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Context: It is not known whether glucagon-like peptide-1 (GLP-1) and glucose-dependent
insulinotropic polypeptide (GIP) levels correlate within individuals, nor whether levels change
with age. Previous studies have all been cross-sectional in design.

Objective: To evaluate longitudinal changes in fasting and glucose-stimulated incretin hormone
concentrations in healthy older subjects.

Patients and Design: Forty-one healthy older subjects had measurements of plasma GLP-1 and GIP
while fasting and after a 75-g oral glucose load on two occasions separated by 5.96 0.1 years [mean
age at the initial study: 71.26 3.8 (SD) years]. Breath samples were collected to calculate the gastric
50% emptying time (T50).

Results: For GLP-1, both fasting concentrations (P , 0.001) and area under the curve 0 to 120
minutes (P5 0.001) were decreased at followup. Fasting GIP was also lower (P5 0.03) at follow up,
but there was no change in the area under the curve 0 to 120 minutes (P 5 0.26). The gastric
emptying T50 was slower at followup (P 5 0.008). Neither the change in T50 nor the body mass
index at the initial study was a determinant of the change in incretin responses. Between the two
study days, fasting GIP (r5 0.72, P, 0.001) correlatedwell, but not fasting GLP-1 (r5 0.23, P5 0.18).
However, both glucose-stimulated GLP-1 (r5 0.50, P5 0.002) and GIP (r5 0.60, P, 0.001) showed
correlations between the initial and follow-up studies.

Conclusions: Fasting GIP and glucose-stimulated GLP-1 and GIP concentrations correlate within
individuals over a follow-up period of;5.9 years. Aging is associatedwith reductions in fasting GLP-
1 and GIP, and glucose-stimulated GLP-1, which may predispose to the development of glucose
intolerance and type 2 diabetes. (J Clin Endocrinol Metab 104: 6201–6206, 2019)

The incretin hormones, glucagon-like peptide-1 (GLP-
1) and glucose-dependent insulinotropic polypeptide

(GIP), released from the small intestine in response to
nutrient exposure (GLP-1 fromLcells locatedpredominantly

in the distal small intestine and GIP from K cells
located more proximally) are important regulators
of postprandial glycemia through glucose-dependent
insulinotropic effects (1). They account for the so-called
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“incretin effect,” which is the markedly increased insulin
response when glucose is delivered enterally when com-
pared with an isoglycemic IV infusion (2, 3). There is a
substantial interindividual variation in GLP-1 and GIP
responses to nutrients (4), which is probably not system-
atically affected by the presence of type 2 diabetes (4). GLP-
1 affects glucose homeostasis through a number of actions
in addition to stimulation of insulin secretion, including
suppression of glucagon, slowing of gastric emptying, and
enhanced satiety to reduce food intake (5, 6). In contrast,
GIP may stimulate glucagon, particularly in response to
hypoglycemia (7), but has little, or no, effect on gastric
emptying or appetite (7, 8), but may affect fat meta-
bolism (6, 9). In type 2 diabetes, the incretin effect is
diminished, at least in part, as a result of a marked at-
tenuation of the insulinotropic effect of GIP (10). This
observation has stimulated the development of GLP-1-
based therapy (i.e., GLP-1 receptor agonists and dipep-
tidyl peptidase 4 inhibitors) for the management of type
2 diabetes (11, 12).

It is now appreciated that the rate of gastric emptying,
which varies substantially between individuals (usually in
the range of 1 to 4 kcal/min), is a major determinant of the
glycemic response to carbohydrate-containing meals in
healthy subjects (13–17) as well as individuals with type 2
diabetes (18, 19). Gastric emptying may also affect
postprandial GLP-1 and GIP secretion (20). We have
demonstrated that the rate of intraduodenal glucose de-
livery has differential effects on GLP-1 and GIP in health
(21–23) and type 2 diabetes (22, 24). Specifically, a rate of
.2 kcal/min is required to stimulate GLP-1, whereas the
stimulation of GIP is approximately linear, in the range of
1 to 4 kcal/min (20, 21, 23). Using the specific GLP-1
antagonist, exendin 9-39, we have also shown that en-
dogenous GLP-1 slows gastric emptying (25).

