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Context: Lowering of body mass index (BMI) to $25 kg/m2 as obesity by ADA suggests insulin re-
sistance as a major mechanism of impaired glucose metabolism (IGM) in Asians. However, glimepiride,
an insulin secretagogue, delayed onset of type 2 diabetes (DM2) from prediabetes (PreDM), indicating
decreased insulin secretion (IS) as a major factor in lean (L; BMI , 27 kg/m2) subjects with IGM.

Objective: Assessment of IS and insulin resistance (IR) in L and obese (Ob; BMI $ 27 kg/m2) subjects
with euglycemia (N), PreDM, and new onset DM2.

Subjects: Seventy-five men and 45 women ages 36 to 75 years were divided into six groups: LN,
LPreDM, LDM2, ObN, ObPreDM, and ObDM2.

Methods:Determination of IS by insulinogenic indices (I/G) at fasting (FI/FG), first phase (ΔI/ΔG), and
cumulative responses over 2 hours of OGTT (CRI/CRG), and IR by FIXFG, ΔIXΔG, and CRIXCRG.
Changes in IS and IR for PreDM and DM2were calculated as % fall and % rise, respectively, from levels
in N.

Results: All indices of IS and IR were lower (P , 0.05) in L than corresponding Ob groups (P , 0.05).
Moreover, decline in IS and rise in IR were progressive fromN to PreDM (P, 0.05) and DM2 (P, 0.05)
in both groups. However, the declines in IS were greater (P , 0.05) than rises in IR in LPreDM and
LDM2. Whereas, the rises in IR were higher (P , 0.05) than declines in IS in ObPreDM and ObDM2.

Conclusion: In L, major mechanism of IGM is declining IS and not rising IR documented among Ob.
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The American Diabetes Association (ADA) lowered body mass index (BMI) from $27 kg/m2

to$25 kg/m2 as a diagnostic criterion of obesity in the Asian American population [1]. Thus,
the ADA probably continues to indicate insulin resistance as a major pathophysiologic
mechanism of altered glucose metabolism in Asian subjects as among lean population in the
United States. However, by older criteria, the same population would be considered lean as
still recognized in non-Asian Americans [1]. In a recent study, glimepiride, an insulin se-
cretagogue, was documented to delay progression from prediabetes (PreDM) to type 2 di-
abetes (DM2) in more lean subjects and for a longer duration of time in comparison with
treatment with metformin in an obese non-Asian population [2]. It is plausible that better
efficacy of glimepiride in lean subjects was induced by its capacity to reverse the decline in
insulin secretion, whichmay be themajor pathophysiologic factor in these subjects in contrast

Abbreviations: ADA, American Diabetes Association; BMI, bodymass index; DM2, type 2 diabetes; OGTT, oral glucose tolerance test;
PreDM, prediabetes.
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to insulin resistance, a well-established mechanism in obese subjects manifesting deranged
glucose metabolism, including PreDM and DM2. Therefore, indices of insulin secretion, as
well as insulin resistance,were determined in lean (BMI, 27kg/m2) and obese (BMI$ 27kg/m2)
subjects with normal glucose tolerance, PreDM, and new onset DM2.

1. Subjects and Methods

The study was approved by Research and Development Committee as well as the Human
Studies Subcommittee at the Veterans Affairs Medical Center, Des Moines, Iowa, 50310.

