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The pathophysiology of type 2 diabetes is characterized by variable degrees of insulin resistance and impaired insulin secretion.
Both genetic and environmental factors serve as etiologic factors. Recent genetic studies have identified at least 83 variants associat-
ed with diabetes. A significant number of these loci are thought to be involved in insulin secretion, either through -cell development
or B-cell dysfunction. Environmental factors have changed rapidly during the past half century, and the increased prevalence of obe-
sity and diabetes can be attributed to these changes. Environmental factors may affect epigenetic changes and alter susceptibility to
diabetes. A recent epidemiologic study revealed that Korean patients with type 2 diabetes already had impaired insulin secretion and
insulin resistance 10 years before the onset of diabetes. Those who developed diabetes showed impaired -cell compensation with an
abrupt decrease in insulin secretion during the last 2 years before diabetes developed. The retrograde trajectory of the disposition in-
dex differed according to the baseline subgroups of insulin secretion and insulin sensitivity. We hope that obtaining a more detailed
understanding of the perturbations in the major pathophysiologic process of diabetes on the individual level will eventually lead to
the implementation of precision medicine and improved patient outcomes.
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INTRODUCTION

The pathophysiology of type 2 diabetes is characterized by vari-
able degrees of insulin resistance and impaired insulin secretion.
Insulin resistance is a state in which the target tissues, such as
skeletal muscle, adipose tissue, and the liver, fail to respond ad-
equately to insulin. This results in decreased glucose utilization
in muscle and fat and increased gluconeogenesis in the liver [1].
It has been reported that the B-cell mass was 40% lower in pre-
diabetes subjects compared to body mass index (BMI)-matched
controls [2]. Multiple genetic and environmental factors, and
the complex interplay thereof, contribute to both insulin resis-

tance and impaired insulin secretion. Understanding the relative
contribution of insulin resistance and impaired insulin secretion
to the pathogenesis of type 2 diabetes is important for decipher-
ing the clinical presentation of each patient, establishing preven-
tive measures, and determining the optimal treatment approach.
Ethnic and individual variations may be present in the patho-
physiology of diabetes. It has been observed that East Asian type
2 diabetes patients have a lower BMI than European patients [3].
In addition, it has been claimed that Korean type 2 diabetes pa-
tients are characterized by a decreased insulin secretory capacity
[3,4]. Recent advances in epidemiologic and genetic studies
have improved our knowledge of the relative contributions of
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insulin resistance and insulin secretion in Korean diabetes pa-
tients. In this article, we briefly review the genetic and environ-
mental factors that contribute to insulin resistance and insulin
secretion and compare the roles of insulin resistance and insulin
secretion in the development of type 2 diabetes in Koreans.

ETIOLOGIC RISK FACTORS

Genetic risk factors

Type 2 diabetes is characterized by a strong genetic predisposi-
tion. Having a parent with diabetes increases the risk of devel-
oping diabetes by 30% to 40% [5]. Continuing efforts have been
made to identify genetic risk factors for type 2 diabetes. How-
ever, before the advent of genome-wide association studies
(GWASs), only a few genetic variants were strongly associated
with diabetes, including variants in CAPNI10 (calpain 10),
PPARG (peroxisome proliferator activated receptor gamma),
KCNJ1I (potassium voltage-gated channel subfamily J member
11), ABCCS (ATP binding cassette subfamily C member 8), and
TCF7L2 (transcription factor 7 like 2) [6]. The initial GWAS
and their meta-analyses found variants in CDKALI (CDKS5 reg-
ulatory subunit associated protein 1 like 1), CDKN2A4/2B (cyclin
dependent kinase inhibitor 2A/2B), SLC30A8 (solute carrier
family 30 member 8), HHEX (hematopoietically expressed ho-
meobox), and /GF2BP?2 (insulin like growth factor 2 mRNA
binding protein 2) to be robustly associated with diabetes [7-10].
Currently, at least 83 genetic variants have been confirmed to be
associated with type 2 diabetes [11]. These findings provided
novel insights into the pathogenesis of diabetes. First, many
genes that were newly identified had not been previously impli-
cated in the pathophysiology of diabetes. There are ongoing ef-
forts to investigate in detail the role of these genes in the patho-
physiology of type 2 diabetes. Second, a significant proportion
of these variants are located in genes implicated in insulin secre-
tion [12]. Among the 83 loci, 34 were suggested to be involved
in impaired insulin secretion, either through impaired B-cell de-
velopment or through B-cell dysfunction (Fig. 1). On the con-
trary, only 14 variants were suggested to be associated with type
2 diabetes, primarily by affecting insulin resistance, via either
increased obesity or defects in insulin action. These findings
suggest that genetic risk factors mainly contribute to the patho-
physiology of type 2 diabetes by impairing insulin secretion.
Third, most of the variants had a low effect size (odds ratio
<1.4). The cumulative effect of these variants explained less
than 20% of type 2 diabetes heritability [13]. Other possibilities
for the missing heritability include the existence of an even
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larger number of low-effect-size common variants, structural
variants such as large insertions and deletions, ethnicity-specific
variants, and rare high-effect-size functional variants.

