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INTRODUCTION

ABSTRACT

Aims/Introduction: Gene—environment interactions are considered to critically
influence type 2 diabetes mellitus development; however, the underlying mechanisms
and specific interactions remain unclear. Given the increasing prevalence of low
birthweight (LBW) influenced by the intrauterine environment, we sought to investigate
genetic factors related to type 2 diabetes development in individuals with LBW.
Materials and Methods: The interaction between 20 reported type 2 diabetes
susceptibility genes and the development of type 2 diabetes in LBW (<2,500 g)
individuals in a population-based Japanese cohort (n = 1,021) was examined by logistic
regression and stratified analyses.

Results: Logistic regression analyses showed that only the G/G genotype at the
rs1862513 locus of the resistin gene (RETN), an established initiator of insulin resistance,
was closely related to the prevalence of type 2 diabetes in individuals with LBW. Age, sex
and current body mass index-adjusted stratified analyses showed a significant interaction
effect of LBW and the RETN G/G genotype on fasting insulin, homeostatic model
assessment 2-insulin resistance, Matsuda index and the prevalence of type 2 diabetes (all
P-values for interaction <0.05). The adjusted odds ratio for type 2 diabetes in the

LBW + G/G genotype group was 7.33 (95% confidence interval 243-22.11; P = 0.002)
compared with the non-LBW + non-G/G genotype group. Similar results were obtained
after excluding the influence of malnutrition due to World War II.

Conclusions: Simultaneous assessment of LBW and the RETN G/G genotype can more
accurately predict the risk of future type 2 diabetes than assessing each of these factors
alone, and provide management strategies, including early lifestyle intervention in LBW
population.

these interactions can be attributed to the challenge of quantify-

Gene—environment interactions have been considered a crucial
aspect of type 2 diabetes mellitus development; however, con-
crete examples are lacking and the underlying mechanisms
have not been fully elucidated' . The lack of clarity regarding
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ing environmental factors on type 2 diabetes.

In 23 of the 36 Organization for Economic Cooperation and
Development countries, the proportion of infants with low
birthweight (LBW), a well-known phenotype related to the
intrauterine environment, has been increasing since 2000*. The
prevalence of LBW in Japan has also increased substantially
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from 5.1% in 1975 to 9.2% in 2020, and remains high®; thus,
LBW has become a public health concern. LBW is closely asso-
ciated with an increased risk of type 2 diabetes in later life®”;
however, the underlying mechanisms remain unclear.

The developmental origins of health and disease hypothesis
suggests that circumstances during the fetal and developmental
periods might increase the risk of developing non-
communicable diseases in adulthood'’. The developmental ori-
gins of health and disease hypothesis is based on the thrifty
phenotype hypothesis, namely, that in an intrauterine environ-
ment characterized by undernutrition, the fetus becomes an
LBW infant and acquires an environmentally adapted “thrifty”
phenotype''. Furthermore, the fetal programming hypothesis
suggests adaptation to the environment through metabolic pro-
gramming, such as epigenetics'> '*. Specifically, in a prenatal
environment of undernutrition, postnatal overnutrition might
increase the risk of mismatch with the predictive adaptive
response, leading to the development of non-communicable
diseases'>. In a previous population-based cohort study, we
found that the prevalence of type 2 diabetes was much higher
in individuals with LBW and obesity in adulthood'®. Alterna-
tively, the fetal insulin hypothesis posits that genetic factors that
either reduce insulin secretion from B-cells or increase insulin
resistance lead to LBW through the dysfunction of insulin-
mediated fetal growth, which in turn leads to the development
of type 2 diabetes; however, this hypothesis has not yet been
verified'” '®. Accumulating data from genome-wide association
studies have shown that various type 2 diabetes risk alleles were
also associated with birthweight™.

These results suggest that both the intrauterine environment
and genetic factors explain an essential part of the close associa-
tion between LBW and the risk of type 2 diabetes later in life;
however, this interaction remains to be verified. Given the
increasing prevalence of LBW infants worldwide, clarifying the
clinical characteristics and genetic factors related to the onset of
type 2 diabetes in the context of LBW could be important for
the initiation of early lifestyle interventions targeting disease
prevention. Therefore, we carried out a population-based Japa-
nese cohort study to analyze the influence of the interaction
between LBW as the quantitative phenotype influenced by the
intrauterine environment and the reported risk genotypes of
type 2 diabetes susceptibility genes on the emergence of type 2
diabetes in later life.

MATERIALS AND METHODS

Study overview

The Toon Genome Study was carried out as part of the Toon
Health Study, a prospective cohort study of the general popula-
tion in Toon City, Ehime Prefecture, Japan, which was designed
to evaluate the pathological mechanism underlying type 2
diabetes>'. This study has been ongoing since 2009. Interviews,
physical examinations and blood testing were carried out on
participants aged 30-79 years. Blood tests included the 75-g

http://wileyonlinelibrary.com/journal/jdi

oral glucose tolerance test, and type 2 diabetes was defined as a
fasting blood glucose level >7.0 mmol/L, 2-h postprandial
glucose level >11.1 mmol/L, glycated hemoglobin >6.5%
(48 mmol/mol) or the current use of hypoglycemic agents,
according to American Diabetes Association criteria®”. Insulin
levels were measured using the ECLusys system (Roche Diag-
nostics, Tokyo, Japan). The homeostatic model assessment 2
for insulin resistance (HOMA2-IR), homeostatic model assess-
ment 2 for B-cell function (HOMA2-B) and Matsuda index
were analyzed as previously described”> °. Fasting serum resis-
tin levels were measured using a human resistin immunoassay
kit (EMD Millipore Corporation, Billerica, MA, USA) according
to the manufacturer’s instructions. Overweight was defined as a
body mass index (BMI) >25 kg/m”.

To exclude the influence of malnutrition during and after
World War II in Japan, we carried out a subanalysis with indi-
viduals born between 1943 and 1947 excluded.

Genotyping

To evaluate the influence of single-nucleotide polymorphisms
(SNPs) on the risk of developing type 2 diabetes in individuals
with LBW, we analyzed the risk genotypes of 20 SNPs in
type 2 diabetes susceptibility genes identified in prior studies of
a Japanese population, and the odds ratio (OR) for type 2 dia-
betes was >1.1°°7°": 151862513 (RETN), rs8050136 (FTO),
rs516946 (ANKI), rs459193 (C5orf67), 1s7754840 (CDKALI),
rs10811661 (CDKN2A/2B), 1s780094 (GCKR), rs11787792
(GPSM1), rs1111875 (HHEX), rs7501939 (HINFIB), rs1470579
(IGF2BP2), rs5219 (KCNJj11), rs2237897 (KCNQI), rs6815464
(MAEA), 1511257655 (CAMKID), rs7172432 (C2CD4A),
1513266634 (SLC30A8), 157612463 (UBE2E2), rs12255372
(TCF7L2) and rs12571751 (ZMIZI). Genomic deoxyribonucleic
acid (DNA) was extracted from peripheral blood (QIAamp
DNA blood kit; QIAGEN, Hilden, Germany). SNPs were geno-
typed by TaqMan analysis using a commercially available
primer-probe mix from the Assay-on-Demand system (Applied
Biosystems, Waltham, MA, USA). All call rates were greater
than 95%.

