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ABSTRACT

Introduction Decreased insulin sensitivity occurs early

in type 2 diabetes (T2D). T2D is highly prevalent in the
Middle East and North Africa regions. This study assessed
the variations in insulin sensitivity in normal apparently
healthy subjects and the levels of adiponectin, adipsin and
inflammatory markers.

Research design and methods A total of 60 participants
(aged 18-45, body mass index <28) with a normal oral glucose
tolerance test (OGTT) completed hyperinsulinemic-euglycemic
clamp (40 mU/m%min) and body composition test by dual-
energy X-ray absorptiometry scan. Blood samples were
assayed for glucose, insulin, C peptide, inflammatory markers,
oxidative stress markers, adiponectin and adipsin.

Results The subjects showed wide variations in the whole-
body glucose disposal rate (M value) from 2 to 20 mg/kg/

min and were divided into three groups: most responsive
(M>12mg/kg/min, n=17), least responsive (M<6 mg/kg/

min, n=14) and intermediate responsive (M=6.1-12mg/kg/
min, n=29). Insulin and C peptide responses to OGTT were
highest among the least insulin sensitive group. Triglycerides,
cholesterol, alanine transaminase (ALT) and albumin levels
were higher in the least responsive group compared with

the other groups. Among the inflammatory markers, C

reactive protein (CRP) was highest in the least sensitivity
group compared with the other groups; however, there were
no differences in the level of soluble receptor for advanced
glycation end products and Tumor Necrosis Factor Receptor
Superfamily 1B (TNFRS1B). Plasma levels of insulin sensitivity
markers, adiponectin and adipsin, and oxidative stress markers,
oxidized low-density lipoprotein, total antioxidant capacity and
glutathione peroxidase 1, were similar between the groups.
Conclusions A wide range in insulin sensitivity and significant
differences in triglycerides, cholesterol, ALT and CRP
concentrations were observed despite the fact that the study
subjects were homogenous in terms of age, gender and ethnic
background, and all had normal screening comprehensive
chemistry and normal glucose response to OGTT. The striking
differences in insulin sensitivity reflect differences in genetic
predisposition and/or environmental exposure. The low insulin
sensitivity status associated with increased insulin level may
represent an early stage of metabolic abnormality.

INTRODUCTION
Insulin resistance is defined as a reduced
response of insulin target tissues to the

SIGNIFICANCE OF THIS STUDY

WHAT IS ALREADY KNOWN ABOUT THIS
SUBJECT?

= Insulin resistance is one of the early indicators of
type 2 diabetes.

= Insulin resistance over a period triggers beta cell
failure.

WHAT ARE THE NEW FINDINGS?

= A wide range in insulin sensitivity and significant
differences in lipids were present even in relatively
young men despite the fact that the study subjects
were homogenous in terms of age, gender and eth-
nic background, and all had normal screening com-
prehensive chemistry and normal glucose response
to oral glucose tolerance test (OGTT).

= Relying only on fasting glucose and hemoglobin A1c
is not adequate for determining insulin sensitivity in
individuals.

= Low insulin-sensitive individuals may be at in-
creased risk of developing type 2 diabetes.

HOW MIGHT THESE RESULTS CHANGE THE
FOCUS OF RESEARCH OR CLINICAL PRACTICE?

= This study may encourage researchers to use more
hyperinsulinemic-euglycemic clamp procedures to
determine insulin sensitivity rather than depending
on the traditional method of using OGTT to deter-
mine insulin sensitivity.

biological action of insulin.' Insulin resis-
tance is the earliest metabolic defect detected
in subjects likely to develop type 2 diabetes
(T2D).2In response to insulin resistance, beta
cells augment their insulin secretion and the
compensatory hyperinsulinemia maintains
normal glucose tolerance.” As long as beta
cells are capable of increasing insulin secre-
tion to compensate for insulin resistance,
normal glucose tolerance is maintained.
Thus, hyperinsulinemia is a key feature in
insulin-resistant individuals without diabetes.*
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Insulin-resistant individuals manifest multiple subclin-
ical metabolic abnormalities, such as impaired fasting
plasma glucose concentration, impaired glucose toler-
ance, dyslipidemia (increased plasma triglyceride and/
or decreased plasma high-density lipoprotein (HDL)
concentrations), abdominal obesity and increased blood
pressure, a clinical constellation known as the resis-
tance metabolic syndrome.”™ In addition to the above-
mentioned metabolic abnormalities, insulin resistance
alone could be an independent risk for atherosclerosis
and cardiovascular diseases.””

Skeletal muscle, liver and adipose tissues are major
target tissues to the metabolic action of insulin. Insulin
stimulates muscle glucose uptake, inhibits hepatic glucose
production and suppresses lipolysis in adipocytes;’
however, skeletal muscles are the major sites for insulin-
stimulated glucose disposal in human.'*"* Impairment of
insulin action in insulin-responsive tissues leads to insulin
resistance.”” Higher insulin concentrations are required
in insulin-resistant individuals, compared with insulin-
sensitive people, to suppress hepatic glucose production
and lipolysis to the same levels. For example, Groop et al'®
reported that the half maximal effective concentrations
for insulin to suppress hepatic glucose production and
lipolysis are increased in patients with T2D compared
with normal subjects without diabetes, from ~30 to ~70
pU/mL and from ~10 to ~20 pU/mL, respectively.