Some genetic variants were identified in East Asian GWAS
studies, and there are ethnicity-specific variants, such as the
nonsynonymous variant (rs2233580) in the PAX4 (paired box 4)
gene [14]. The strongest genetic associations for type 2 diabetes
in Koreans were observed for variants in CDKALI, CDKN2A/2B,
KCNQI! (potassium voltage-gated channel subfamily Q mem-
ber 1), and MAEA (macrophage erythroblast attacher) [15]. In
Europeans, the most significantly associated genetic variant was
located in TCF7L2. This difference is explained by the differ-
ence in allele frequency of TCF7L2 variant (rs7903146) be-
tween the two ethnicities (30% in Europeans vs. 5% in Koreans)
[6]. Tt is speculated that ethnicity-specific variants can explain
the different clinical characteristics and pathophysiology of dia-
betes in different populations. In a transancestry GWAS meta-
analysis, it was shown that certain variants only had an effect in
a specific population. For example, a variant in PEPD (pepti-
dase D) (1s3786897) was only associated with diabetes in East
Asians, and a variant in KLF'14 (Kruppel like factor 14) (rs13233731)
was only significant in Europeans [11].

Other genetic risk factors include mitochondrial DNA (mtD-
NA) variations. It is well known that the mtDNA 3243 A>G
variation results in maternally inherited diabetes and deafness.
The frequency of this mutation is estimated to be approximately
0.5% to 3% in East Asian diabetes patients [16]. However, the
frequency is even lower in Europeans. The mtDNA 16189 T>C
variant is a common type 2 diabetes susceptibility risk locus.
According to a meta-analysis in East Asians, it was a significant
risk factor for type 2 diabetes [17]. It was also modestly associ-
ated with diabetes in Europeans [18]. Finally, the mtDNA hap-
logroup N9a was associated with a decreased risk of diabetes,
whereas the F and D5 haplogroups were associated with an in-
creased risk of diabetes in Koreans and Japanese [19].

Genetic research into diabetes has certain limitations. As most
of the genetic variants identified are non-coding variants resid-
ing in introns or intergenic regions, it is difficult to investigate
the direct role of these genes or genetic variants in the pathogen-
esis of type 2 diabetes. These genetic variants might be just tag-
ging markers of yet unrevealed causal variants. We do not yet
have a clear understanding of the role of the majority of the
identified variants. In addition, the clinical usefulness of these
variants in terms of risk prediction and tailored therapy warrants
further research [20,21].

Copyright © 2018 Korean Endocrine Society
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Fig. 1. Classification of 83 genetic loci according to their suggested roles in the pathogenesis of type 2 diabetes. The loci were classified as
being involved in insulin secretion if a variant was associated with measures of insulin secretion, such as the homeostasis model assessment
of B-cell function, insulinogenic index, or the disposition index. Loci were further classified as being involved in B-cell development if the
implicated gene played a role as a transcription factor in B-cell development. Genes that played a role in the insulin secretion cascade or
B-cell apoptosis were classified as being involved in B-cell dysfunction. Loci were classified as being involved in insulin resistance if a vari-
ant was associated with measures of insulin resistance, such as the homeostasis model assessment of insulin resistance or the Matsuda index.
Genes known to be associated with the body mass index were classified as being involved in obesity, and genes known to be involved in the
insulin signaling pathway were classified as being involved in insulin action. Modified and updated from Kwak et al., with permission from

Springer Nature [12].

Environmental risk factors

Well known environmental risk factors include physical inactiv-
ity, a high-calorie diet, obesity, and certain drugs such as gluco-
corticoids. During the past 40 to 50 years, the prevalence of dia-
betes in Korea has rapidly increased. In 1971, the prevalence in
Okku-gun, a rural community, was estimated to be 1.5%. It in-
creased by 7- to 8-fold to 12.1% in 2000 to 2001, according to
the Ansung-Ansan cohort study [22]. The rapid increase in the
prevalence of type 2 diabetes is primarily attributable to envi-
ronmental factors, as the genetic predisposition of the popula-
tion has not changed. During this period, Korean society experi-