Although gastric emptying is known to slow modestly
with healthy aging (26, 27), it is not known whether
baseline and/or nutrient-stimulated GLP-1 or GIP levels
are subject to intraindividual variation or whether they
are affected by aging. Specifically, previous studies have
all been cross-sectional in design, with the inherent
limitations in this approach. We have now re-evaluated a
cohort of healthy older subjects after an interval of ;5.9
years and determined changes in fasting and glucose-
stimulated plasma GLP-1 and GIP concentrations and
their relationships with gastric emptying.

Materials and methods

Subjects
Eighty-seven healthy older individuals who took part in a

study, performed between July 2010 and July 2012 evaluating
the effect of gastric emptying on the glycemic and incretin

hormone responses to a 75-g oral glucose load (13), were invited
by mail to participate in the present follow-up study. Of the
original cohort, none had died, 41 agreed to participate, 11 had
medical conditions that precluded their involvement, 13 refused
to participate, 21 did not respond to the letter, and, in 1 case, the
invitation letter was returned and the individual considered to be
lost to follow-up. Demographic information and medical history
were updated. Individuals were excluded if they had a history of
gastrointestinal disease or surgery, substantial respiratory or car-
diac disease, alcohol intake .20 g/day, or were taking medi-
cation known to affect gastric emptying.

The protocol was approved by the Human Research Ethics
Committee of the Royal Adelaide Hospital, and each subject
provided written informed consent. All experiments were
carried out in accordance with the Declaration of Helsinki.

Protocol
The protocol was identical to that used in the initial study

(13). Individuals attended the Royal Adelaide Hospital, at
;08.30 h after an overnight fast (14 hours for solids; 12 hours
for liquids) (28). They were seated in an armchair, and a
cannula was inserted into an antecubital vein for blood sam-
pling. After a rest period of 15 to 30 minutes, each participant
consumed a drink containing 75 g glucose and 150 mg
13C-acetate (Cambridge Isotope Laboratories, Tewksbury, MA),
made up to 300 mL with water, within 2 minutes. Time zero
(t 5 0) was defined as the time of completion of the drink.

Venous blood samples (;15 mL) were obtained immedi-
ately before the commencement of the drink (t 5 23 minutes)
and at t 5 30, 60, 90, and 120 minutes. The IV cannula was
then removed, and the subject offered a light lunch before
leaving the laboratory.

Measurements

Blood glucose concentrations
Fasting and 2-hour blood glucose concentrations were de-

termined using a portable glucometer (Medisense Companion 2
Meter, Medisense Inc., Waltham, MA) (29, 30). Subjects with
fasting blood glucose $7.0 mmol/L and/or 2-hour blood glu-
cose$11.1 mmol/L were classified, according to World Health
Organization criteria, as having diabetes (31).

Plasma GLP-1 and GIP
Total GLP-1 was measured by radioimmunoassay (GLPIT-

36HK,Millipore, Billerica, MA). The minimum detectable limit
was 3 pmol/L, intra- and interassay coefficients of variation
(CVs) were 8.0% and 10.0%, respectively (21). PlasmaGIPwas
measured by radioimmunoassay. Theminimum detectable limit
was 2 pmol/L, interassay CV was 9.4%, and intra-assay CV
was 4.4% (32). The assays used for the initial and follow-up
measurements were identical, although they were not per-
formed at the same time.

Gastric emptying
Exhaled breath samples were collected before ingestion of

the drink (t 5 23 minutes), every 5 minutes for the first hour
(commencing at t 5 5 minutes) and then every 15 minutes for
the second hour, for assessment of gastric emptying. The 13CO2

concentration in the breath samples was measured by an iso-
tope ratio mass spectrometer (ABCA 20/20; Europa Scientific,
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Crewe, UK), and the gastric 50% emptying time was calculated,
using the formula described by Ghoos et al. (33).

Statistical analysis
Plasma GLP-1 and GIP were analyzed and presented as

absolute values and changes from baseline. One-way repeated
measures ANOVAwas used to evaluate the effects of time (t5 0
to 120 minutes) on the change from baseline values for plasma
GLP-1 and GIP at each visit.