The etiology of insulin resistance is complex and
involves both environmental and genetic factors. Envi-
ronmental factors such as polluted air, soil, unhealthy diet
intake resulting in overweight and obesity, and sedentary
lifestyle are among the most important environmental
factors responsible for the development of insulin resis-
tance.”” "' The hyperinsulinemic-euglycemic clamp
(HIEC), which represents the gold standard method
for quantification of insulin-stimulated muscle glucose
uptake, demonstrated 30%—-40% decrease in insulin-
stimulated glucose uptake in women with visceral
obesity,'” and both weight loss and increased physical
activity improve insulin sensitivity in obese individuals.'®

The importance of genetic background in the patho-
genesis of insulin resistance is well established.'’ Studies
in identical twins discordant for T2D demonstrated that
the twin with normoglycemia manifests 24% decrease in
insulin-stimulated glucose disposal compared with age-
matched and body mass index (BMI)-matched normal
individuals who do not have a family history of T2D.**!
Similarly, the offspring of two parents with diabetes mani-
fests ~50% decrease in insulin-stimulated glucose
disposal compared with subjects without a family history
of diabetes.*

T2D and gestational diabetes are highly prevalent in
Qatar, with an estimated 17% of all adults having T2D
and 23% of all pregnant women developing gestational
diabetes.” ™ The high prevalence of metabolic disorders
in Qatar suggests increased population risk for diabetes
due to genetic and/or environmental factors. We raised
the hypothesis that a significant number of apparently

healthy people in Qatar may have decreased insulin
sensitivity. The main objective of the present study was
to evaluate insulin sensitivity in a homogenous group of
apparently healthy young subjects with normoglycemia
of Arabic background in Qatar. We were interested
in investigating insulin and C peptide release pattern
following oral glucose tolerance test (OGTT) in subjects
with high, intermediate and low insulin sensitivity. Inter-
estingly, we found striking variations in insulin sensitivity
among subjects, which negatively correlates with insulin
secretion and with plasma concentrations of inflamma-
tory markers.

METHODS

Study design and subject recruitment

The aim of this study was to determine insulin sensi-
tivity in normal apparently healthy individuals. Written
informed consent was obtained from all subjects. Appar-
ently healthy adult male subjects of Arabic background,
aged 18-45, with no chronic medications and with
BMI <28 were recruited through advertisements on the
Hamad Medical Corporation social media platform.
All subjects were recruited between July 2016 and May
2018. Exclusion criteria included subjects involved in
regular strenuous exercise by self-report, those who did
not have a stable body weight in the past 6 months or
those adhering to special diets (ketogenic, intermittent
fasting). A total of 152 subjects were invited for initial
screening, and from this 73 were enrolled following
the inclusion/exclusion criteria. Eligible subjects were
further screened with fasting blood tests for liver func-
tion, renal function, lipid profile, complete blood count,
thyroid function and vitamin D level, as well as urine
analysis and ECG. Those with normal values were then
invited for a 75g OGTT after 10-12hours of overnight
fasting, with blood sampling every 15min to measure
glucose, insulin and C peptide. A total of 60 individuals
who fulfilled the inclusion/exclusion criteria agreed to
complete the study protocol.

Dual-energy X-ray absorptiometry and HIEC

Whole-body dual-energy X-ray absorptiometry was
performed to measure total fat, regional fat and fat-
free mass using the Discovery 010-1596 instrument from
Hologic and HIEC after overnight fast. The HIEC was
performed according to the method of DeFronzo et al.*’
Catheters were placed in the antecubital vein and in a vein
on the back of the hand, which was placed on a heated
box (60°C), for substrate infusion and blood draws,
respectively. Insulin was infused at a constant rate of 40
mU (287pmol) per minute per square meter of body
surface area for 120min. At the same time 20% glucose
was infused in a separate vein and blood glucose levels
were measured every 5min. The glucose infusion rate was
adjusted to maintain plasma glucose at 5mmol/L. The
rate of whole-body disposal of glucose per minute per
kilogram of body weight (M value) was calculated. The M
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value (mg of infused glucose/kg body weight/min) was
calculated from the glucose infusion rates during the last
60 min of the euglycemic clamp.*

Glucose assay

Blood samples during the OGTT and HIEC were
collected in plain microtubes, rapidly centrifuged in a
microcentrifuge, and the supernatant serum was assayed
for glucose concentrations using Analox (GM9; Analox
Instrument, UK). The intra-assay and interassay varia-
tions were less than 2%.

Insulin and C peptide assays

Insulin (cat# DINS00) and C peptide (cat# DICP00) were
measured on EDTA plasma (0.1 mL) using an ELISA kit
from R&D Systems (North America, USA), which has
a detection range of 1-100 mIU/mL for insulin and
1-100pg/mL for C peptide, respectively. The intra-assay
and interassay variations for insulin and C peptide were
less than 4% and less than 7%, respectively.