Copyright © 2018 Korean Endocrine Society

enced rapid socioeconomic changes. Physical activity decreased
in parallel with a 30-fold increase in the number of automobiles
[23]. The average time spent watching television was 72%
higher in 2000 than in 1983. The average fat intake per individ-
ual increased from 23.5 to 41.6 g per day over the same period.
Obesity is a major environmental risk factor for type 2 diabe-
tes. There is still an increasing trend in obesity in men according
to the Korean National Health and Nutrition Examination Sur-
vey 1998 to 2014 [24]. In women, the overall prevalence of
obesity seems to be stabilizing. Nevertheless, the prevalence of
grade 2 obesity (BMI =30 kg/m?) in women is still increasing.
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Although Asians have a lower BMI than Europeans, it has been
reported that Asians have a higher body fat percent and greater
abdominal obesity than Europeans at a similar BMI [25,26].
Excessive fat accumulation in the omentum, liver, muscle, and
pancreas plays an important role in insulin resistance and p-cell
dysfunction, and it is a predictive factor for cardiovascular dis-
ease [27]. It is thought that ectopic fat acts as an active endo-
crine and paracrine organ. The suggested mechanisms by which
ectopic fat induces insulin resistance include increased free fatty
acid release, increased adipose tissue inflammation, and the
dysregulation of adipokines such as adiponectin, resistin, tumor
necrosis factor a, and retinol binding protein 4 [27]. Recently,
endocrine-disrupting chemicals have been suggested to be asso-
ciated with obesity and diabetes [28]. These are chemicals that
are found in pesticides, metals, and food containers and inter-
fere with the actions of hormones. Endocrine-disrupting chemi-
cals can induce mitochondrial dysfunction and lead to insulin
resistance and B-cell dysfunction [29].

Other suggested environmental factors include intrauterine
exposure to diabetes. Exposure to hyperglycemia during preg-
nancy is associated with later-life obesity and diabetes in one’s
offspring [30]. It has been reported that the offspring born to
mothers with gestational diabetes have as much as an 8-fold el-
evated risk of diabetes compared to the general population [31].
This could be a result of hyperglycemia-induced epigenetic
changes. We have investigated sibling pairs discordant to expo-
sure to maternal gestational diabetes and found several differ-
ences in the DNA methylation marking in the offspring [32].
Among them, a CpG site in the HNF4A (hepatocyte nuclear
factor 4 alpha) gene was hypermethylated in gestational diabe-
tes-exposed offspring. In addition, the overall DNA methylation
of the gene had an inverse correlation with its mRNA expres-
sion. We suggest that environmental factors could exert their ef-
fects on the pathophysiology of type 2 diabetes through epigen-
etic alterations. However, the field of epigenetic studies is rela-
tively new, and further advances are anticipated.

NATURAL COURSE OF THE
DEVELOPMENT OF DIABETES

To obtain a better understanding of the pathophysiology of type
2 diabetes, it is important to investigate how insulin resistance
and insulin secretion change during the development of type 2
diabetes. Prospective cohorts with serial measurements of glu-
cose and insulin during glucose tolerance tests are required. The
Ansung-Ansan cohort is a community-based prospective study
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designed to investigate trends and risk factors of chronic com-
plex diseases, such as type 2 diabetes, hypertension, and dyslip-
idemia [22]. The ongoing project finished its baseline survey in
2001 to 2002, and each participant is being followed up every 2
years with a detailed survey and clinical investigations, includ-
ing a 2-hour 75-g oral glucose tolerance test (OGTT). We have
investigated a total of 4,106 participants who had normal glu-
cose tolerance at baseline and were followed until 2012. During
that 10-year period, 1,093 participants (27%) progressed to pre-
diabetes, and 498 (12%) progressed to diabetes [33]. Insulin
sensitivity was estimated using the composite Matsuda insulin
sensitivity index [34,35], and insulin secretion was assessed by
the 1-hour insulinogenic index, both of which were derived
from the 75-g OGTT. Those who had progressed to diabetes al-
ready had impaired insulin secretion and increased insulin resis-
tance. In Koreans, it is suggested that impaired insulin secretion
is already present in the normal glucose tolerance state of indi-
viduals who develop diabetes.

Retrograde trajectory of insulin secretion and insulin
sensitivity

We investigated the retrograde trajectory of insulin secretion
and insulin sensitivity by setting the onset of diabetes as time
zero and tracing back every 2 years. This retrograde tracing en-
abled us to understand what key changes occurred at specific
time points before the development of diabetes. Fig. 2A shows
the changes in insulin sensitivity during the development of
type 2 diabetes. Those who developed diabetes had lower insu-
lin sensitivity than those who did not develop diabetes, even 10
years prior to the onset of diabetes. Both groups showed a simi-
lar decline in insulin sensitivity during the follow-up period.
However, there was a steeper decline in insulin sensitivity dur-
ing the last 2 years prior to the development of diabetes. Fig. 2B
shows changes in insulin secretion during the course of diabetes
development. There was a significant decrease in insulin secre-
tion in those who developed diabetes compared to the control
group, even 10 years before the onset of diabetes. Those who
did not develop diabetes showed a compensatory increase in in-
sulin secretion until the end of follow-up. The most significant
difference was the abrupt decrease in insulin secretion during
the last 2 years before the onset of diabetes.