One hundred twenty non-Asian subjects, 75 men and 45 women (mean age, 51 6 7 years;
range, 36 to 75 years), participated in the study after obtaining informed consent. Subjects
with PreDMandDM2 of recent onset prior to initiation of treatment referred to endocrinology
clinic during a period of 2 years between 1 July 1985 and 30 June 1987 were enrolled. Age-
matched lean and obese subjects with normal glucose tolerance were volunteers recruited
among the employees of the medical center and the churchgoers attending morning mass at
the local church. Inclusion criteria included ability to provide informed consent, normal renal
andhepatic function, and absence of any other disorder, such as hypertension, coronary artery
disease, etc., or presence of these disorders being stable while receiving stable daily dose of
medications during 6 months prior to entry into the study. Postmenopausal women receiving
stable hormone replacement and younger women using contraceptives in any form were
included as well. Subjects with history of hospitalization for any reason or who had received
steroids or immunosuppressive drugs by any route during 6 months prior to enrollment were
excluded. Pregnant women were excluded as well. The subjects were classified into two
groups: lean, BMI , 27 kg/ m2 and obese, BMI $ 27 kg/ m2. Both groups of subjects were
further divided into three subgroups: normal, PreDM, and DM2 as per the diagnostic criteria
established by the ADA based on fasting plasma glucose and HbA1c concentrations de-
termined on at least two separate occasions [1]. Plasma insulin and glucose were determined
in all the participants after an overnight fast of 8 to 10 hours and again at interval of 15
minutes for 2 hours after ingestion of glucose 75 g (oral glucose tolerance test [OGTT]; [Figs. 1
and 2]). Subjects were requested to consume a regular diet containing at least 150 g car-
bohydrate for 3 days. Insulin secretion was determined by a previously well-established
method: insulinogenic index: insulin/glucose (I/G) [3–5]. Insulin resistance was quantified
by Insulin3Glucose product (I3G) because this index has been used as amajor denominator
in previously well-established methods, e.g., Homeostasis Model assessment (HOMA),
Matsuda, Quicki, etc., and validated to be reliable and accurate as correlated with insulin
sensitivity index as quantitated by determination of plasma glucose disappearance rate over
first 20 minutes during insulin tolerance test [6–11]. The markers of insulin secretion were
determined at baseline, fasting insulin/fasting glucose (FI/FG), at the time of first peak of
insulin, insulin rise from fasting level/glucose rise from the fasting concentration at the same
time during OGTT (ΔI/ΔG), and the ratio of cumulative responses as calculated as a sum of the
differences above the fasting levels at all the time points (CRI/CRG) up to 2 hours after
ingestion of glucose after an overnight fast. We have documented cumulative response to be a
precise, accurate, and reproducible expression of the integrated secretion as determined by
area under the curve [4, 5, 12]. The indices of insulin resistance were determined at fasting
(FIXFG), at the first peak of insulin rise during OGTT (ΔIXΔG), and over 2 hours of OGTT
(CRIXCRG). Changes in all individual indices of insulin secretion for subjects with PreDM
andDM2were calculated by determination of% fall fromnormal subjects, whereas changes in
all individual markers of insulin resistance were expressed as % rise from normal subjects.
Plasma glucose was determined by a chemical analyzer (Technicon, Inc., San Francisco, CA)
using glucose oxidase method. HbA1c was assessed using a commercial kit (Glycogel test kit,
Pierce Chemical, Co. Rockford, IL). Plasma insulin was measured by using a well-established
commercial kit provided by the Mayo Clinic laboratory (Rochester, MN). Interassay and
intraassay coefficients of variation were 7% to 10% in our laboratory. Comparisons were
conducted for indices of insulin secretion and resistance between lean and obese individual
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subgroups, e.g., normal, PreDM, and DM2. Comparisons were also performed for the same
indices between subgroups, e.g., normal vs PreDM vs DM2 among lean and obese groups.
Finally, the degree of decline in insulin secretion in lean subjects was compared with the
magnitude of rise in insulin resistance in obese subjects with worsening glucose tolerance
from normal subjects to subjects with diabetes. Statistical methods used for these compar-
isons were paired Student t test and analysis of variance. All data are reported as mean 6
standard error of mean (SEM).

2. Results

Insulinogenic indices (I/G) determined at fasting, at first peak of insulin rise, and during
entire 2 hours declined progressively from normal population to subjects with PreDM and

Figure 1. Plasma insulin concentration after an overnight fast and again at intervals of 15
minutes for 2 hours during 75-g OGTT.
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further to subjects with DM2 in both lean and obese groups with changes being statistically
significant among individual groups (Tables 1–3). Simultaneously, the markers of insulin
resistance, Insulin 3 Glucose products rose progressively in both the lean and obese groups
from normal subjects to the highest degree in subjects with DM2 with intermediate rise in
subjects with PreDM (Tables 1–3). Moreover, both the indices of insulin secretion and insulin
resistance were significantly lower in all individual lean groups when compared with the
corresponding obese groups (Tables 1–3). However, the declines in indices of insulin secretion
(Δ I/G) were significantly greater than the rises inmarkers of insulin resistance (Δ IxG) in lean
subjects with PreDM as well as DM2 (Table 4). In contrast, the rises in markers of insulin

Figure 2. Plasma glucose concentration after an overnight fast and again at intervals of 15
minutes for 2 hours during 75-g OGTT.
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resistance (Δ IxG)were significantly higher than the decline in indices of insulin secretion (Δ I/
G) in obese subjects with PreDM as well as DM2 (Table 4).