Adiponectin and adipsin assays

Adiponectin and adipsin levels were measured by the
Bioplex™® magnetic bead-based multiplex assay kit
(171A7002M), which is designed to measure multiple
proteinsin small volumes of serum, plasma or other biolog-
ical fluids. The useful detection range for adiponectin
was 0.3-1132ng/mL and for adipsin 0.01-32.50 ng/mL.
The intra-assay and interassay variations were 4.4% and
3%, respectively. The samples were diluted 1600 times
prior to assay.

Inflammatory marker assays

The plasma concentrations of C reactive protein (CRP)
and tumor necrosis factor receptor superfamily 1B
(TNFRSFIB) were measured by ELISA from R&D
Systems (CRP kit cat# DCRPO00; sRAGE kit cat# DRGOO;
interleukin 6 kit cat# D6050; and TNFRSF1B kit cat#
DRT 200). The preparation of all reagents, the working
standards and the protocol were according to the manu-
facturer’s instructions. Absorbance was measured at
450nm and subtracted from 570nm using dual filters
on an ELISA plate reader (Tecan). All samples were
thawed only once and assayed in duplicates. The useful
detection range for CRP was 0.8-50ng/mlL, for soluble
receptor for advanced glycation end products (sSRAGE)
1.23-16.14pg/mL and for TNFRSFIB 7.8-500 pg/mL.
The intra-assay and interassay variations were less than
4% and 8%, respectively.

Oxidative stress marker assays

Oxidized low-density lipoprotein (LDL; cat# 10-1143-01)
and glutathione peroxidase 1 (GPX-1; cat# ab193767)
were measured by an ELISA kit from Mercodia AB
(Uppsala, Sweden) and Abcam (USA), respectively. Total
antioxidant capacity (TAC) was measured by the TAC
Assay Kit (cat# ab65329; Abcam) according to the manu-
facturer’s protocol. The detection range for oxidized
LDL was 1.4-21.3 mU/L and for GPX-1 0.4-25ng/mL.

The intra-assay and interassay variations were 4.2% and
9.8%, respectively.

Enhanced liver fibrosis score and NAFLD score calculations
Enhanced liver fibrosis (ELF) score was calculated by
measuring the circulating levels of tissue inhibitor of
metalloproteinase 1 (TIMP-1; cat# DTM100) and hyal-
uronic acid (HA; cat# DHYALO) obtained from R&D
Systems and amino-terminal propeptide of type III
procollagen (PIIINP; cat# ABX576014) obtained from
Abbexa (Cambridge, UK). All measurements were done
by ELISA. The useful detection range for TIMP-1 was
0.156-10ng/mL, for HA 0.65-40ng/mL and for PIIINP
62.5-4000 pg/mL. ELF score was calculated as demon-
strated previously in a study.” Non-alcoholic fatty liver
disease (NAFLD) score was calculated using an online
NAFLD calculator as demonstrated previously.*

Statistical analyses

Descriptive statistics and mean=SD were calculated for all
continuous data variables. Preliminary statistical analyses
were conducted to examine the distribution of the data
variables using the Kolmogorov-Smirnov test. Baseline
characteristics include anthropometric, fat mass distribu-
tion, hemoglobin Alc (HbAlc) and other biochemical
parameters measured across different groups (least sensi-
tive, intermediate sensitive and most sensitive) and were
compared using one-way analysis of variance followed by
Bonferroni statistical test for multiple comparisons. Bar
graph plots and scatter diagram (linear regression) were
constructed to depict the distribution of various quanti-
tative outcome parameters and assess the strength of the
linear relationship between the M value and the OGTT
insulin area under the curve (AUC) values. AUCs for
glucose, insulin and C peptide levels during OGTT were
calculated using the trapezoidal method. All p values
presented were two-tailed and p<0.05 was considered
statistically significant. All statistical analyses were done
using SPSS V.24.0 statistical packages.

RESULTS

Basic characteristics of the study subjects

A total of 60 participants completed the study (figure 1)
and showed a large variation in M values between 2 and
20mg/kg/min (figure 2A). To understand the biochem-
ical correlates to insulin sensitivity, we divided the partici-
pants into three groups based on M values: least sensitive
(M value <6mg/kg/min, n=14), intermediate sensitive
(M value 6.1-12mg/kg/min, n=29) and most sensi-
tive (M value >12mg/kg/min, n=17) (figure 2B). We
measured insulin concentrations during the clamp and
there was no significant difference between the different
groups in terms of insulin level achieved during the
clamp (figure 2C,D).

Fasting insulin and platelets were significantly higher
in the least sensitive group (p<0.05; table 1). Our study
groups did not differ in terms of age, BMI, fat mass, fat
mass distribution, HbAlc, ELF score, NAFLD score and
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Participants enrolled

(N=73)

Withdrawn (N=7)

L.

v
Total participants who had OGTT

(N=66)

Participants
excluded due to
abnormal OGTT

(N=6)

Participants completed
with normal OGTT and
other measurements
(N=60)

Figure 1 Study participants’ recruitment criteria. OGTT, oral
glucose tolerance test.