Birthweight data

To evaluate birthweight, we mailed a self-administered ques-
tionnaire to all participants. To reduce recall bias, the data
sources were limited to maternal and child health handbooks,
family record at birth or information from family members; if
there were any unclear or inconsistent answers, we resent a
questionnaire or carried out telephone interview. Finally, uncer-
tain data were excluded. We also obtained data on the current
use of hypoglycemic agents and the family history of diabetes
from the questionnaire. Participants either reported the exact
birthweight (in grams), if available, or chose from one of six
categories  (<2,000; 2,000-2,499; 2,500-2,999; 3,000-3,499;
3,500-3,999; and >4,000 g). LBW was defined as a birthweight
<2,500 g*°.
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Statistical analysis

Participant characteristics were compared among four groups
divided according to the presence or absence of LBW and
type 2 diabetes. The Kruskal-Wallis test was used to analyze
continuous variables, and the y*-test was used for categorical
variables. We calculated the ORs and 95% confidence intervals
(CIs) for the prevalence of type 2 diabetes among individuals
with LBW. The independent variables were risk allele homozy-
gotes of the 20 known type 2 diabetes susceptibility genes.
Kruskal-Wallis tests were carried out to compare serum resis-
tin, fasting insulin, HOMA2-IR and Matsuda index levels
among the four groups divided according to the presence or
absence of LBW and the G/G genotype of the human resistin
gene (RETN) SNP rs1862513 (RETN G/G genotype). The Steel
test was used in post-hoc analysis for multiple comparisons. To
analyze the interaction between LBW and the RETN G/G geno-
type, two-way analysis of variance was carried out. Serum resis-
tin, fasting insulin, HOMA2-IR, Matsuda index and the
prevalence of type 2 diabetes were used as dependent variables,
whereas age, sex, current BMI, birthweight (non-LBW =0,
LBW = 1), RETN genotype at rs1862513 (C/C or C/G =0, G/
G=1), and a combination of birth weight and genotype
(LBW x RETN G/G genotype) were used as independent vari-
ables. We then calculated the age-, sex- and current BMI-
adjusted ORs for the prevalence of type 2 diabetes in all indi-
viduals of the cohort using logistic regression analysis. All P-
values were two-sided, and statistical significance was judged at
P < 0.05. SAS software version 9.4 (SAS Institute Inc, Cary,
NC, USA) was used for all statistical analyses.

Ethical approval

The study protocol was approved by the Ethics Committee of
Ehime University Graduate School of Medicine (Approval No.
29-K3), and conformed to the provisions of the Declaration of
Helsinki. Informed consent was obtained from all participants.

Clinical trial registration
This cohort study was registered in the UMIN Clinical Trials
Registry (UMIN ID: UMIN000036074).

RESULTS

Clinical characteristics of participants

The eligibility criteria and selection process for inclusion of
participants in the present study are shown in Figure 1. Of
the 2,505 participants who underwent a medical checkup
between August 2009 and June 2022, 1,484 were excluded
because of the unavailability of DNA samples (n = 21) or
unanswered questions/uncertain information about birth-
weight (n = 1,463). Ultimately, 1,021 individuals were
included in this study. The characteristics of these partici-
pants are summarized in Table 1. In brief, the median age
and BMI of the participants were 56 years (interquartile
range [IQR] 4564 years) and 22.4 (IQR 20.5-24.8), respec-
tively, and 32.3% of the participants were men. The
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prevalence of type 2 diabetes and of LBW were 13.1% and
11.7%, respectively.

Clinical characteristics of individuals with LBW with type 2
diabetes

Logistic regression analyses showed an increased risk of type 2
diabetes in the LBW group compared with the non-LBW
group after adjusting for age, sex and current BMI (OR 2.28,
95% CI 1.38-3.78; P = 0.001), which is supported by previous
reports®’. We then evaluated the clinical characteristics of indi-
viduals with type 2 diabetes in the LBW group (Table 1). Strat-
ified analyses according to LBW and type 2 diabetes status
showed that the waist-to-hip ratio, family history of diabetes,
high-sensitivity C-reactive protein, fasting insulin and HOMA2-
IR were substantially higher, whereas high-density lipoprotein
cholesterol, Ay j;, immunoreactive insulin/Aq y;, plasma glucose
and Matsuda index were lower in the individuals with LBW
with type 2 diabetes group. These results suggest that the path-
ophysiology of type 2 diabetes in individuals with LBW is pre-
dominantly attributed to insulin resistance and relative insulin
secretion impairment.

Association of the RETN G/G genotype with an increased risk
of type 2 diabetes in individuals with LBW

Next, we evaluated the influence of the risk genotypes of the 20
reported type 2 diabetes susceptibility genes for the LBW sub-
group of the cohort (Table 2). Logistic regression analyses
showed that the RETN G/G genotype was closely related to an
increased risk of type 2 diabetes in individuals with LBW (OR
6.71; 95% CI, 2.13-21.12; P = 0.001). However, the risk geno-
types of other known type 2 diabetes susceptibility genes were
not associated with an increased risk of type 2 diabetes in indi-
viduals with LBW. Thus, we subsequently focused on RETN,
which is known to play a key role in insulin resistance, inflam-
mation, metabolic syndrome and type 2 diabetes®>** .

The proportion of individuals carrying the RETN G/G geno-
type in this Japanese cohort (10.9%) was similar to that previ-
ously reported in another Japanese cohort’. Also consistent
with the previous study, circulating resistin levels were mark-
edly higher in the RETN G/G genotype group than in the C/C
or C/G genotype group (median 17.6, IQR 13.4-22.1 vs median
10.0, IQR 7.6-13.7; P < 0.001). Furthermore, multivariable
regression analyses showed that serum resistin levels were posi-
tively associated with current BMI, waist-to-hip ratio, fasting
insulin, HOMA2-IR, triglyceride-to-high-density lipoprotein
cholesterol ratio and high-sensitivity C-reactive protein levels
(Table 3). Conversely, the RETN G/G genotype was not associ-
ated with the prevalence of LBW (13.5% for the G/G genotype
vs 11.4% for the C/C or C/G genotype; P = 0.518).

LBW and RETN G/G interaction increases the risk of insulin
resistance and type 2 diabetes in adulthood

We further investigated the clinical characteristics of individuals
with LBW with the G/G genotype. Serum resistin levels were

© 2024 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd
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Japanese general population participating in the
Toon Health Study from 2009 to 2022 (n = 2,505)

.| Excluded (n=21)

* Unavailability of DNA samples

\ 4

Toon Genome Study (n = 2,484)

| Excluded (n = 1,463)
"] ¢+ Unanswered question or uncertain information about birth weight

A 4

Included in analysis (n = 1,021)

75-g OGTTs performed in 986 individuals without a history of diabetes.

