [11] whichis based on
likelihood method to check the degree of biological relationship
for each sibpair and as a result, 36 sibling pairs were re-assigned
as half sibling pairs according to the results of REALTEST
procedure. Then, PedCheck [12] was used to check for Men-
delian inconsistency. Inconsistency rate was 0.11%. Errors
identified in PedCheck were assumed to have occurred in the
genotyping process and the associated mar-kers were set to
missing among the appropriate pedigree. Hardy—Weinberg
equilibrium at each locus was assessed by the x> test [13].

2.4. Statistical analysis

Descriptive statistics were calculated using SAS (The SAS
Institute, Cary, NC, USA). Covariates were included in link-
age analyses if they explained a significant portion of the
variation (significant parameter estimate p < 0.05 and/or
increase in model #* > 0.01) in the phenotype. The covariate
meeting these criteria that were adjusted for are duration of
T2D, treatment of insulin, insulin, and gender. We did not
adjust for oral hypoglycemic agents because over 80% of the
subjects were on oral agents for blood glucose control. We
performed a logarithmic transformation to improve the skew-
ness and kurtosis of the data [14]. Heritability of log C-peptide
was estimated by means of variance component modeling as
implemented in SOLAR software package [15]. Covariates in
the model were duration of T2D, treated with insulin (yes
versus no), insulin, and gender. QTL linkage analysis of log C-
peptide was performed using the multipoint variance compo-
nent approach in SOLAR software package [15]. We used the
log C-peptide in all linkage analyses because of the sensitivity
of the variance components method to assumptions of normal-
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ity. In variance components linkage analysis, the variance of a
trait is decomposed into locus-specific effects determined by
the identity-by-descent (IBD) relationships (additive QTL
variance), the residual additive genetic effects (additive poly-
genic variance) and individual specific random environmental
effects (random environmental variance).

The null hypothesis is that the additive QTL variance equals
zero (no linkage) and this was tested by comparing the like-
lihood of the restricted model with that of a model in which the
additive QTL variance is estimated. The difference between the
two log likelihoods produces a logarithm of odds (LOD) score.
Twice the difference between the two log likelihoods of these
models yields a test statistic that is asymptotically distributed as
a 50:50 mixture of a x> variable and a point mass at zero.
SOLAR assessed linkage by fitting a polygenic model which
does not incorporate genetic marker information and comparing
it with model which incorporate genotype data at a specific
marker (two point analyses) or across a chromosome (multi-
point analysis). The null hypothesis of no linkage at a specific
chromosomal location was tested by comparison of a polygenic
model to a model with genetic variance components for both a
QTL and polygenic factors. The log(base 10) of the ratio of the
likelihoods of the polygenic and maker-specific models is the
log of the odds score (LOD). A multivariate normal distribution
is assumed in SOLAR. The significant level for covariates was
p-value < 0.05.

Marker map order and positions were taken as that on sex-
averaged genetic maps provided by the Marshfield Medical
Research Foundation (http://research.marshfieldclinic.org/
genetics/Map_markers/maps). A LOD score > 3.3 is consid-
ered as strong evidence of linkage and a LOD score > 1.9 but
<3.3 as suggestive evidence of linkage [16].

3. Results

Clinical characteristics of the affected subjects are
shown in Table 1. The study sample included 691
persons (59.3% women) with T2D. The mean age was
53 years, age at diagnosis was 48 years and mean
duration of diabetes at the time of the study was 7 years.

Table 1
Demographic characteristics of study participants

Male Female
No. of individuals (%) 281 (40.67) 410 (59.33)
Families (n) 343
Sibpairs (1) 321
Half sibpairs (n) 36
Age (years) 53.8 £ 10.5 53.0+11.1
Height (cm)** 169.6 +7.2 159.0 £ 7.00
Body mass index (kg/m?)%** 25.0+53 273+5.6
C-peptide (ng/ml)** 1.09 £ 0.7 1.36 £ 0.78
Fasting insulin (nU/ml) 19.6 £27.0 23.2+£32.0
Fasting glucose (mg/dl) 198.5 £95.6 202.8 £ 86.8

Data are means + S.D. unless otherwise indicated for diabetes indi-
viduals. Represents significant difference comparing with women
**(p <0.01).

Mean value of C-peptide, insulin and glucose were
1.25 ng/ml, 21.70 wU/ml, and 201.00 mg/dl, respec-
tively. The correlation between the log C-peptide value
and covariates are shown in Table 2. The maximum
likelihood heritability estimates for log C-peptide was
0.72 (S.E. 0.095, p=5.42 x 107'%). Most of the
subjects (79%) were on oral hypoglycemic agents
(OHA) only, 8% were on insulin, 2.5% were on both
insulin and OHA, and 8% were on dietary management
only. Approximately 50% of these diabetes patients
were also hypertensive.