Homeostatic Model Assessment 2 for Insulin Resistance
(HOMAZ2-IR); this reflects the high degree of homoge-
neity of the selected study subjects (table 1). Furthermore,
the groups also did not differ in terms of family history of
T2D, which reflects the high prevalence of family history
of T2D in Qatar. In fact, most of the participants (77%)
have a family history of T2D. Serum albumin, cholesterol
and alanine transaminase (ALT) concentrations were
higher in the least sensitive group than in the other two
groups. Triglycerides showed a trend toward achieving
significance.

Insulin and C peptide responses to OGTT

By study design all participants had normal glucose
tolerance as assessed by OGTT (figure 3); however, an
exaggerated insulin (p<0.01) and C peptide (p<0.01)
response was noted in the least and the intermediate
sensitivity groups as compared with the most sensitive
group (figure 3A,B). The correlation between the M
value of all subjects and the AUC for insulin response
to OGTT was significant (r=-0.416, p=0.001; figure 3C).
The correlation of the M value with the AUC of C peptide
during OGTT was weaker and not statistically significant
(figure 3D). We performed both hyperbolic curve and
linear curve fit to understand the relation between (1)
M value and insulin AUC and (2) M value and C peptide
AUC. The hyperbolic curve fit was not better compared
with the linear fit. Hence, linear fit was used to show

A B
—_ 18 —_
< <
£ s
ERY E,
= E
E £
< g
s s
0 A
C 500 D
400 7 60
= S
S 300 < 20 L
£ (]
2 200 ms6 2
= < M:6.1-12 2 20
100 @ w>12 =
0 0
0 30 60 90 120 Mvalues: <6 >12
Time (minutes)
Figure 2 (A) Individual M values across the 60 individuals,

arranged by increasing order. (B) Mean+SEM of M values
grouped into three groups: least sensitive (M<6), intermediate
sensitive (M=6.1-12) and most sensitive (M>12). One-way
analysis of variance followed by Bonferroni statistical test
was performed for multiple comparisons. *P<0.001 versus
the least sensitive group. (C) Insulin concentrations during
the clamp procedure and (D) AUC for insulin concentrations
during the clamp procedure. AUC, area under the curve; Ins,
insulin; M value, whole-body glucose disposal rate.

the relationship between M value, C peptide AUC and
insulin AUC (figure 3C).

Adiponectin, adipsin and oxidative stress markers
Adiponectin, adipsin and oxidative stress markers were
measured in the fasting plasma samples at baseline in
the three groups (table 2). No significant difference
was observed in the mean plasma concentrations of
adiponectin, adipsin, oxidized LDL, TAC and GPX-1
among the three groups.

Inflammatory markers

The plasma samples were further analyzed for CRP,
TNFRSF1B and sSRAGE. CRP concentrations were signifi-
cantly increased in the least and intermediate sensi-
tivity groups compared with the most sensitive group
(table 2). There was no significant change in sSRAGE and
TNFRSF1B among the three groups.

Correlation of M value, insulin secretion during OGTT

and HOMA2-IR with subject demographics and fasting
biochemical data

To understand the relationship of whole-body glucose
disposal and/or insulin secretion and HOMAZ2-IR with
subject demographic characteristics and basal biochem-
ical data, we performed Pearson rank analysis (table 3).
The analysis showed negative correlations between the
M value and hemoglobin, albumin, triglycerides, CRP,
fasting insulin and insulin secretion during OGTT.
On the other hand, insulin secretion during OGTT
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Table 1 Baseline characteristics of the study subjects

Most sensitive Intermediate sensitive Least sensitive
(M>12, n=17) (M=6.1-12, n=29) (M<6, n=14) ANOVA p values
M (mg/kg/min) 15.6+2.5 8.8+1.5" 4.9+1.2* <0.0001
FH of T2D (%) 35.3 17.2 26.6 0.279
Age (years) 31.3+5.4 29.6+4.9 32.6+4.92 0.183
BMI (kg/m?) 25.6+2.0 24.4+3.0 24.7+2.4 0.348
Waist (cm) 84.4+6.1 80.3+9.1 82.6+8.56 0.543
SBP (mm Hg) 127.3+8.7 121.0+10.0 127.6+14.2 0.085
DBP (mm Hg) 74.9+8.8 72.8+19.2 77.8+12.1 0.190
HR (beats per minute) 68.3+11.7 74.1+10.4 71.7+10.0 0.223
Hb (g/L) 147+8 150+9 155+8 0.072
Cre (umol/L) 80.0+9.2 79.7+11.3 76.0+£9.0 0.476
Albumin (g/L) 40.6+6.0 42.6+2.4 44.3+3.0* 0.037
Platelets (x10%L) 223.3+38.1 230.5+41.3 267.5+54.5 0.018
ALT (U/L) 24.8+8.5 19.7+9.2 34.3+24.3* 0.009
AST (U/L) 22.6+6.5 19.4+54 21.7+6.40 0.185
T chol (mmol/L) 4.6+0.9 4.4+0.7 5.2+1.2 0.041
TG (mmol/L) 0.9+0.4 0.9+0.5 1.2+0.5 0.051
HDL (mmol/L) 1.2+0.2 1.2+0.3 1.2+0.3 0.692
LDL (mmol/L) 3.0+0.8 2.8+0.6 3.4+1.0 0.072
FBG (mmol/L) 4.9+0.4 4.6+0.4 4.8+0.3 0.071
Insulin (mIU/L) 16.3+3.5 21.5+10.2 28.2+17.9 0.019
HbA1c (%) 5.2+0.2 5.1+0.3 5.1+0.2 0.476
TSH (mIU/L) 1.7+£0.6 1.4+0.8 1.8+1.0 0.403
Fat mass (kg) 18.3+4.7 19.6+6.0 18.1+6.8 0.293
Lean mass (kg) 56.3+7.3 55.0+£5.7 53.7+6.5 0.524
BMC (kg) 3.0+0.6 3.2+1.2 2.8+0.5 0.420
Android (%fat) 26.1+8.4 27.6+9.8 31.3+10.1 0.305
Gynoid (%fat) 26.8+6.7 27.4+7 1 27.3+6.2 0.962
A:G ratio 1.0£0.2 1.1£0.5 1.1£0.4 0.514
Total (%fat) 24.5+5.7 25.7+6.1 26.6+5.9 0.605
TIMP-1 (ng/mL) 75.8+16.8 80.2+23.3 85.0+16.1 0.483
PIINP (ug/mL) 8.6+1.9 8.1£1.1 8.5+0.6 0.433
HA (ng/mL) 13.8+6.9 16.5+9.7 21.8+15.9 0.142
ELF score 8.0+0.4 7.9+0.5 8.2+0.8 0.329
NAFLD score -3.2+0.4 -3.3+0.6 -3.7+0.8 0.120
HOMA2-IR 2.2+0.5 2.8+1.2 3.3+1.8 0.056

