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Objective: Insulin secretion declines with age and this dbates to the increased risk of
developing impaired glucose tolerance (IGT) anc:t@miabetes mellitus (T2DM) in older
subjects. Insulin secretion is regulated by tloedatin hormones glucagon-like peptide (GLP)
1 and glucose-dependent insulinotropic peptide YGHrere we tested the hypotheses that
incretin release is reduced in older subjects,thatithis decline is associated wfifcell
dysfunction.

Research Design40 young (253 y) and 53 older (74+7 y) lean naabdtic subjects
underwent a 2 h oral glucose tolerance test (OGBaged on the OGTT, subjects were
divided in 3 groups: young normal glucose tolef@ANGT, n=40), older with NGT (O-
NGT, n=32), and older with IGT (O-IGT, n=21).

Main Outcome MeasuresPlasma insulin, C-peptide, GLP-1, and GIP conegioins were
measured every 15-30 min. We quantitated insulsisgity (Matsuda index) and insulin
secretory rate (ISR) by deconvolution of C-peptidih the calculation of-cell glucose
sensitivity.

Results Matsuda index, early phase ISR (0-30min) andmpaters of3-cell function were
reduced in O-IGT vs. Y-NGT, but not in O-NGT. GLR:dncentrations were elevated in
both older groups [GLP-1_AUGsowas 2.8£0.1 in Y-NGT, 3.8+0.5 in O-NGT, and 3.7:O0.
nmol/-120 min in O-IGT (P<0.05)] while GIP secretion vesvated in O-NGT vs. Y-NGT
[GIP_AUGCy.120was 4.7£0.3 in Y-NGT, 6.0+0.4 in O-NGT, and 4.8¢@mol/t120 min in O-
IGT (P<0.05)].

Conclusions: Aging is associated with an exaggerated GLP-lesaty response. However,
this was not sufficient to increase insulin firbiage release in O-IGT and overcome insulin
resistance.
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Aging is associated with an exaggerated GLP-1 secretory response. However, this was not sufficient
to increase insulin release and overcome insulin resistance in older subjects with IGT.

INTRODUCTION

Aging is associated with major changegliutose metabolism. Various studies
indicate that increasing age is accompanied by ir@apa@lucose tolerance. The 2 hour
plasma glucose concentration during an oral glutmseance test (OGTT) rises on average
5.3 mg/dl per decade (1). The Baltimore Longituti®imdy of Aging showed a progressive
decline in glucose tolerance from the third throtlggninth decade of life (2). This decline
in glucose tolerance with age also was evidertténNational Health and Nutrition
Examination Survey (NHANES) Ill, in agreement wittent estimates that approximately
one third of subjects age®5 have diabetes (3). The cause for the high pgeea of
glucose intolerance and type 2 diabetes mellit@d{M) in the older population is not clear.
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Yet, many factors have been implicated, includihgnges in fat distribution (4), physical
activity (5), muscle insulin sensitivity (6), adcell function (7).

A decrease i cell function with advancing age has been pre\wodscumented
(8). For example cell responsiveness during a frequent sampledviai@us glucose
tolerance test is reduced in older nondiabeticesibjcompared with younger individuals
(9,10). In additionp cell insulin response upon arginine stimulatioragsimpaired in older
subjects (9,10). Despite these data indicatingabeng leads to decreasegicell function,
the cause for this age-dependent functional dedimet known. Some studies have found
that3 cell mass declines with age (11), although othaities have not reported such decline
(12).

incretin hormones glucagon-like peptide 1 (GLP+id glucose-dependent insulinotropic
peptide (GIP) peptides are secreted by the gugsponse to nutrients, enhancing insulin
secretion by cells and reducing glucagon release (14). WHABN and adiposity are
associated with altered incretin release el resistance to both GLP-1 and GIP (15,16), t
is still unclear whether the declinefircell function seen in normal aging (i.e., in thsence
of T2DM) also is associated with defects in ineresecretion.