3. Discussion

This study demonstrates that the decline in insulin secretion is greater than the degree of rise
in insulin resistance in lean (BMI , 27 kg/m2) American subjects with PreDM and DM2 as
expressed by well-established methods [3–12]. Alternatively, the progression of insulin re-
sistance is markedly more pronounced as compared with the fall in insulin secretion as
determined by the same techniques in obese (BMI $ 27 kg/m2) American population man-
ifesting both PreDM and DM2 [3–12]. The finding of the progressive decline in insulin se-
cretion being greater than the progressive rise in insulin resistance in the lean American
population in this study is consistent with the previous data in the literature documented in
lean European subjects, as well as a lean Asian cohort with euglycemia, PreDM, and DM2
[13–24]. However, this study is unique as it shows a comparison of indices of insulin secretion
and insulin resistance between lean and obese American subjects. Moreover, this study alone
documents that the fall in insulin secretion in lean is significantly greater than the rise in
insulin resistance in obese with worsening glucose tolerance from normal subjects to subjects
with DM2. None of the previous studies have documented this finding. Moreover, efficacy of
lifestyle change and/or metformin in delaying progression of PreDM to DM2 in Indian,
Chinese, and European nonobese subjects as defined by average BMI , 27 kg/m2 was
documented to be significantly lower in comparison with the obese population in the United
States as expressed by mean BMI . 27 kg/m2 [25–34]. Addition of pioglitazone to lifestyle
intervention also failed to improve outcomes in terms of delaying progression to DM2 in
Indian subjects with PreDM [35]. However, none of these studies reported efficacy in lean and

Table 1. Fasting Plasma Insulin (I), Fasting PlasmaGlucose (G), I/G, and IxG in Lean (L) andObese (Ob)
Subjects With Euglycemia (N), PreDM, and DM2

Subjects Insulin (m U/mL) Glucose (mm/L) I/G IxG

LN 7 6 1 5.0 6 0.3 1.42 6 0.08 36 6 5
LPreDM 7 6 1 6.6 6 0.5ab 1.08 6 0.07ab 45 6 6ab

LDM2 6 6 1 11.6 6 2.3ab 0.52 6 0.03abc 68 6 8abc

ObN 16 6 3a 5.1 6 0.3 3.31 6 0.20a 81 6 8a

ObPreDM 18 6 4a 6.6 6 0.4a 2.6 6 0.18ab 120 6 12ab

ObDM2 22 6 5b 11.1 6 2.8abc 1.9 6 0.1abc 239 6 32abc

aP , 0.01 vs LN.
bP , 0.01 vs LN for LPreDM and LDM2; vs ObN for ObPreDM and ObDM2.
cP , 0.01 vs PreDM among both L and Ob groups.

Table 2. First Phase Insulin Rise (ΔI) at the Time of Peak Glucose Concentration (ΔG), ΔI/ΔG, and ΔIxΔG
in Lean (L) and Obese (Ob) Subjects With Euglycemia (N), PreDM, and DM2

Subjects ΔI (mU/mL) ΔG (mm/L) ΔI/ΔG ΔIxΔG

LN 13 6 4 2.5 6 0.3 5 26 6 0.68 31 6 4
LPreDM 10 6 3 3.9 6 0.5ab 2.59 6 0.55ab 39 6 4ab

LDM2 8 6 3 6.2 6 0.9ab 1.31 6 0.23abc 50 6 7abc

ObN 18 6 3a 2.4 6 0.4 7.43 6 0.71ab 44 6 5ab

ObPreDM 17 6 3a 3.8 6 0.5a 4.51 6 0.36ab 66 6 9ab

ObDM2 13 6 4b 6.5 6 0.8abc 2.17 6 0.2abc 83 6 12abc

aP , 0.01 vs LN.
bP , 0.01 vs LN for LPreDM and LDM2.
cP , 0.01 vs ObN for ObPreDM and ObDM2.
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obese cohorts as individual groups. The less beneficial outcome treated with lifestyle change
and/or metformin or pioglitazone in terms of delaying progression to DM2 in nonobese
subjects with PreDM may indicate the decline in insulin secretion to be the major patho-
physiologic mechanism rather than rising insulin resistance as described in this and other
studies [13–24] becausemetformin and pioglitazone are documented to possessminimal or no
substantial stimulatory influence on insulin secretion [36–38]. In contrast, the delay in the
progression to DM2 in obese subjects with PreDM in the United States by metformin may be
attributed to blunting of insulin resistance, which plays a dominant role in the obese subjects
with PreDM as documented in several reports [39–43]. In fact, several other recent studies
have concluded that b-cell dysfunction played a major role in progression to diabetes in lean
Asian Indians with PreDM, whereas rising insulin resistance was the main pathophysiologic
factor in progression to DM2 in obese US population of subjects with PreDM [44–46].
Finally, a greater efficacy of glimepiride, an insulin secretagogue, in delaying progression of
PreDM to DM2 in more lean American subjects and for a longer duration in comparison with
the use of metformin in an American obese population demonstrated in a recent report adds
credence to this hypothesis [2].The better efficacy of glimepiride in the lean population in
this study may be attributed to its well-established major ability to stimulate both the first
and second phase insulin secretions, as well as it minor effect on enhancing insulin sensitivity
[5, 47–53].