Data are mean+SD.

ANOVA was used to determine significance among the three groups followed by Bonferroni statistical test for multiple comparisons.

Fat mass (kg) is total fat weight in whole body.

*P<0.05 vs most sensitive.

A:G, android to gynoid % fat ratio; ALT, alanine transaminase; ANOVA, analysis of variance; AST, aspartate aminotransferase; BMC, bone
marrow concentration; BMI, body mass index; Cre, creatinine; DBP, diastolic blood pressure; ELF, enhanced liver fibrosis; FBG, fasting

blood glucose; FH, family history; HA, hyaluronic acid; Hb, hemoglobin; HbA1c, hemoglobin Aic; HDL, high-density lipoprotein; HOMA2-IR,
Homeostatic Model Assessment 2 for Insulin Resistance; HR, heart rate; LDL, low-density lipoprotein; M value, whole-body glucose disposal
rate; NAFLD, non-alcoholic fatty liver disease; PIIINP, procollagen Il amino-terminal peptide; SBP, systolic blood pressure; T chol, total
cholesterol; T2D, type 2 diabetes; TG, triglycerides; TIMP-1, TIMP metallopeptidase inhibitor 1; TSH, thyroid stimulating hormone.
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Figure 3 (A) Plasma concentrations of glucose (mmol/L),
insulin (mIU/L) and C peptide (nmol/L) during 75g OGTT.
White square: most sensitive group (M>12); gray diamond:
intermediate sensitive group (M=6.1-12); and black circle,
least sensitive group (M<6). (B) AUCs for the glucose, insulin
and C peptide responses during OGTT were calculated using
the trapezoid method. One-way analysis of variance followed
by Bonferroni statistical test was performed for multiple
comparisons. *P<0.01 versus M<6. (C and D) Correlation
between M values and the AUC of insulin (C) and C peptide
(D) responses to OGTT. AUC, area under the curve; C pep, C
peptide; Ins, insulin; M value, whole-body glucose disposal
rate; OGTT, oral glucose tolerance test.

(OGTT-Ins-AUC) showed a positive correlation with
ALT, cholesterol, triglycerides, LDL, regional fat distri-
bution, android fat content, total fat, CRP and oxidized

3

LDL. OGTT-Ins-AUC showed a negative association with
fatfree mass and adiponectin levels. HOMAZ2-IR showed
a positive correlation with heart rate, ALT, HDL, fasting
insulin, fat mass and its distribution, insulin and C peptide
secretion during OGTT (OGTT-Ins-AUC, OGTT-C pep-
AUC), C peptide AUC, and CRP, and a negative correla-
tion with adiponectin (table 3). CRP shows a negative
correlation with M values of all subjects combined with
p=0.013 (online supplemental figure 1).

DISCUSSION

The high prevalence of T2D, pre-diabetes and gesta-
tional diabetes mellitus in Qatar raises the possibility
that a high number of subjects with apparent normogly-
cemia in Qatar are predisposed to developing T2D.*
The progression from normoglycemia to pre-diabetes
to T2D occurs over a very long time. Both insulin sensi-
tivity and beta cell functions decrease gradually during
the development of T2D; lifestyle and environmental
factors play an important role. Therefore, we examined
the insulin sensitivity among people with normoglycemia
in Qatar. Interestingly, we find a wide range of insulin
sensitivity among the study subjects despite their rela-
tive homogeneity, being young, healthy, euglycemic,
male and relatively lean. Consistent with the variations
in insulin sensitivity measured by the HIEC, the subjects
with the least insulin sensitivity had the highest plasma
concentrations of insulin during OGTT, indicating that,
as predicted, beta cells increase insulin secretion and
compensate for the low insulin sensitivity. The wide
range of insulin sensitivity in the study subjects could be
due to different genetic backgrounds and/or different
environmental exposures that influence insulin sensi-
tivity.” * Variations in insulin sensitivity were previously
reported in subjects with normoglycemia; however, their
samples contained a wide range of BMI (19.5-52.2);
the fasting glucose cut-off was in the pre-diabetes range