Excluded (n = 163)

A 4

* Individuals born between 1943 and 1947

\ 4

during and after World War Il (n = 858)

Subgroup analysis excluding the influence of malnutrition

Figure 1 | Flowchart for participant selection. To exclude the influence of malnutrition during and after World War Il in Japan, we also carried out
a subgroup analysis excluding individuals born between 1943 and 1947. OGTT, oral glucose tolerance test.

significantly increased in individuals with the G/G genotype,
regardless of birthweight. Furthermore, fasting insulin and
HOMA2-IR levels were the highest, and the Matsuda index
was the lowest in individuals with both LBW and the G/G
genotype. The serum resistin, fasting insulin, HOMA2-IR and
Matsuda index levels in individuals with LBW and the C/C or
C/G genotype were similar to those in individuals in non-LBW
with the C/C or C/G genotype group (Figure 2a—d).

Furthermore, we found a significant interaction effect of
LBW and the RETN G/G genotype with fasting insulin,
HOMAZ2-IR, Matsuda index and the prevalence of type 2 dia-
betes (P-value for interaction = 0.016, 0.049, 0.039 and 0.0003,
respectively), but not with serum resistin level (P-value for
interaction = 0.766), after adjustment for age, sex and current
BMI. These results suggest that the interaction between LBW —
as a surrogate marker for the influence of the intrauterine envi-
ronment — and the RETN G/G genotype is associated with
insulin resistance and type 2 diabetes.

Finally, we evaluated the impact of the interaction effect of
LBW and the RETN G/G genotype on the development of
type 2 diabetes. Multivariate logistic regression analyses showed
that the age-, sex- and current BMI- adjusted OR for type 2
diabetes among individuals in the LBW + G/G genotype group
was 7.33 (95% CI 2.43-22.11; P = 0.002) compared with the
reference group (Table 4). Furthermore, the OR for type 2 dia-
betes among individuals in the LBW + G/G genotype group

was 4.00 (95% CI 1.13-14.10; P = 0.031) compared with the
LBW + non-G/G genotype group.

We obtained reproducible results from the subgroup analysis
excluding individuals born between 1943 and 1947 who may
have been influenced by intrauterine undernutrition due to the
food shortage conditions during and after World War I
(Table 5).

Therefore, LBW harboring the G/G genotype significantly
increases the risk of insulin resistance and the development of
type 2 diabetes in adulthood.

DISCUSSION

Information regarding gene—environment interactions in the
development of type 2 diabetes might be important for target-
ing and enabling more effective prevention measures">.
Although the role of gene—environment interactions has been
partially indicated in obesity, their association with the develop-
ment of type 2 diabetes has remained unclear’. One reason for
this uncertainty is the challenge in quantifying environmental
factors.

Genetic factors and the intrauterine environment related to
reduced insulin secretion or insulin resistance are considered to
contribute significantly to the link between LBW and develop-
ing type 2 diabetes in later life'"'®'"; however, there has been
no evidence of the specific interaction between LBW and
type 2 diabetes susceptibility genes to date. In the present study,
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Table 1 | Characteristics of participants in four groups divided by birthweight and incidence of diabetes
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Characteristic Overall Non-LBW' and Non-LBW and LBW and non- LBW and diabetes  P-value
non-diabetes® diabetes diabetes

n 1,021 79 106 91 28

Sex (male/female) 330/691 242/554 48/58 24/67 16/12 <0.001

Age (years), median (IQR) 6 (45-64) 54 (43-63) 63 (57-70)** (44-65) 64 (61-70)** <0001

BMI (kg/m?), median (IQR) 224 (205-24.8) 223 (203-247) 242 (216-266)** 216 (204-237) 243 (22.0-259)* <0001

Waist (cm), median (IQR) 81.5 (75.0-89.0) 810 (74.5-880) 87.0 (79.0-93. O) 790 (73.5-86.0) 860 (838-94.3)** <0001

WHR, median (IQR) 0.88 (0.84-093) 088 (0.84-093) 091 (0.86-0.96)* 088 (0.83-093) 094 (089-096)** <0001

Family history of diabetes, 276 (27.0) 190 (239) 7 (443) 1(23.) 8 (643 <0001
n %)

Overweight, n (%) 237 (232) 174 (219) 44 415) 10 (11.0) 9 (32.7) <0.001

MetS, n (%) 197 (193) 120 (15.1) 2 (49.1) 12 (13.2) 13 (464) <0001

SBP (mmHg), median (IQR) 121 (108-136) 119 (107-133) 138 (125-148)** 117 (105-133) 9 (120-139)* <0001

DBP (mmHg), median 5 (66-83) 4 (65-82) 1 (75-88)** 71 (65-80) 79 (73-83) <0001
(IQR)

Total cholesterol  (mmol/L), 53 (48-59) 53 (48-59) 53 (48-538) 52 (46-57) 5.1 (46-55) 0234
median (IQR)

HDL cholesterol (mmol/ 16 (14-19) 13 (14-19) 15 (1.2-1.8)** 16 (14-18) 1.2 (1.1-1.5)%* <0001
L), median (IQR)

Triglyceride (mmol/L), 10 (0.7-14) 10 (07-13) 13 (09-1.8)** 09 (0.7-14) 13 (08-19) <0.001
median (IQR)

Triglyceride-to-HDL 14 (09-22) 14 (09-2.1) 20 (1.2-32)** 13 (09-2.1) 20 (15-36)* <0001
cholesterol ratio,
median (QR)

hs-CRP (mg/dL), median 004 (002-0.07) 0.03 (002-007) 005 (003-0.10)** 0.04 (002-007) 007 (0.04-0.10)* <0.001
(IQR)

HbATc (%), median (IQR) 55 (52-57) 54 (51-56) 60 (5.7-64)** 54 (52-56) 60 (5.7-63)** <0.001

HbA1c (mmol/mol), 37 (33-39) 36 (32-39) 42 (39-46) 36 (33-39) 42 (39-45)
median (QR)

Fasting PG (mmol/L), 51 (48-54) 50 (4.7-53) 59 (54-6.7)%* 49 (4.7-5.2) 58 (53-6.1)** <0.001
median (IQR)

Fasting IRl (pmol/L), 340 (236-486) 333 (229479 424 (250-75.7)** 313 (229-445) 479 (34.0-604)* <0001
median (IQR)

HOMA2-IR, median 064 (044-093) 062 (043-089) 087 (053—148)** 059 (043-081) 094 (066-1.20)* <0.001
(IQR)

HOMA2-B (%), median 683 (54.7-850) 69.1 (56.3-85.0) 606 (403-82.7)* 683 (549-879) 69.0 (57.1-85.3) 0004
(IQR)