The purpose of this study was to evaluate inci@imone secretion in lean older
subjects, with either normal (NGT) or impaired ([Gjlucose tolerance, compared to lean
young NGT. We also examined whether possible alggekdifferences in incretin release
are associated with changegicell function. Because incretins enhafoeell function and
mass (15), we hypothesized that aging leads tdwcesl and/or impaired incretin release in
response to a glucose load, and that this impairmeuld be associated with redudgdell
function.
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METHODS

Subjects.

We studied 40 young (18-30 years old) and 53 die@&5 years old) non-diabetic non-obese
subjects. Each subject underwent a medical hisptrysical examination, screening
laboratory tests, and a 75-g oral glucose tolertéeste(OGTT). All subjects were sedentary
(not more than one session of exercise per weektammunity-dwelling. Subjects were
not obese (BMI = 23-26 kg/nand did not have a family history (first degretative) of
diabetes. Body weight was stable (£ 1 kg) foreast 3 months prior to enrollment. Subjects
were not taking medication known to affect glucossabolism. The study was approved by
the Institutional Review Board of the UTHSCSA aflicsabjects gave written voluntary
consent.

OGTT.

Plasma glucose, insulin, and C peptide concentraiticere measured at baseline and every
15 min for 2 h after the ingestion of 75 g glucaséP-1 and GIP were measured every 30
minutes in samples collected in prechilled tesetutontaining aprotinin and EDTA. Based
on the OGTT, subjects from the older group werelaitbed into NGT or IGT groups. All
subjects in the young group were NGT. The increale®t)C for plasma glucose and insulin
during the OGTT was calculated using the trapezoida (17).

We calculated the HOMA insulin resistance (IR) w@ad the Matsuda index for insulin
sensitivity, as previously described (18,19). Phienary stimulus for insulin secretion is the
increment in plasma glucose in the first minutéerahe glucose load. Thus, we calculated
the insulinogenic index as the incremental area Abf@lasma insulin concentrationlj
divided by the incremental AUC for plasma glucoseaentration AG) from 0 to 30 min and
the late insulin response A¥AG from 30 to 120 min. The pre-hepatic insulin sty rate
(ISR) was calculated by plasma C- peptide decomnwm{20,21). We also calculated the
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indexes of3-cell insulin secretion, the rate sensitivity (Kdg., the insulin secretion in
response to changes in glucose concentration hafiddell glucose sensitivity, i.e., the slope
of the dose response between ISR and glucose extuas previously described (22,23).
The disposition index during OGTT was calculateddBAGx Matsuda index from 0-30 and
0-120 minutes, respectively (21,24). We also caleal the insulin secretion/insulin
resistance (IS/IR) index 2dSR/AG x Matsuda index (21,24).

Laboratory analyses.

Plasma insulin and C-peptide concentrations wem@sared by radioimmunoassay
(Diagnostic Products, Los Angeles, CA), glucose miaasured with the oxidase method on a
Beckman Analyzer, and hemoglobin Alc was measusatjwa DCA 2000 analyzer (Bayer
Corporation, Tarrytown, NY). GIP was measureddisimmunoassay with a C-terminally
directed antiserum code # 867, raised against thatyo peptide corresponding to the C-
terminus of human GIP (University of Copenhagemibark) thus measuring “total“ GIP
(intact GIP + the primary metabolite GIP 3-42).tal&GLP-1 (intact GLP-1 + the primary
metabolite GLP-1 9-36 amide) was measured by nawliminoassay using standards of
synthetic GLP-1 7-36 amide and antiserum code 8898, which is specific for the
amidated C-terminus of GLP-1 (University of Copegdra, Denmark). Plasma
concentrations of total cholesterol and triglycendere measured enzymatically
(Boehringer-Mannheim, Indianapolis, IN). PlasmalHiholesterol was measured
enzymatically on Hitachi 704 autoanalyzer aftercpiation of chylomicron and VLDL and
LDL cholesterol by phosphotungstic acid. LDL clstéxol was calculated from the
Friedwald equation.
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Statistical methods.

mean * standard error and qualitative variablegwegpressed as percentages. Kolmogorov-
Smirnov test was performed to evaluate distributibthe variables. Comparison between
groups (Young vs Old) was performed using t-tesgifeantitative variables with normal
distribution and with Mann Whitney U test for thosgh non-normal distribution. To

compare more than two groups we used ANOVA and {akest for normally distributed
variables and Kruskal-Wallis’s procedure for normal data distribution. Correlations
between continuous variables were carried out udgayson correlation for variables with
normal distribution and Spearman for those with normal distribution.