Table 2 Fasting plasma concentrations (mean+SD) of adiponectin, adipsin, and oxidative stress markers oxLDL, TAC and
GPX-1 in the three different insulin sensitivity groups: M<6 (n=14), M=6.1-12 (n=29) and M>12 (n=17)

Most sensitive

Intermediate sensitive

Least sensitive

(M>12, n=17) (M=6.1-12, n=29) (M<6, n=14) P value
Adiponectin (pg/mL) 29.1%6.1 30.3+10.6 23.9+7.7 0.121
Adipsin (ng/mL) 577.7+165.8 630.4+186.6 537.4+202.4 0.319
oxLDL (U/L) 65.4+28.6 54.1+23.5 70.1£25.5 0.124
TAC (mM Trolox) 1.8+0.3 1.8+0.2 1.9+0.2 0.253
GPX-1 (ng/mL) 5.0+6.0 4.2+3.8 5.0+4.8 0.791
CRP (ng/mL) 1359.2+1012.6 2649.8+1872.9* 2335.4+1156.6* 0.027
SRAGE (ng/mL) 1180.5+695.6 1151.9+420.0 1314.1£561.0 0.654
TNFRSF1B (ng/mL) 2088.4+417.3 2174.0+527.3 2050.1+381.2 0.702

*P<0.05 vs M<6 by ANOVA.

ANOVA, analysis of variance; CRP, C reactive protein; GPX-1, glutathione peroxidase 1; M value, whole-body glucose disposal rate; oxLDL,
oxidized low-density lipoprotein; SRAGE, soluble receptor for advanced glycation end products; TAC, Trolox equivalent total antioxidant

capacity; TNFRSF1B, soluble tumor necrosis factor alpha receptor 2.
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Table 3 Pearson correlations of M value calculated from the hyperinsulinemic-euglycemic clamp and insulin secretion (AUC)
during OGTT with demographics and fasting biochemical data

M value OGTT-Ins-AUC HOMA2-IR
r P value r P value r P value
Age -0.161 0.218 0.182 0.167 0.1925 0.1514
Weight (kg) 0.035 0.793 0.01 0.942 -0.0195 0.8858
Height (cm) -0.129 0.327 -0.104 0.433 -0.095 0.483
BMI (kg/m?) 0.135 0.303 0.086 0.519 0.024 0.857
Waist (cm) 0.191 0.37 0.015 0.947 0.091 0.687
SBP (mm Hg) 0.053 0.693 0.063 0.644 0.003 0.986
DBP (mm Hg) -0.133 0.318 0.182 0.176 0.208 0.127
HR (beats per minute) -0.232 0.079 0.144 0.284 0.461* 0.000
Hb (g/L) -0.330* 0.011 0.198 0.137 0.223 0.098
Cre (umol/L) 0.081 0.541 -0.171 0.195 -0.219 0.101
Albumin (g/L) -0.284* 0.029 0.102 0.445 0.067 0.622
Platelets (x10%L) -0.165 0.212 0.001 0.431** 0.207 0.126
ALT (U/L) -0.139 0.29 0.461* 0.0001 0.378* 0.004
AST (U/L) 0.063 0.638 0.155 0.246 0.081 0.553
T chol (mmol/L) -0.233 0.079 0.522** 0.0001 0.254 0.059
TG (mmol/L) -0.265* 0.044 0.531* 0.0001 0.231 0.086
HDL (mmol/L) -0.078 0.562 -0.09 0.502 -0.109 0.423
LDL (mmol/L) -0.186 0.162 0.503** 0.0001 0.274* 0.041
FBG (mmol/L) -0.011 0.932 0.032 0.813 -0.059 0.674
HbA1c (%) 0.213 0.106 -0.05 0.708 -0.171 0.208
TSH (mIU/L) -0.012 0.931 0.13 0.336 -0.205 0.133
Insulin -0.336* 0.045 0.343* 0.041 0.370* 0.031
Region (%fat) -0.212 0.103 0.345* 0.007 0.350** 0.008
Total mass (kg) —-0.008 0.954 0.011 0.937 -0.027 0.842
Tissue (9) -0.013 0.923 0.027 0.838 -0.015 0.912
Fat (g) -0.108 0.412 0.291* 0.026 0.240 0.073
Lean mass (g) 0.147 0.263 -0.213 0.105 -0.242 0.069
BMC (g) 0.03 0.818 -0.217 0.099 -0.141 0.297
Fat-free mass (g) 0.143 0.277 -0.347** 0.007 -0.243 0.069
Android (%fat) -0.235 0.071 0.449** 0 0.346™* 0.008
Gynoid (%fat) -0.066 0.615 0.219 0.095 0.270* 0.042
A:G ratio -0.186 0.155 0.145 0.274 0.047 0.728
Total (%fat) -0.201 0.124 0.351* 0.006 0.352** 0.007
Glu-AUC -0.09 0.496 0.162 0.22 0.084 0.536
Ins-AUC -0.416* 0.001 1 0.563** 0.000
C pep-AUC -0.219 0.096 0.244 0.063 0.284* 0.032
M value 1 -0.416** 0.001 -0.255 0.056
Adiponectin (ug/mL) 0.058 0.669 -0.301* 0.024 -0.280* 0.041
Adipsin (ug/mL) -0.047 0.731 0.088 0.52 -0.088 0.526
CRP (ng/mL) -0.329* 0.013 0.384* 0.004 0.434* 0.001
TNFRSF1B (ng/mL) 0.036 0.789 0.033 0.805 0.133 0.332
sRAGE (ng/mL) -0.102 0.442 -0.072 0.586 -0.212 0.114
Oxidized LDL -0.059 0.658 0.257* 0.05 0.154 0.254