75-g OGTT®, median (IQR)
Fasting PG (mmol/L) 0 (4.7-5.3) 0 (4.7-53) 8 (54-62)** 4.9 (4.7-5.2) 7 (5.2-6.1)%* <0.001
1-h PG (mmol/L) 8 (6.1-9.7) 4 (59-93) 123 (108-13.9)** 4 (60-89) 122 (11.0-14.2*%* <0001
2-h PG (mmol/L) 4 (54-77) 2 (53-73) 112 (85-129)** 2 (53-7.1) 112 (9.8-11.8)** <0001
Fasting IRl (pmol/L) 333 (236-479) 333 (229-472) 417 (222-722)% 31 3 (229-445) 500 (41.0-604)**  <0.001
1-h IRl (pmol/L) 3223 (2188-477.1) 3278 (2195-477.1) 3153 (220.2-497.3) 2736 (216.7-4334) 354.2 (203.5-5189) 0669
2-h IRl (pmol/L) 2889 (204.2-4202) 2806 (197.2-4000) 3959 (2632-693.8)** 2584 (2063-369.5) 4778 (261.8-686.2)* <0001
Ao nIRI/AG_11,PG 09 (05-16) 0 (06-18) 3 (02-06)** 0 (06-16) 5 (0.2-05)** <0.001
Matsuda index 74 (49-105) 7. (5.3—10.7) (2 O-7.7)%* (60—1 10) 1 (34-5.1)%* <0.001

fLow birthweight was defined as <2,500 g. *Diabetes mellitus was defined as a fasting blood glucose level >7.0 mmol/L, 2-h postprandial glucose
level >11.1 mmol/L, glycated hemoglobin >6.5% (48 mmol/mol) or current use of antihyperglycemic agents according to American Diabetes Asso-
ciation criteria. The 75-g oral glucose tolerance test was carried out on 986 individuals without a history of diabetes. P-values were calculated using
the Kruskal-Wallis test or y’-test among the four groups. The Steel test was used in post-hoc analysis. *P < 0,05, **P < 0001 versus non- low birth-
weight and non-diabetes group. Ag_i1, IRI/Ag_11 PG, (1-h insulin — fasting insulin)/(1-h plasma glucose — fasting plasma glucose); BMI, body mass
index; DBP, diastolic blood pressure; HbA1c, glycated hemoglobin; HDL, high-density lipoprotein; HOMA2-B, homeostatic model assessment 2 for
B-cell function; HOMA2-IR, homeostatic model assessment 2 for insulin resistance; hs-CRP, high-sensitivity C-reactive protein; IQR, interquartile range;
IRI, immunoreactive insulin; LBW, low birthweight; MetS, metabolic syndrome; OGTT, oral glucose tolerance test; PG, plasma glucose; SBP, systolic
blood pressure; WHR, waist-to-hip ratio.
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Table 2 | Influence of homozygosity for risk alleles of type 2 diabetes
mellitus susceptibility genes on the incidence of type 2 diabetes in
individuals with low birthweight

SNP Gene OR' 95% Cl P-value
151862513 RETN 671 213-21.12 0001
15516946 ANKT 062 022-179 0380
15459193 Csorf67 080 026-248 0702
157754840 CDKALT 200 074-538 0.170
1510811661 CDKN2A/2B 147 060-361 0404
158050136 FTO 342 046-2550 0230
15780094 GCKR 083 024-282 0762
1511787792 GPSM1 110 038-321 0863
rs1111875 HHEX 510 080-3267 0086
157501939 HNF1B 221 0.56-866 0255
151470579 IGF2BP2 150 050-453 0472
155219 KCNJT1 093 023-374 0920
152237897 KCNQT 122 048-3.15 0677
156815464 MAEA 204 0.86-4.81 0.104
157172432 C2CD4A 239 0.88-6.54 0089
1511257655 CAMKID 164 050-542 0418
1513266634 SLC30A8 160 067-3.82 0287
157612463 UBE2E2 114 039-333 0807
1512571751 ZMIZ1 189 0.71-500 0202
1512255372 TCF712 N/A N/A N/A

TOdds ratios of the incidence of type 2 diabetes in individuals with low
birthweight were estimated using logistic regression analyses, which
included homozygosity for risk alleles of 19 known type 2 diabetes sus-
ceptibility genes as independent variables and a type 2 diabetes diag-
nosis as the dependent variable (n = 119). All call rates were >95%. As
there was only one individual homozygous for the TCF7L2 (rs12255372)
risk allele (7/T), the OR and 95% confidence interval could not be calcu-
lated. CI, confidence interval; N/A, not available; OR, odds ratio; SNP,
single-nucleotide polymorphism.

we present evidence of significant gene—environment interaction
effects on the development of type 2 diabetes. This population-
based cohort study showed that the pathology of type 2 diabe-
tes in individuals with LBW was associated with insulin resis-
tance and relative insulin secretion impairment (Table 1).

http://wileyonlinelibrary.com/journal/jdi

Furthermore, we found a significant interaction effect between
LBW and the RETN 151862513 G/G genotype on insulin resis-
tance and the prevalence of type 2 diabetes.

RETN is located on chromosome 19p13, and the G/G geno-
type at RETN 1s1862513 is closely linked to an increase of
resistin levels and insulin resistance>***’. The present findings
suggest that overlapping of the RETN G/G genotype and the
predictive adaptive response to the intrauterine environment
might facilitate insulin resistance, and that this response con-
tinues after birth. Furthermore, the RETN G/G genotype and
increasing resistin levels are associated not only with insulin
resistance, but also with other type 2 diabetes-related
factors® 7. Therefore, when an individual with LBW carrying
the RETN G/G genotype is subsequently exposed to overnutri-
tion after birth, the risk of type 2 diabetes will be increased
due to the drastic mismatch with the fetal environment.

Notably, previous studies and the present study claimed that
LBW is associated with an increased risk of type 2 diabetes® °.
Furthermore, the OR for type 2 diabetes among individuals in
the LBW + G/G genotype group was 4.00 compared with the
LBW + non-G/G genotype group. Therefore, together with pre-
vious reports®®*, the present results support the importance of
the simultaneous assessment of both birthweight as a surrogate
marker for the intrauterine environment and RETN rs1862513
variant to predict the risk of future diabetes more accurately
than assessing each of these factors alone.

Genetic factors and epigenetic changes, such as those caused
by intrauterine undernutrition, are known to persist across
generations*”*!. Appropriate exercise and nutritional therapy
might change the DNA methylation status of the human skele-
tal muscle and adipose tissue, and lifestyle interventions might
also modify epigenetics during fetal life*>*’. We propose a
novel concept whereby individuals at high risk of type 2 diabe-
tes can be identified through assessment of the RETN G/G
genotype in the LBW population, which might lead to early
lifestyle interventions and offer a precision medicine approach
in the prevention of type 2 diabetes.