RESULTS

Subjects’ Characteristics.

We studied 93 subjects sub-divided in 3 groups rateg to age and degree of glucose
tolerance: young subjects with NGT (Y-NGT; n=40,amage 25 y), older subjects with
NGT (O-NGT; n=32, mean age 72), and older subjedts IGT (O-IGT; n=21, mean age
77). Anthropometric and metabolic characterisbicthe subjects are shownTable 1 Sex
distribution and BMI were not statistically differebetween the three groups. Total and
LDL cholesterol concentrations were higher in old&F compared with NGT subjects (both
Y-NGT and O-NGT), while the HDL cholesterol andytyicerides were similar in all groups.
The fasting plasma insulin was similar in the 3ugp®while the fasting plasma glucose was
slightly but significantly elevated in both olderogps (O-NGT, O-IGT) compared with the
Y-NGT group {Table 1). The glucose AUC increased progressively frolN@T to O-NGT
to O-IGT (Figure 1A).

Indexes of insulin sensitivity.

The HOMA IR, which primarily represents hepaticuhis sensitivity, was not significantly
different between the three groug®ble 2). Peripheral insulin sensitivity, calculated with
the Matsuda index, was similar among NGT subjaats O-NGT and Y-NGT) but was
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significantly reduced in the older IGT group (P<®w3. Y-NGT) Table 2). AGgy.120Was
significantly elevated in the O-IGT group, compavégth both Y-NGT and O-NGT. The O-
IGT group displayed a significant increase in gkeeconcentrations particularly from 30-
120min [Table 2 Figure 1A).

Insulin response to a glucose load.

Plasma glucose concentrations were similar inuddjexts in the first 30 minutes of the
OGTT (Figure 1A); glucose concentrations of O-NGT overlapped thoséNGT, while in
O-IGT glucose concentrations were highieig(ire 1A). The early incremental plasma
insulin response (bothlg.z0andAISRy.30) to the OGTT was reduced only in O-IGT vs. Y-
NGT (Figure 1 panel B and G while insulin secretion from 30-120miAlgo.120and AISRso.
120) Was increased in the O-IGTdble 2). Since older patients had a late response idimsu
secretion bothlg.120andAISRy.120 Were similar in the 3 groupsTdble 2).

B cell function.

We have calculated the rate sensitivity (Kd), tlee, insulin secretion in response to changes
in glucose concentration and feell glucose sensitivity, i.e., the slope of tluse response
between ISR and glucose excursion as previouskyridbesl. TheB-cell glucose sensitivity
was reduced only in the O-IGT. Also the disposititiex and the insulin secretion/insulin
resistance ratio were reduced only in the O-IGThlvehen calculated in the first 30 min or
during the entire duration of the OGTTaple 2).

Incretin secretion.

GLP-1 secretion was significantly increased in baltter groups vs. Y-NGT [GLP-1_AUC
120was 2.8+0.1 in Y-NGT, 3.8+0.5 in O-NGT, and 3.74@mol/t120 min in O-IGT
(P<0.05)]. There was no difference in GLP-1 searetietween older groupBigure 2A).