Continued
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Table 3 Continued

M value OGTT-Ins-AUC HOMA2-IR

r P value r P value r P value
TAC (U/L) -0.171 0.194 0.159 0.229 -0.108 0.423
GPX-1 (ng/mL) 0.003 0.984 -0.08 0.551 —-0.090 0.509
TIMP-1 (ng/mL) -0.202 0.132 0.087 0.526 0.161 0.245
PHINP (ug/mL) 0.196 0.144 -0.1 0.461 -0.020 0.888
HA (ng/mL) -0.278* 0.036 -0.102 0.455 -0.129 0.354
ELF score -0.167 0.217 -0.246 0.07 -0.135 0.336
NAFLD score 0.233 0.138 -0.367* 0.018 -0.235 0.149

Region (%fat) is % of fat present in the legs and trunk region. Tissue (g) is total body weight minus bone mineral content.

*p<0.05 and **p<0.01.

A:G, android to gynoid % fat ratio; ALT, alanine transaminase; AST, aspartate aminotransferase; AUC, area under the curve; BMC, bone
marrow concentration; BMI, body mass index; C pep-AUC, C peptide area under curve; Cre, creatinine; CRP, C reactive protein; DBP,
diastolic blood pressure; ELF, enhanced liver fibrosis; FBG, fasting blood glucose; Glu-AUC, glucose area under curve; GPX-1, glutathione
peroxidase 1; HA, hyaluronic acid; Hb, hemoglobin; HbA1c, hemoglobin Aic; HDL, high-density lipoprotein; HOMA2-IR, Homeostatic Model
Assessment 2 for Insulin Resistance; HR, heart rate; Ins-AUC, insulin area under curve; LDL, low-density lipoprotein; M value, whole-body
glucose disposal rate; NAFLD, non-alcoholic fatty liver disease; OGTT, oral glucose tolerance test; PIIINP, procollagen Ill amino-terminal
peptide; SBP, systolic blood pressure; sSRAGE, soluble receptor for advanced glycation end products; TAC, total antioxidant capacity; T chol,
total cholesterol; TG, triglycerides; TIMP-1, tissue inhibitor of metalloproteinase 1; TNFRSF1B, soluble tumor necrosis factor alpha receptor

2B; TSH, thyroid stimulating hormone.

(<6.4mmol/L); and the study subjects came from
different ethnicities.”” Our study subjects were selected to
be highly homogenous, being young men with BMI less
than 28 and of Arab ethnicity. Further, our cohort was
selected to be euglycemic using all the following three
criteria: fasting blood glucose below 5.6 mmol/L, 2-hour
glucose post 75 g OGTT below 7.8 mmol/L and HbAlc
below 5.6%.

The glucose disposal rate, as reflected by the M value,
was negatively correlated with both fasting insulin level
and AUC of the insulin response to OGTT. This illus-
trates that maintenance of normoglycemia in subjects
with low insulin sensitivity requires high insulin secre-
tion. However, the measured insulin level in the periph-
eral blood reflects both insulin secretion and insulin
clearance. Interindividual variations in hepatic clearance
of insulin play an important role in determining the level
of peripheral insulin.

The difference in HOMAZ2-IR levels among the
three groups was at the limit of significance (p=0.056).
HOMA-IR is a good indicator of insulin resistance in
a large cohort that includes a range of euglycemia,
pre-diabetes and diabetes. However, in our cohort, all
subjects were selected to be normoglycemic by all three
criteria: normal fasting blood glucose, normal 2-hour
plasma glucose after 75 g glucose challenge and normal
HbAlc; in addition, all had BMI below 28. It is therefore
plausible that HOMA-IR variations may not be sensitive
to reflect different levels of insulin sensitivity in such a
homogenous cohort.

Since adiponectin promotes insulin action,”® * we
hypothesized that adiponectin plasma concentrations
may be lower in the low sensitivity group; however, we
did not observe significant differences in adiponectin

levels between the groups. Adipsin is another adipokine
secreted by adipose tissues involved in increasing insulin
secretion in response to glucose.” The lack of differ-
ences in adiponectin and adipsin levels among the low
and high insulin sensitivity groups in our study suggests
that insulin sensitivity in this homogenously selected
population is not related to adipokine functions and/or
subcutaneous adiposity.