There are some reports regarding an association between
serum resistin levels and birthweight; however, this link remains

Table 3 | Association between serum resistin levels and diabetes-related factors in the study population (n = 1,021) based on multivariate

regression analysis

Dependent variables

Current BMI WHR Fasting IRl HOMA2-R TG/HDL-C hs-CRP
Independent variables p P-value p P-value p P-value p P-value p P-value p P-value
Age 0166 <0001 0394 <0001 -0004 0881 0022 0419 0120 <0001 —0.003 0936
Sex —-0.199 <0001 0146 <0001 0028 0288 0026 0330 0216 <0001 0020 0539
Current BMI N/A N/A 0554 <0001 0524 <0001 0257 <0001 0150 <0001
Resistin 0118 <0001 0063 0026 0099 <0001 0107 <0001 0123 <0001 0088 0.005

BMI, body mass index; HOMA2-IR, homeostatic model assessment 2-insulin resistance; hs-CRP, high-sensitivity C-reactive protein; IRI, immunoreactive
insulin; N/A, not applicable; TG/HDL-C, triglyceride-to-high-density lipoprotein cholesterol ratio; WHR, waist-to-hip ratio; f3, standardized coefficient.
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Figure 2 | Serum resistin levels and insulin resistance according to birthweight and the RETN SNP 151862513 genotype. The Kruskal-Wallis test was
used to compare (a) serum resistin, (b) fasting insulin, (¢) homeostatic model assessment 2 for insulin resistance (HOMA2-IR), and (d) Matsuda index
levels in the four groups based on birthweight and the G/G genotype of the RETN rs1862513 variant, and the Steel test was used in post-hoc
analysis. *P < 0.05 versus non-low birthweight and non-G/G groups. Data are expressed as the mean + standard deviation.

controversial****. In the present study, the RETN G/G genotype
was not associated with the prevalence of LBW. A key limita-
tion of this study is that we were unable to obtain information
about the mothers’ RETN rs1862513 variant status. Neverthe-
less, in the case of an individual with the RETN G/G genotype,
their mother carries the risk variant G. Previous studies have
reported that the RETN 151862513 C/G or G/G genotype was
associated with higher resistin levels and insulin resistance than
those of C/C genotype group”®* . It has been reported that
serum resistin levels in pregnant women were negatively corre-
lated with birthweight®. Furthermore, resistin is secreted from
the placenta, resistin levels are more concentrated in the cord
blood than in maternal blood and resistin levels in the fetus

increase with gestational age*® **. The developmental origins of
health and disease hypothesis and related studies suggest that
insulin resistance is induced as the predictive adaptive response
to an intrauterine environment of poor nutrition'>"". Therefore,
the predictive adaptive response, including increased maternal
insulin resistance related to the RETN G allele, might be benefi-
cial for adapting to a poor intrauterine environment'> ', A
prospective cohort study is desirable to confirm the influence
of the mother’s RETN risk variant on intrauterine environment
and birthweight of offspring.

The strengths of the present study are as follows. This is the
first study to report a substantial interaction effect between
LBW as a quantitative surrogate marker for the intrauterine
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Table 4 | Risk of developing type 2 diabetes mellitus according to birthweight status and genotype of the RETN single-nucleotide polymorphism

1518625137 (overall)

Variable Non-LBW and non-G/G Non-LBW and G/G LBW and non-G/G LBW and G/G P-value
Cases of T2DM, n (%) 93/806 (11.5) 13/96 (13.5) 19/104 (183) 9/15 (60.0) <0.001
Unadjusted OR (95% ClI) 1.00 (Ref) 1.20 (064-2.24) 1.71 (099-2.95) 11.50 (4.00-33.03)****** <0.001
Adjusted OR (95% Cl)
Age 1.00 (Ref) 1.02 (0.54-1.95) 1.56 (0.88-2.74) 767 (257-2288)%H*** 0.002
Age and sex 1.00 (Ref) 1.07 (0.56-2.05) 1.59 (090-2.81) 7.33 (244-22.00)****** 0.002
Age, sex and current BMI 1.00 (Ref) 1.02 (0.53-1.98) 1.75 (098-3.11) 733 (243221 1)HAskA% 0.002

*P < 001 versus reference. **P < 001 versus non-low birthweight and G/G group. ***P < 0,05 versus low birthweight and non-G/G group. TOdds
ratios were calculated using multivariate logistic regression analysis involving age, sex and current body mass index as independent variables, and
the onset of type 2 diabetes in adulthood as the dependent variable. The reference group (Ref) comprised individuals with non-low birthweight
and the C/C or (/G (non-G/G) genotype of the human resistin gene (RETN) single-nucleotide polymorphism rs1862513. BMI, body mass index; Cl,
confidence interval; LBW, low birthweight; OR, odds ratio; SNP, single-nucleotide polymorphism; T2DM, type 2 diabetes.

Table 5 | Risk of developing type 2 diabetes mellitus according to birthweight status and genotype of RETN single-nucleotide polymorphism
rs1862513" (a subgroup analysis excluding subjects born between 1943 and 1947%)

Variable Non-LBW and non-G/G Non-LBW and G/G LBW and non-G/G LBW and G/G P-value
Cases of T2DM, n (%) 78/732 (10.7) 10/78 (12.8) 11/87 (12.6) 8/13 (61.5) <0.001
Unadjusted OR (95% Cl) 1.00 (Ref) 123 (061-249) 121 (062-238) 1342 (4.28-42.02)%* %% <0.001
Adjusted OR (95% Cl)
Age 1.00 (Ref) 1.11 (054-232) 1.10 (0.54-2.22) 8.79 (2.69-28.77)*****% 0.005
Age and sex 1.00 (Ref) 1.17 (0.56-245) 1.12 (055-2.27) 801 (242-26.52)*****% 0.009
Age, sex and current BMI 1.00 (Ref) 1.13 (0.53-2.38) 1.29 (0.63-262) 793 (239-2637)*skkkk 0.009

*P < 001 versus reference. **P < 001 versus non-low birthweight and G/G group. ***P < 005 versus low birthweight and non-G/G group. TOdds
ratios were calculated using multivariate logistic regression analysis involving age, sex and current body mass index as independent variables, and
the onset of type 2 diabetes in adulthood as the dependent variable. The reference group comprised individuals with non-low birthweight and
the C/C or (/G (non-G/G) genotype of the human resistin gene (RETN) single-nucleotide polymorphism rs1862513. ¥To exclude the influence of
malnutrition during and after World War Il in Japan, we conducted a subgroup analysis excluding subjects born between 1943 and 1947. BMI, body
mass index; Cl, confidence interval; LBW, low birthweight; OR, odds ratio; SNP, single-nucleotide polymorphism.