GIP secretion was significantly elevated in the GINgroup [AUG.1206.0£0.4 nmol/l x
120min) compared to Y-NGT and to O-IGT (4.7+0.3d &@8+0.3 nmol/l x 120min]Kigure
2B). Even though the main effect of agingfdoell function is most evident during the first
30 minutes of the OGTT, the GLP-1_AUC during th& BO min of the curve remained
significant elevated in O-NGT compared with Y-NQIbgects, suggesting a compensatory
response of GLP-1 secretion in O-NGT. We analyhed¢lationship between incretin
secretion and insulin response by plotting theanwntal incretin concentrations during the
first 60 min vs. the incremental ISR. We obsentet O-IGT had increased GLP-1 secretion
compared to Y-NGT but significantly lower ISR comgato both Y-NGT and O-NGT
(Figure 2C). O-NGT and Y-NGT had similar ISR response infils hour but GIP secretion
was higher in O-NGT, perhaps indicating lower s&visy to GIP in older subjectdgure
2D). On the other hand, O-IGT had reduced both GWPISR during the first 60 min of the
OGTT compared to O-NGTF{gure 2D).
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DISCUSSION

We investigated the relationship betwegasri@lated changes ghcell function with
incretin secretion in response to oral glucosee [BBs of first phase insulin secretioff (1
phase ISR) is one of the earliest abnormalitieges! in glucose intolerant individual (25-
27). Chen et al demonstrated that older subjectslonse ' phase ISR and have a delayed
insulin response in the first hour after an orakgkse load (9). In this study, the first phase
insulin response (measureddSR/AG andAl/AG during the first 30 min of OGTT,able
2) was decreased only in O-IGT but not in O-NGT, paned to Y-NGT subjects. Similarly,
O-IGT subjects had a reduction in the 0-120 fhell response.

We investigated if the impairment in ilisuwelease seen in O-IGT subjects is due
to reduced incretin secretion. Against our predigtwe found that the incretin response was
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upregulated in the older subjects (both O-NGT ar&D) compared to young. The higher
GLP-1 response observed in both older groups niglnterpreted as a physiological
response to prevent loss of early phase insulireBen. Nonetheless, this exaggerated GLP-
1 response was not sufficient to normalize firsagghinsulin secretion in the O-IGT. Notably,
B-cell sensitivity to glucose was altered only idesl subjects with IGT, but not in those with
NGT. This suggests resistance of fheells to the incretin effect such that the gupoesls

to the glucose load with an exaggerated GLP-1 sel@aan attempt to exert normal insulin
secretion responses. A negative feedback relatipmstween insulin and GIP has been
proposed to exist (28), but was never convincimggnonstrated, and the influence of insulin
secretion on GLP-1 secretion is unclear.

A deleterious effect of aginger se onf cell function has not been consistently observed.
For example, prior studies using the hyperglycectamp technique have shown little or no
decrease in insulin secretion, both first and seégirase, with aging (29-31). Our results are
therefore in line with previous findings showingthwhen early insulin secretion is
preserved, older subjects have normal glucoseatuoder.

The exaggerated GLP-1 response showndrstiady is in line with the study from
Ranganath et al (32). Yet, others did not find diffgrence in GLP-1 concentration between
younger healthy controls vs. older healthy contesld older subjects with T2DM (33).
Unlike our study, these previous studies did nobaat for the level of insulin resistance
(34) and did not exclude subjects with positiveifgristory for type 2 diabetes that are
known to affect incretin responses (35). We fourat the incretin response to the glucose
load is enhanced in older subjects (NGT and IGTmared with young controls, bgtcell
sensitivity to glucose is altered only in older jgals with IGT. This indicates a resistance of
thep-cell to the incretin effect and therefore the ignaty respond to the glucose load with an
increased incretin release to obtain similar imstdisponses, although the mechanism for this
remains obscure. We propose that with aging3thell becomes resistant to the incretin
effect, thus requiring an increased release of GlaPd GIP to stimulate adequate insulin
secretion in response to the glucose load.
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Conclusions

We conclude that the incretin response in oldejestb is not impaired, but rather increased.
The insulin response in older NGT group is simitathe young NGT group, suggesting that
resistance of thp cell to the incretin effect could be a mechanisemtibuting to the glucose
intolerance seen with aging.
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Figure 1: OGTT glucose and insulin concentrati@ams] insulin secretion rates in Y-NGT, O-
NGT and O-IGT non obese subjects. * p<0.05 O-IG¥WGT, § p<0.05 O-IGT vs O-NGT