CRP is a non-specific marker of inflammation.”” CRP
levels were reported to be increased in young Peru-
vians with insulin resistance,” and independently asso-
ciated with fasting hyperinsulinemia in women without
diabetes,41 in smokers with insulin resistance* and in
young women with polycystic ovarian syndrome.*
Mendelian randomization studies using CRP gene Single
Nucleotide Polymorphism (SNP) variations did not reveal
a causal relationship between CRP and insulin resistance
or incident diabetes, although the association between
high CRP levels and insulin resistance was confirmed.*®
Brunner et al'® concluded that the associations between
serum CRP and insulin resistance, glycemia and diabetes
are likely to be non-causal and that inflammation may
play a causal role via upstream effectors rather than the
downstream marker CRP. In our study, the subjects in
the low and intermediate insulin sensitivity groups had
higher CRP levels than the subjects in the high insulin
sensitivity group; however, other markers of inflamma-
tion, TNFRSF1B and sRAGE, were not different among
the groups. Our study thus confirms the association of
CRP with reduced insulin sensitivity; however, the study
does not establish a role of inflammation in the patho-
genesis of subclinical insulin resistance.

Oxidative stress is known to play a role in insulin
resistance.”” * We did not find differences in TAC,
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GPX-1 or oxidized LDL level among the insulin sensi-
tivity groups. However, we found a positive associa-
tion between oxidized LDL and total insulin secretion
during HIEC in our study. Oxidative stress could be
a late event in the development of insulin resistance
syndromes.*

Previous studies in a Korean population showed
higher platelet levels in insulin-resistant individuals and
a positive association was observed between platelets and
HOMA-IR.”” > In agreement with the above studies, we
also observed a higher platelet count in the least sensitive
group. ALT levels were shown to associate with insulin
resistance in several studies”* ™" of clinically established
metabolic disease, such as diabetes, obesity and meta-
bolic syndrome. Interestingly, we also found that ALT
levels were significantly higher in the least sensitive group
as compared with the other groups, although the indi-
viduals tested in the three groups were healthy, young,
relatively lean and normoglycemic, and that decreased
insulin sensitivity in the lowest sensitivity group was not
associated with a clinical syndrome. We performed ELF
and NAFLD scores, which showed good correlations
with fibrosis stages in chronic liver disease.” ** Our data
showed no significant differences in ELF and NAFLD
scores between the groups, suggesting that our subjects
most likely did not have hepatic fibrosis; however, we did
not perform direct measurement of hepatic fat content
and therefore we could not assess the fatty liver status of
the study participants.

Further, insulin sensitivity measured by HIEC reflects
muscle glucose utilization, as glycogenolysis and glycol-
ysis are suppressed by the high insulin. Therefore, the
association of ALT, a hepatic enzyme, with low insulin
sensitivity by HIEC is intriguing and suggests a role of
ALT in reduced insulin sensitivity outside the liver.”’
The positive correlation between HOMA-2-IR and ALT
(table 3) in our cohort suggests that HOMA-IR is related
to hepatic insulin resistance.

Increased serum albumin level was reported to be
associated with insulin resistance in a Korean cohort.”
However, follow-up of incident pre-diabetes for 35807
person-years revealed that the increase in albumin actu-
ally protected progression from pre-diabetes to T2D.”
Interestingly, our study shows that serum albumin levels
in the least sensitive group were significantly higher than
the most sensitive group. Taken together with the data of
Jun et al,™ we suggest that the increase in serum albumin
in the low insulin sensitivity group could be a protective
physiological reaction against decreased insulin sensi-
tivity. Hemoglobin levels are tightly controlled by insulin
resistance inducible factors.” We observed an increasing
trend in hemoglobin with increase in insulin resistance
and a significant negative association between M value
and hemoglobin level. This observation agrees with a
report from Chen et al’s study, which also showed that
hemoglobin levels increase with increase in insulin resis-
tance. Further Pearson correlation analysis showed a
negative correlation between M value and hemoglobin,

albumin, triglycerides and insulin AUC and a positive
correlation with CRP (table 3).

One limitation of the present study is that we did not
measure endogenous glucose production, which might
contribute to the variations in the measured M value
among the study individuals. However, the high insulin
infusion rate in our protocol resulted in a high steady-
state plasma insulin concentration in the range of 400
mlIU/L (figure 2C); this would result in a complete
suppression of endogenous glucose production.'” Thus,
the glucose infusion rate during the insulin clamp is a
reliable representation of M value. Another limitation of
this study is that we did not measure hepatic fat content
and thus we cannot rule out the contribution of the liver
to overall insulin resistance.

In conclusion, a wide range of insulin sensitivity and
differences in CRP concentrations were observed in the
participants despite the fact that these subjects were
healthy, of the same gender and ethnic background,
and with normal glycemia as documented by OGTT and
fasting glucose. The striking differences in insulin sensi-
tivity in apparently healthy and relatively homogenous
subjects are intriguing and may indicate an increased risk
of metabolic disorders in the least sensitive group.
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