environment and the RETN genotype on the development of
type 2 diabetes in adulthood. Although RETN is a well-known
insulin resistance-related gene, the involvement of the
151862513 genotype in fetal risk loci related to birthweight and/
or type 2 diabetes has not been clarified to date, possibly
because this locus cannot be directly genotyped using commer-
cially available genotyping arrays. Furthermore, there are ethnic
differences in the distribution and associations of the rs1862513
genotype. For example, no significant association between the
rs1862513 genotype and plasma resistin levels has been
observed in white people of European descent®’. Wibaek
et al® recently reported that LBW was associated with an
increased risk of developing type 2 diabetes independent of a
known genetic risk of type 2 diabetes. Conversely, the associa-
tion between LBW and an increased risk of developing type 2
diabetes was not significant in individuals with the RETN C/C
or C/G genotype in the present study. This difference might be
related to the fact that the previous genome-wide association
study was only based on individuals of European ethnicity. Fur-
thermore, the OR of future type 2 diabetes calculated using the

combination of LBW and the RETN G/G genotype was much
higher than that obtained using the single assessment of birth-
weight status or the RETN genotype. These results further sup-
port the importance of the simultaneous assessment of gene
and environment factors in predicting the development of
type 2 diabetes.

The present study also had several limitations. First, it is
preferable to obtain birthweight information only from mater-
nal and child health handbooks; however, this can prove diffi-
cult in retrospective studies. As a previous study showed an
excellent correlation between self-reported and actual
birthweights’', we also accepted data based on family records
at birth or information from family members, whereas uncer-
tain data were excluded. Second, it was not possible to assess
gestational age. Information regarding gestational age was
obtained for only 601 of the 1,021 individuals with available
birthweight data. Therefore, it was difficult to differentiate
among premature, growth-restricted and growth-stunted infants
in this study’>. Third, we were unable to assess maternal,
umbilical and fetal serum resistin levels or insulin resistance.
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Fourth, we could not assess the status of paternal or maternal
diabetes; however, previous studies have reported a difference
between paternal and maternal diabetes status in birthweight
and insulin resistance®>>*. Fifth, owing to a lack of detailed data
regarding the fetal environment, it was not possible to clarify
whether the cause of LBW was attributable only to intrauterine
undernutrition. Sixth, we could not assess catch-up growth,
which might contribute to increased risks of abdominal obesity
and type 2 diabetes later in life™. Seventh, we carried out a
population-based study with 1,021 individuals; as a result, the
number of individuals with LBW with type 2 diabetes was 28,
with 15 of these individuals carrying the RETN G/G genotype.
The number of cases of type 2 diabetes was thus too small to
carry out further analyses adjusted by generation. Therefore,
further studies with larger populations are desirable to confirm
these associations.

In conclusion, this population-based study shows that the
interaction of LBW influenced by the intrauterine environment
and the RETN G/G genotype can more accurately predict the
risk of type 2 diabetes in adulthood than assessing each of
these factors alone. As LBW represents a public health chal-
lenge with an increasing global incidence, assessment of the
RETN rs1862513 genotype might provide appropriate manage-
ment strategies, including early lifestyle intervention, in the
population with LBW.

ACKNOWLEDGMENTS

We thank Maki Yokoyama of Ehime University for assistance
with the statistical analysis, and Akiko Otaki and Risa Kagawa
of Ehime University for their technical assistance. This work
was supported by Japan Society for the Promotion of Science
KAKENHI (grant number JP17K08985) and the Ehime Univer-
sity Research Unit System. The study sponsors were not
involved in the design of the study; the collection, analysis, and
interpretation of data; or writing the report; and did not impose
any restrictions regarding the publication of the report.

DISCLOSURE

The authors declare no conflict of interest.

Approval of the research protocol: The Committee of Ehime
University Graduate School of Medicine approved this study
on 4 March 2019 (approval number 29-K3). The study was
carried out under the principles of the Declaration of Helsinki.
Informed consent: All participants provided informed consent
prior to study enrollment.

Approval date of registry and registration no. of the study/trial:
Approval date: 4 March 2019, UMIN Clinical Trials Registry
(UMIN ID: UMIN000036074).

Animal studies: N/A.

REFERENCES
1. Kido Y. Gene-environment interaction in type 2 diabetes.
Diabetol Int 2017, 8: 7—13.

10.

ORIGINAL ARTICLE
LBW and RETN SNP influence T2DM risk

. Griffin S. Diabetes precision medicine: Plenty of potential,

pitfalls and perils but not yet ready for prime time.
Diabetologia 2022; 65: 1913-1921.

. Sgrensen TIA, Metz S, Kilpeldinen TO. Do gene-environment

interactions have implications for the precision prevention
of type 2 diabetes? Diabetologia 2022; 65: 1804-1813.

. Organization for Economic Co-operation and Development.

Chapter 3. Health status. Health at a Glance 2019. Paris:
OECD Publishing, 2019; 80.

. Portal Site of Official Statistics of Japan (e-Stat). Vital Statistics

of Japan. Available from: https.//www.e-stat.gojp/en/stat-
search/files?page=1&layout=datalist&toukei=00450011&itstat=
000001028897&cycle=7&tclass1=000001053058&tclass2=
0000010530618&tclass3=000001053064&result_back=1&cycle_
facet=tclass1%3Atclass2&tclassdval=0 Accessed October 27,
2023.

. Whincup PH, Kaye SJ, Owen CG, et al. Birth weight and risk

of type 2 diabetes: A systematic review. JAMA 2008; 300:
2886-2897.

. Knop MR, Geng TT, Gorny AW, et al. Birth weight and risk of

type 2 diabetes mellitus, cardiovascular disease, and
hypertension in adults: A meta-analysis of 7 646 267
participants from 135 studies. J Am Heart Assoc 2018; 7:
e008870.

. Wibaek R, Andersen GS, Linneberg A, et al. Low birthweight

is associated with a higher incidence of type 2 diabetes
over two decades independent of adult BMI and genetic
predisposition. Diabetologia 2023; 66: 1669—1679.

. Hansen AL, Thomsen RW, Brgns C, et al. Birthweight is

associated with clinical characteristics in people with
recently diagnosed type 2 diabetes. Diabetologia 2023; 66:
1680—-1692.

Gluckman PD, Hanson MA. Living with the past: Evolution,
development, and patterns of disease. Science 2004; 305:
1733-1736.

. Hales CN, Barker DJ. Type 2 (non-insulin-dependent)

diabetes mellitus: The thrifty phenotype hypothesis.
Diabetologia 1992; 35: 595-601.

. Barker DJP, Godfrey KM, Gluckman PD, et al. Fetal nutrition

and cardiovascular disease in adult life. Lancet 1993; 341:
938-941.

. Gluckman PD, Hanson MA. Developmental origins of

disease paradigm: A mechanistic and evolutionary
perspective. Pediatr Res 2004; 56: 311-317.

. Jirtle RL, Skinner MK. Environmental epigenomics and

disease susceptibility. Nat Rev Genet 2007; 8: 253-262.