Subgroup analysis according to insulin sensitivity and
insulin secretion

The participants can be subdivided according to their baseline
insulin sensitivity and insulin secretion. The subgroup with im-

Copyright © 2018 Korean Endocrine Society
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Fig. 2. Retrograde trajectory of (A) insulin sensitivity and (B) the insulinogenic index. Diabetes onset or the end of follow-up was set as time
zero and each follow-up was traced towards the back. Modified and updated from Ohn et al., with permission from Elsevier [33]. ISI, com-
posite (Matsuda) insulin sensitivity index (unitless); IGI, 1-hour insulinogenic index.

paired insulin secretion and low insulin resistance at baseline
had about a 3.35-fold increased risk of diabetes compared to
those with high insulin secretion and insulin sensitivity [33].
This subgroup had the highest population attributable fraction
(38%) [33]. The change in the disposition index for the various
subgroups is depicted in Fig. 3. In those with high baseline insu-
lin secretion (Fig. 3A, B), a steady decrease in the disposition
index took place during diabetes development. However, those
with decreased baseline insulin secretion (Fig. 3C, D) showed a
compensatory increase in the disposition index until 2 years be-
fore diabetes developed. During the last 2 years, there was a
marked decrease in the disposition index in all four subgroups.
It would be crucial to investigate the molecular and physiologic
perturbations that occurred during the last 2 years before the on-
set of diabetes.

Differences between Koreans and Europeans

It has been stated that in Europeans, insulin resistance is the pri-
mary defect that triggers type 2 diabetes. In the Whitehall II
study, which consisted of 6,538 British participants, those who
progressed to diabetes had significantly lower insulin sensitivity
at baseline and a steeper decline in insulin sensitivity [36].
Compared to the findings in Europeans, Korean diabetes pa-
tients seem to have a decreased insulin secretion capacity and
limited B-cell compensation. Similarly, it has been reported in
Japanese subjects that impaired insulin secretion had a greater
impact on the incidence of diabetes than insulin resistance [37].
This is also evidenced by Starling’s curve of the pancreas for in-
sulin secretion [38]. When Europeans, Pima Indians, and Kore-
ans were compared, Koreans showed significantly lower peak

Copyright © 2018 Korean Endocrine Society

insulin levels [4,38,39]. These pathophysiological characteris-
tics could at least partially explain the clinical features of type 2
diabetes in non-obese individuals and relative insulin deficiency
in Korean patients.

CONCLUSIONS

In this study, we have reviewed the etiologic factors of diabetes
in terms of insulin resistance and insulin secretion and their rela-
tive contributions to the pathophysiology of diabetes in Kore-
ans. During the past decade, our understanding of the genetic
risk factors of diabetes has significantly improved. The large
number of variants identified so far underscores the genetic de-
termination of insulin secretory capacity. Some genetic variants
are specifically associated with diabetes in East Asians, and they
might explain the clinical characteristics of diabetes in our pop-
ulation. The increase in the prevalence of diabetes is primarily
attributable to the rapid socioeconomic development that has
occurred during the past half century. An analysis of the retro-
grade trajectory of insulin secretion and insulin sensitivity
showed that those who progressed to diabetes had significantly
lower insulin secretion even 10 years before the onset of diabe-
tes. In addition, there was a limited compensatory increase in
insulin secretion in those who developed diabetes. An abrupt
change occurred in both insulin sensitivity and insulin secretion
during the last 2 years prior to the onset of diabetes.

We have focused on insulin sensitivity and insulin secretion.
However, the specific pathways involved in insulin sensitivity
and insulin secretion are very complex and involve various sys-
tems and tissues. Recently, it has been proposed that individuals
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Fig. 3. Subgroup analysis of the retrograde trajectory of the disposition index. (A) Participants with a high 1-hour insulinogenic index (IGI)
and composite (Matsuda) insulin sensitivity index (ISI), (B) participants with a high IGI and a low ISI, (C) participants with a low IGI and a
high ISI, (D) participants with a low IGI and a low ISI. Modified and updated from Ohn et al., with permission from Elsevier [33].

may have different levels of perturbations in different major
pathophysiological processes [40]. This view might be more
suitable for understanding the position of the individual in the
overall pathophysiology of diabetes. We hope that a more de-
tailed understanding of the pathophysiology of diabetes will
provide us with better insights into each of the individual pa-
tients we engage with. This will eventually lead to the imple-
mentation of precision medicine, with improved risk prediction,
prevention, tailored therapy, and better patient outcomes.
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