Results of the multipoint linkage analysis for log C-
peptide with duration of T2D, treated with insulin, insulin
and gender as covariates are displayed in Figs. 1 and 2 and
a summary of the results is displayed in Table 3. Two
significant linkage regions and two suggestive linkage
regions were identified. Ten thousand simulations were
performed to determine the robust corrected LOD score
and corresponding empirical probability values for peaks
observed on chromosome 4, 10, 15, and 18, respectively.
The strongest evidence was located on 10q23 region
near D10S2327 with a LOD score 4.04 (nominal

Table 2
Relationship between covariates and log C-peptide
log C-peptide Duration of diabetes Age Insulin Glucose
log C-peptide 1 —0.17"" —0.06 0.14™ 0.04
Duration of diabetes 1 031" 0.08" 0.10°
Age 1 0.02 —0.08
Insulin 1 0.009
Glucose 1
Insulin treatment
Yes —0.12 £0.88 11.00 £ 9.83 52.41 £ 10.21 55.88 £46.31 223.10 £97.31
No 0.05 £ 0.6 6.49 £+ 6.51 53.49 £ 1091 15.85 +11.03 198.46 + 89.54

* p-Value < 0.01.
™ p-4alue < 0.001.
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Fig. 1. Plot of genome-wide scan for log C-peptide from multipoint variance components linkage analysis with SOLAR on chromosome 1-22.
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Fig. 2. Plot of log C-peptide from multipoint variance components linkage analysis on chromosome 4, 10, 15, and 18.

p-value = 0.000008 and empirical p-value = 0.0004).
Another significant linkage region was located on
4pl5 region near D4S2632 with a LOD score 3.48
(nominal p-value =0.000031 and empirical p-value =
0.0013). One suggestive linkage region was identified on
15q14 near D15S659 with a LOD score 2.41 (nominal
p-value = 0.000435 and empirical p-value = 0.0068) and

Table 3
Maximum LOD scores > 1.0 for log C-peptide in the AADM study

another suggestive linkage region was observed on
18p11 near D18S976 with a LOD score 2.18 (nominal
p-value =0.000771 and empirical p-value =0.0094).
This study had 80% power to detect, with LOD score
3.0, a QTL which accounts for approximately 60% of the
trait variance and with LOD score 2.0, approximately
52% of trait variance.

Chromosome Nearest marker Max location (cM) Region (cM) LOD score (nominal p-value) Empirical p-value
3 D3S2418 216 215-218 1.08 (0.012910) 0.0532
4 D4S2632 51 40-65 3.48 (0.000031) 0.0013
9 D9S930 117 112-121 1.58 (0.003509) 0.0270

10 D10S2327 103 97-113 4.04 (0.000008) 0.0004

15 D15S659 43 38-48 2.41 (0.000435) 0.0068

15 D15S652 94 88-100 1.28 (0.007622) 0.0403

18 D18S976 20 11-28 2.18 (0.000771) 0.0094
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4. Discussion

Physiologically, C-peptide has been shown to increase
forearm muscle blood flow [17], to enhance oxygen
uptake and capillary diffusion capacity in the exercising
forearm [2]. Under diabetic condition C-peptide has been
shown to: (1) redistribute micro-vascular skin blood flow
in C-peptide negative patients [18]; (2) improve micro-
vascular complications, such as diabetic nephropathy and
diabetic neuropathy [1,3]; (3) attenuate Na*™—K*-ATPase
activity in different cell types [19,20]; and (4) augments
the vasoconstrictor effects of neuropeptide Y in insulin-
dependent patients. In all, there is growing evidence
suggesting that pro-insulin C-peptide improves renal and
nerve function as well as microcirculation in patients
with insulin-dependent diabetes possibly by stimulating
Na—K*-ATPase activity [4,17,21].

Several genes on chromosome 18 have been suggested
as metabolic disease candidates and one such gene,
adenylate cyclase activating polypeptide 1 (ADCYAP1)
previously known as PACAP, MIM 102980), is within
our linkage region in 18p11 (multipoint empirical LOD
score of 2.78) near marker C18S1781. The main function
of the ADCYAP1 gene is the stimulation of insulin
secretion in a glucose-dependent manner [21]. This
action has been shown to be executed mainly through
augmentation of the formation of cAMP and the
stimulation of the uptake of calcium [21].

The peroxisome proliferative activated receptor,
gamma, coactivator 1 (PPARGCI1) gene is located in
our linkage region on chromosome 4 (4pl5, empirical
LOD score = 2.53 peak at marker D452639). It has been
well documented that many of the genes dysregulated in
both diabetes and ‘prediabetes’ are regulated by
PPARGC1 and nuclear respiratory factor (NRF)-
dependent transcription [22]. Although the mechanism
of action is not completely known, accumulating
evidences suggest that PPARGCI1 and NFR may play
a central role in the pathogenesis of T2D [23,24].

Our strongest evidence of linkage was in the 10q23
region near D10S2327 with a LOD score of 4.04.
Interestingly, this region also demonstrated significant
linkage in a study of Mexican Americans with T2D [25].
This region on 10q harbors multiple candidate genes
including PTEN, PPPIRS and IDE for T2D [26,27].
Reduction of IDE activity by a pharmacological inhibitor
increase islet amyloid polypeptide (amylin) accumula-
tion and amylin-mediated cytotoxicity in cultured 3-cells
[27]. Two studies have demonstrated positive association
between IDE and T2D [28,29]. In all, we plan to conduct
fine mapping of our linkage regions especially the 10q23
region. In addition, we plan to further characterize

important candidate genes in our linkage regions to
evaluate their potential physiologic role in T2D.
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