. Godfrey KM, Lillycrop KA, Burdge GC, et al. Epigenetic

mechanisms and the mismatch concept of the
developmental origins of health and disease. Pediatr Res
2007; 61: 5R—10R.

. Yokoyama M, Saito |, Ueno M, et al. Low birthweight is

associated with type 2 diabetes mellitus in Japanese adults:
The Toon Health Study. J Diabetes Investig 2020; 11: 1643—
1650.

© 2024 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd

733

J Diabetes Investig Vol. 15 No. 6 June 2024


https://www.e-stat.go.jp/en/stat-search/files?page=1&layout=datalist&toukei=00450011&tstat=000001028897&cycle=7&tclass1=000001053058&tclass2=000001053061&tclass3=000001053064&result_back=1&cycle_facet=tclass1%3Atclass2&tclass4val=0
https://www.e-stat.go.jp/en/stat-search/files?page=1&layout=datalist&toukei=00450011&tstat=000001028897&cycle=7&tclass1=000001053058&tclass2=000001053061&tclass3=000001053064&result_back=1&cycle_facet=tclass1%3Atclass2&tclass4val=0
https://www.e-stat.go.jp/en/stat-search/files?page=1&layout=datalist&toukei=00450011&tstat=000001028897&cycle=7&tclass1=000001053058&tclass2=000001053061&tclass3=000001053064&result_back=1&cycle_facet=tclass1%3Atclass2&tclass4val=0
https://www.e-stat.go.jp/en/stat-search/files?page=1&layout=datalist&toukei=00450011&tstat=000001028897&cycle=7&tclass1=000001053058&tclass2=000001053061&tclass3=000001053064&result_back=1&cycle_facet=tclass1%3Atclass2&tclass4val=0
https://www.e-stat.go.jp/en/stat-search/files?page=1&layout=datalist&toukei=00450011&tstat=000001028897&cycle=7&tclass1=000001053058&tclass2=000001053061&tclass3=000001053064&result_back=1&cycle_facet=tclass1%3Atclass2&tclass4val=0
https://www.e-stat.go.jp/en/stat-search/files?page=1&layout=datalist&toukei=00450011&tstat=000001028897&cycle=7&tclass1=000001053058&tclass2=000001053061&tclass3=000001053064&result_back=1&cycle_facet=tclass1%3Atclass2&tclass4val=0
https://www.e-stat.go.jp/en/stat-search/files?page=1&layout=datalist&toukei=00450011&tstat=000001028897&cycle=7&tclass1=000001053058&tclass2=000001053061&tclass3=000001053064&result_back=1&cycle_facet=tclass1%3Atclass2&tclass4val=0

ORIGINAL ARTICLE
Yoshida et al.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

Hattersley AT, Tooke JE. The fetal insulin hypothesis: An
alternative explanation of the association of low birthweight
with diabetes and vascular disease. Lancet 1999; 353; 1789—
1792.

Tian M, Reichetzeder C, Li J, et al. Low birth weight, a risk
factor for diseases in later life, is a surrogate of insulin
resistance at birth. J Hypertens 2019; 37: 2123-2134.

Hughes AE, Hattersley AT, Flanagan SE, et al. Two decades
since the fetal insulin hypothesis: What have we learned
from genetics? Diabetologia 2021; 64: 717—726.

Beaumont RN, Horikoshi M, McCarthy M|, et al. How can
genetic studies help us to understand links between birth
weight and type 2 diabetes? Curr Diab Rep 2017; 17: 22.
Tabara Y, Saito |, Nishida W, et al. Relatively lower central
aortic pressure in patients with impaired insulin sensitivity
and resistance: The toon health study. J Hypertens 2011; 29:
1948-1954.

American Diabetes Association Professional Practice
Committee 2. Classification and diagnosis of diabetes:
Standards of medical care in Diabetes—2022. Diabetes Care
2022; 45: S17-538.

Levy JC, Matthews DR, Hermans MP. Correct homeostasis
model assessment (HOMA) evaluation uses the computer
program. Diabetes Care 1998; 21: 2191-2192.

Wallace TM, Levy JC, Matthews DR. Use and abuse of
HOMA modeling. Diabetes Care 2004; 27: 1487—1495.
Matsuda M, DeFronzo RA. Insulin sensitivity indices obtained
from oral glucose tolerance testing: Comparison with the
euglycemic insulin clamp. Diabetes Care 1999; 22: 1462—
1470.

Osawa H, Yamada K, Onuma H, et al. The G/G genotype of
a resistin single-nucleotide polymorphism at —420 increases
type 2 diabetes mellitus susceptibility by inducing promoter
activity through specific binding of Sp1/3. Am J Hum Genet
2004; 75: 678-686.

Tabara Y, Osawa H, Kawamoto R, et al. Replication study of
candidate genes associated with type 2 diabetes based on
genome-wide screening. Diabetes 2009; 58: 493—498.
Imamura M, Shigemizu D, Tsunoda T, et al. Assessing the
clinical utility of a genetic risk score constructed using 49
susceptibility alleles for type 2 diabetes in a Japanese
population. J Clin Endocrinol Metab 2013; 98: E1667-E1673.
Hara K, Fujita H, Johnson TA, et al. Genome-wide
association study identifies three novel loci for type 2
diabetes. Hum Mol Genet 2014; 23: 239-246.

Matsuba R, Sakai K, Imamura M, et al. Replication study in a
Japanese population to evaluate the association between
10 SNP lodi, identified in European genome-wide
association studies, and type 2 diabetes. PloS One 2015; 10:
e0126363.

Akiyama M, Okada Y, Kanai M, et al. Genome-wide
association study identifies 112 new loci for body mass
index in the Japanese population. Nat Genet 2017; 49:
1458-1467.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

http://wileyonlinelibrary.com/journal/jdi

World Health Organization. International Classification of
Diseases 11th Revision. 2022. Available from: https://icd.who.
int/en Accessed October 27, 2023.

Engert JC, Vohl MC, Williams SM, et al. 5" flanking variants
of resistin are associated with obesity. Diabetes 2002; 51:
1629-1634.

Osawa H, Onuma H, Ochi M, et al. Resistin SNP-420
determines its monocyte mRNA and serum levels inducing
type 2 diabetes. Biochem Biophys Res Commun 2005; 335:
596-602.

Osawa H, Tabara Y, Kawamoto R, et al. Plasma resistin,
associated with single nucleotide polymorphism —420, is
correlated with insulin resistance, lower HDL cholesterol,
and high-sensitivity C-reactive protein in the Japanese
general population. Diabetes Care 2007; 30: 1501—1506.
Ochi M, Osawa H, Hirota Y, et al. Frequency of the G/G
genotype of resistin single nucleotide polymorphism at —
420 appears to be increased in younger-onset type 2
diabetes. Diabetes 2007; 56: 2834-2838.