Figure 2: Top panels: OGTT GLP-1 and GIP conceiommatin Y-NGT, O-NGT and O-IGT
non obese subjects. * p<0.05 O-IGT vs Y-NGT, § p8S@-NGT vs Y-NGT, p=ns O-IGT vs
O-NGT. Bottom panels: comparison of incremental &Rveen 0-60min vs incremental
GLP-1 and GIP concentrations. # p<0.05 change&W@ISR vs Y-NGT, § p<0.05
changes in dAUC-GLP-1 or GIP vs Y-NGT. * p<0.0%nbges in dAUC-ISR O-NGT vs O-
IGT, 8 p<0.05 changes in dAUC-GLP-1 or GIP O-NGIGQ-IGT.

Table 1. Baseline Subjects’ Characteristics
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ri- [ Y-NGT | O-NGT | O-IGT | P§

‘ I Glucose excursions during OGTT

%E AGgsc (mmolfl) 39.3+3.0 41.2+3.1 39.6+4.0 0.74
xS AGsg.15¢ (MMol/]) 129.5+17.2 156.8+19.0 387.0+21.4#* 0.0001
S0 Insulin sensitivity

a2 HOMA-IR 1.21+0.18 1.26+0.13 1.56+0.27 0.17
& Matsuda index 11.0+1.4 8.1+0.7 6.5+0.7# 0.009

Y-NGT O-NGT O-IGT P§
Number 40 32 21
Age (years) 25.4+3.4 71.9+7.2 # 76.616.7# <0.0001
Sex (F/M) 26/14 14/19 11/9 NS
BMI (kg/m? 23.8+2.5 25.2+2.9 23.8+2.8 0.16
HbAL1C (%) 5.1+0.3 5.5+ 0.3v 5.6+0.3# <0.0001
Insulin (pmol/l) 36.8+4.9 35.9+3.5 44.3+7.8 0.46
Glucose (mmol/L) 5.06+ 0.55 5.36+0.54# 5.52+0.46# .000
Total Cholesterol (mmol/L) 3.89+0.17 4.39+0.23 4QQT7# 0.04
HDL Cholesterol (mmol/L) 1.43+0.08 1.51+0.9 1.54#0. 0.39
LDL Cholesterol (mmol/L) 1.98+0.18 2.43+0.20 2. Q1¥3# 0.07
Triglycerides (mmol/L) 1.07+0.17 0.97+0.18 1.0538 0.91

# p<0.05 vs Y-NGT, * p<0.05 vs O-NGT, § old vs ygun

Table 2. OGTT indexes of insulin sensitivity ghdell function
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Insulin concentrations and secretion during OGTT

Algac (nmolll) 4.6:0.6 36105 25105 # 0.03
Alse.12 ("o 24.912.6 27.713.6 31.0t4.5% 0.48
AISRo.5 (nmol/min) 22.612.2 22.652.4 13.712 .28 0.02
AISRec.12( nmol/min) 83.815.2 101.657.8 111.818 4% 0.02
(M/AG)oac_(pmolimmol) 12720 102+17 68216 # 0.02
(A/AG)s.1c (pmol/mmol) 5781479 2151119 84112 #* 0.002
(AISR/AG)o.z0 0.710+0.099 0.683+0.140 0.380+0.073 #* 0.004
(nmol/min / mmol/l)

(AISRIAG)s0120 4.327+4.429 1.480+0.403 0.300+0.025 #* <0.0001
(nmol/min / mmol/l)

Bcell function

Rate sensitivity (Kd) 19194508

Dol T Lot 4097+1011 35601379 0.03
Glucose sensitivity, 479465 266x28#*

pmol Chmin® T2 CmM'* 509+55 0.04
(M/AG)oa: X Matsuda 11342176 752141 356174 20,0005
(A/AG)e12 x Matsuda 20261864 16852351 46263 #* <0.001
(AISR/AG)qa x Matsuda 7.9+1.7 5111 23204 # 20,0002
(AISR/AG). X Matsuda 17.945.9 74%1.7 1.020.3 #* 20.0001

# p<0.05 vs Y-NGT, * p<0.05 vs O-NGT, § old vs ygun
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