Therefore, the contribution of progressively rising insulin resistance is greater than the fall
in insulin secretion in impaired glucose metabolism in American as well as other obese
populations with PreDM and DM2. In contrast, the major pathophysiologic mechanism in
onset of PreDM and its progression to DM2 in the lean American and other populations may
be the progressive decline in insulin secretion, whereas insulin resistance may play a minor
role. Thus, the ADA recommendation of initial treatment of leanAmerican and non-American

Table 3. CumulativeResponses (CR) for Insulin andGlucoseasWell as InsulinSecretion (CRI/CRG) and
Insulin Resistance (CRIxCRG) Over 2 Hours of OGTT in Lean (L) and Obese (Ob) Subjects With
Euglycemia (N), PreDM, and DM2

Subjects CRI (mU/mL) CRG (mm/L) CRI/CRG CRI x CRG

LN 53 6 8 13.4 6 0.9 4.2 6 0.5 708 6 48
LPreDM 43 6 6ab 18.7 6 1.4ab 2.3 6 0.3ab 819 6 57ab

LDM2 34 6 5ab 30.5 6 2.5ab 1.2 6 0.1ab 1040 6 68ab

ObN 89 6 14a 14.1 6 1.1a 6.2 6 0.6ab 1258 6 71ab

ObPreDM 86 6 10ab 19.8 6 2.6ab 4.5 6 0.4ab 1701 6 87ab

ObDM2 72 6 10ab 31.8 6 3.1abc 2.7 6 0.4abc 2293 6 103abc

aP , 0.05 vs LN.
bP , 0.01 for LPreDM and LDM2 vs LN and for ObPreDM and ObDM2 vs. ObN.
cP , 0.01 vs PreDM among both L and Ob groups.

Table 4. Changes in Indices of Insulin Secretion (%Fall) and InsulinResistance (%Rise) in Lean (L) and
Obese (Ob) SubjectsWithPreDMandDM2FromCorrespondingGroups of SubjectsWithEuglycemia (N)

Subjects

% Fall From N % Rise From N % Fall From N % Rise From N

ΔI/ΔG ΔI x ΔG CRI/CRG CRI x CRG

LPreDM 51 6 6a 26 6 3 45 6 7a 17 6 2
LDM2 75 6 8abc 61 6 6bc 71 6 8abc 47 6 6bc

ObPreDM 39 6 5ab 50 6 8b 27 6 3a 38 6 5b

ObDM2 52 6 8abc 88 6 10bc 57 6 7abc 82 6 9bc

aP , 0.05 for ΔI/ΔG vs ΔI x ΔG and CRI/CRG vs CRI x CRG.
bP , 0.01 vs LPreDM.
cP , 0.01 for LDM2 vs LPreDM and ObDM2 vs ObPreDM.
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subjects with both PreDM and DM2 may not be appropriate. Moreover, lowering BMI for
diagnosis of obesity and the treatment based on obesity in lean American population with
PreDM and DM2 may not be appropriate as well. Rather, the treatment based on patho-
physiology, e.g., the decline in insulin secretion, administration of an insulin secretagogue
may be more appropriate and beneficial as reported in the study showing better efficacy of
glimepiride in delaying progression from PreDM to DM2 in lean subjects as compared with
metformin in an obese population [2].
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37. Vuković M, Lapcević M, Kalezić N, Gvozdenović BS. [The effect of metformin on fasting and post-
prandial insulin secretion in obese patients with diabetes mellitus type 2]. Srp Arh Celok Lek. 2007;
135(7-8):447–452.

38. Lamontagne J, Pepin E, Peyot ML, Joly E, Ruderman NB, Poitout V, Madiraju SR, Nolan CJ, Prentki
M. Pioglitazone acutely reduces insulin secretion and causes metabolic deceleration of the pancreatic
beta-cell at submaximal glucose concentrations. Endocrinology. 2009;150(8):3465–3474.