Osawa H, Ochi M, Tabara Y, et al. Serum resistin is positively
correlated with the accumulation of metabolic syndrome
factors in type 2 diabetes. Clin Endocrinol 2008; 69: 74-80.
Westerman KE, Miao J, Chasman DI, et al. Genome-wide
gene-diet interaction analysis in the UK biobank identifies
novel effects on hemoglobin Alc. Hum Mol Genet 2021; 30:
1773-1783.

Song C, Gong W, Ding C, et al. Gene-environment
interaction on type 2 diabetes risk among Chinese adults
born in early 1960s. Genes 2022; 13: 645.

Heijmans BT, Tobi EW, Stein AD, et al. Persistent epigenetic
differences associated with prenatal exposure to famine in
humans. Proc Natl Acad Sci USA 2008; 105: 17046—17049.
Tobi EW, Lumey LH, Talens RP, et al. DNA methylation
differences after exposure to prenatal famine are common
and timing- and sex-specific. Hum Mol Genet 2009; 18:
4046-4053.

Hjort L, Jergensen SW, Gilloerg L, et al. 36 h fasting of
young men influences adipose tissue DNA methylation of
LEP and ADIPOQ in a birth weight-dependent manner. Clin
Epigenetics 2017; 9: 40.

Jacques M, Hiam D, Craig J, et al. Epigenetic changes in
healthy human skeletal muscle following exercise — A
systematic review. Epigenetics 2019; 14: 633-648.

. Ng PC, Lee CH, Lam CW, et al. Resistin in preterm and term
newborns: Relation to anthropometry, leptin, and insulin.
Pediatr Res 2005; 58: 725—730.

Song Y, Gao J, Qu Y, et al. Serum levels of leptin,
adiponectin and resistin in relation to clinical characteristics
in normal pregnancy and preeclampsia. Clin Chim Acta
2016; 458: 133-137.

Cho GJ, Yoo SW, Hong SC, et al. Correlations between
umbilical and maternal serum resistin levels and neonatal
birth weight. Acta Obstet Gynecol Scand 2006; 85: 1051—
1056.

734

J Diabetes Investig Vol. 15 No. 6 June 2024

© 2024 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd


https://icd.who.int/en
https://icd.who.int/en

http://wileyonlinelibrary.com/journal/jdi

47.

48.

49.

50.

51.

Cortelazzi D, Corbetta S, Ronzoni S, et al. Maternal and
foetal resistin and adiponectin concentrations in normal
and complicated pregnancies. Clin Endocrinol 2007; 66: 447—
453.

Floeck A, Ferrari N, Joisten C, et al. Resistin in pregnancy:
Analysis of determinants in pairs of umbilical cord blood
and maternal serum. Cytokine X 2021; 3: 100052.

Hivert MF, Manning AK, McAteer JB, et al. Association of
variants in RETN with plasma resistin levels and diabetes-
related traits in the Framingham offspring study. Diabetes
2009; 58: 750-756.

Onuma H, Tabara Y, Kawamura R, et al. A at single
nucleotide polymorphism-358 is required for G at —420 to
confer the highest plasma resistin in the general Japanese
population. PloS One 2010; 5: €9718.

Troy LM, Michels KB, Hunter DJ, et al. Self-reported
birthweight and history of having been breastfed among

52.

53.

54.

55.

ORIGINAL ARTICLE
LBW and RETN SNP influence T2DM risk

younger women: An assessment of validity. Int J Epidemiol
1996; 25: 122-127.

Pilgaard K, Faerch K, Carstensen B, et al. Low birthweight
and premature birth are both associated with type 2
diabetes in a random sample of middle-aged Danes.
Diabetologia 2010; 53: 2526-2530.

Wannamethee SG, Lawlor DA, Whincup PH, et al.
Birthweight of offspring and paternal insulin resistance and
paternal diabetes in late adulthood: Cross sectional survey.
Diabetologia 2004; 47: 12-18.

Tyrrell JS, Yaghootkar H, Freathy RM, et al. Parental diabetes
and birthweight in 236 030 individuals in the UK biobank
study. Int J Epidemiol 2013; 42: 1714-1723.

Dulloo AG, Jacquet J, Seydoux J, et al. The thrifty ‘catch-up
fat' phenotype: Its impact on insulin sensitivity during
growth trajectories to obesity and metabolic syndrome. Int
J Obes (Lond) 2006; 30: S23-S35.

© 2024 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd

735

J Diabetes Investig Vol. 15 No. 6 June 2024



	 Abstract
	 INTRODUCTION
	 MATERIALS AND METHODS
	 Study overview
	 Genotyping
	 Birthweight�data
	 Statistical analysis
	 Ethical approval
	 Clinical trial registration

	 RESULTS
	 Clinical characteristics of participants
	 Clinical characteristics of individuals with LBW with type&thinsp;2 diabetes
	 Association of the RETN G/G genotype with an increased risk of type&thinsp;2 diabetes in individuals with LBW
	 LBW and RETN G/G interaction increases the risk of insulin resistance and type&thinsp;2 diabetes in adulthood

	 DISCUSSION
	jdi14163-fig-0001
	jdi14163-fig-0002

	 ACKNOWLEDGMENTS
	 DISCLOSURE
	 REFERENCES
	jdi14163-bib-0001
	jdi14163-bib-0002
	jdi14163-bib-0003
	jdi14163-bib-0004
	jdi14163-bib-0005
	jdi14163-bib-0006
	jdi14163-bib-0007
	jdi14163-bib-0008
	jdi14163-bib-0009
	jdi14163-bib-0010
	jdi14163-bib-0011
	jdi14163-bib-0012
	jdi14163-bib-0013
	jdi14163-bib-0014
	jdi14163-bib-0015
	jdi14163-bib-0016
	jdi14163-bib-0017
	jdi14163-bib-0018
	jdi14163-bib-0019
	jdi14163-bib-0020
	jdi14163-bib-0021
	jdi14163-bib-0022
	jdi14163-bib-0023
	jdi14163-bib-0024
	jdi14163-bib-0025
	jdi14163-bib-0026
	jdi14163-bib-0027
	jdi14163-bib-0028
	jdi14163-bib-0029
	jdi14163-bib-0030
	jdi14163-bib-0031
	jdi14163-bib-0032
	jdi14163-bib-0033
	jdi14163-bib-0034
	jdi14163-bib-0035
	jdi14163-bib-0036
	jdi14163-bib-0037
	jdi14163-bib-0038
	jdi14163-bib-0039
	jdi14163-bib-0040
	jdi14163-bib-0041
	jdi14163-bib-0042
	jdi14163-bib-0043
	jdi14163-bib-0044
	jdi14163-bib-0045
	jdi14163-bib-0046
	jdi14163-bib-0047
	jdi14163-bib-0048
	jdi14163-bib-0049
	jdi14163-bib-0050
	jdi14163-bib-0051
	jdi14163-bib-0052
	jdi14163-bib-0053
	jdi14163-bib-0054
	jdi14163-bib-0055