39. Vardarli I, Arndt E, Deacon CF, Holst JJ, Nauck MA. Effects of sitagliptin and metformin treatment
on incretin hormone and insulin secretory responses to oral and “isoglycemic” intravenous glucose.
Diabetes. 2014;63(2):663–674.

40. Widén EI, Eriksson JG, Groop LC. Metformin normalizes nonoxidative glucose metabolism in insulin-
resistant normoglycemic first-degree relatives of patients with NIDDM.Diabetes. 1992;41(3):354–358.

41. Iannello S, Camuto M, Cavaleri A, Milazzo P, Pisano MG, Bellomia D, Belfiore F. Effects of short-term
metformin treatment on insulin sensitivity of blood glucose and free fatty acids. Diabetes Obes Metab.
2004;6(1):8–15.

42. Malin SK, Gerber R, Chipkin SR, Braun B. Independent and combined effects of exercise training and
metformin on insulin sensitivity in individuals with prediabetes. Diabetes Care. 2012;35(1):131–136.

43. Krysiak R, Okopien B. Haemostatic effects of metformin in simvastatin-treated volunteers with im-
paired fasting glucose. Basic Clin Pharmacol Toxicol. 2012;111(6):380–384.

44. Snehalatha C, Mary S, Selvam S, Sathish Kumar CK, Shetty SB, Nanditha A, Ramachandran A.
Changes in insulin secretion and insulin sensitivity in relation to the glycemic outcomes in subjectswith
impaired glucose tolerance in the Indian Diabetes Prevention Programme-1 (IDPP-1). Diabetes Care.
2009;32(10):1796–1801.

45. NandithaA,RamJ, SnehalathaC, SelvamS, Priscilla S, ShettyAS,ArunR,Godsland IF, JohnstonDG,
Ramachandran A. Early improvement predicts reduced risk of incident diabetes and improved car-
diovascular risk in prediabetic Asian Indian men participating in a 2-year lifestyle intervention
program. Diabetes Care. 2014;37(11):3009–3015.

46. Gujral UP, Mohan V, Pradeepa R, Deepa M, Anjana RM, Mehta NK, Gregg EW, Narayan K. Ethnic
variations in diabetes and prediabetes prevalence and the roles of insulin resistance andb-cell function:
the CARRS and NHANES studies. J Clin Transl Endocrinol. 2016;4:19–27.

47. Sonnenberg GE, Garg DC, Weidler DJ, Dixon RM, Jaber LA, Bowen AJ, DeChemey GS, Mullican WS,
Stonesifer LD. Short-term comparison of once- versus twice-daily administration of glimepiride in
patients with non-insulin-dependent diabetes mellitus. Ann Pharmacother. 1997;31(6):671–676.

48. KorytkowskiM, ThomasA, Reid L, TedescoMB,GoodingWE,Gerich J. Glimepiride improves both first
and second phases of insulin secretion in type 2 diabetes. Diabetes Care. 2002;25(9):1607–1611.

49. Singh J, Unnikrishnan AG, Agrawal NK, Singh SK, Agrawal JK. Immunoreactive insulin response to a
single dose of glimepiride in lean type 2 diabetic subjects.JAssoc Physicians India. 2002;50:1232–1235.

50. Sato J, Ohsawa I, Oshida Y, Sato Y, Sakamoto N. Effects of glimepiride on in vivo insulin action in
normal and diabetic rats. Diabetes Res Clin Pract. 1993;22(1):3–9.

51. Müller G, Satoh Y, Geisen K. Extrapancreatic effects of sulfonylureas–a comparison between glime-
piride and conventional sulfonylureas. Diabetes Res Clin Pract. 1995;28(Suppl):S115–S137 (Review).

52. Raptis SA, Hatziagelaki E, Dimitriadis G, Draeger KE, Pfeiffer C, Raptis AE. Comparative effects of
glimepiride and glibenclamide on blood glucose, C-peptide and insulin concentrations in the fasting and
postprandial state in normal man. Exp Clin Endocrinol Diabetes. 1999;107(6):350–355.

53. Kabadi UM, Kabadi M. Comparative efficacy of glimepiride and/or metformin with insulin in type 2
diabetes. Diabetes Res Clin Pract. 2006;72(3):265–270.

750 | Journal of the Endocrine Society | doi: 10.1210/js.2016-1116

http://dx.doi.org/10.1210/js.2016-1116