The peak and time to peak for GLP-1 and GIP were cal-
culated, as were areas under the curve (AUCs) from 0 to 120
minutes, the latter using the trapezoidal rule. Differences be-
tween the initial study and follow up were assessed using
Student paired t tests.

The changes in AUCs for plasma GLP-1, plasma GIP, and
gastric emptying (DGE) between the initial and follow-up studies
were calculated. Linear regression analysis was performed to
evaluate correlations for GLP-1 and GIP concentrations between
the two study days. Multiple linear regression was performed to
gain insights into the potential effects of DGE, GLP-1, GIP re-
sponses at the initial study, and body mass index (BMI) at the
initial study on the changes in GLP-1 or GIP. All analyses were
performed using SPSS version 24 (SPSS, Chicago, IL). A
P value , 0.05 was considered significant in all analyses. Data
are presented as mean values 6 SEM, unless stated otherwise.

Results

Of the 41 older individuals (20 female and 21 male) who
agreed to return, the mean age at the initial study was
71.26 3.8 (SD) years and BMI 25.86 2.7 (SD) kg/m2. At
follow-up (mean interval of 5.9 6 0.1 years), age was
77.1 6 3.8 (SD) years and BMI 26.5 6 3.1 (SD) kg/m2

(P 5 0.3). There were no demographic differences at
baseline between those who participated in the study and
those who did not. The studies were generally well tol-
erated and there were no adverse events. Five subjects
were shown to have diabetes and were excluded from
analyses. In another six subjects, a nonlinear regression
model could not be fitted to the measured 13CO2 con-
centrations at the initial and/or the follow-up study.
Paired plasma GLP-1 and GIP data were available in 36
subjects, whereas gastric emptying data were available in
30 subjects.

Plasma GLP-1
There was a reduction in fasting plasmaGLP-1 (21.06

1.0 vs 15.3 6 0.7 pmol/L, P , 0.001) at follow-up
compared with the initial study. Between t 5 0 and 120
minutes, there was a rise (P , 0.001 for both) in plasma
GLP-1 on both study days. The AUC for plasma GLP-1
(P 5 0.001) (Fig. 1(a)) and the maximum rise in plasma
GLP-1 (41.36 2.6 vs 35.46 2.2 pmol/L, P5 0.03) were
less, and the time to peakwas longer (33.46 2.0 vs 47.56
3.6 minutes, P 5 0.001) at followup. Changes in GLP-1
were not influenced by sex (data not shown).

Plasma GIP
There was a reduction in fasting plasma GIP (19.8 6

1.2 vs 17.1 6 0.9 pmol/L, P 5 0.03) at followup com-
pared with the initial study. Between t 5 0 and 120
minutes, there was a rise (P , 0.001 for both) in plasma
GIP on both study days. There was no difference (P 5

0.26) in the AUC for plasma GIP between the initial and
follow-up studies (Fig. 1(b)), or in the maximum rise in
plasma GIP (56.16 2.8 vs 54.26 2.4 pmol/L, P5 0.43).
However, the time to peak was shorter (98.3 6 3.7 vs
76.76 5.9 minutes, P5 0.001) at follow-up. Changes in
GIP were not influenced by sex (data not shown).

Gastric emptying
Gastric 50% emptying time was slower at follow-up

than at the initial study (136.5 6 4.9 vs 164.7 6 10.6
minutes, P 5 0.008).

Figure 1. Plasma (a) GLP-1 and (b) GIP concentrations before and
after 75 g glucose at the initial and follow-up studies in healthy
older subjects (n 5 36). Data are mean values 6 SEM.
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Relationships for GLP-1, GIP, and gastric emptying
between the two study days

Fasting GLP-1 concentrations at the initial and follow-
up studies were not related (r5 0.23, P5 0.18; n5 36).
In contrast, there was a correlation in fasting GIP con-
centrations between the initial and follow-up days (r 5
0.72, P , 0.001; n 5 36). There were significant re-
lationships between AUC 0 to 120 minutes for plasma
GLP-1 (r 5 0.50, P 5 0.002; n 5 36) [Fig. 2(a)], plasma
GIP (r5 0.60, P, 0.001; n5 36) [Fig. 2(b)], and gastric
emptying (r 5 0.38, P 5 0.04; n 5 30) at the initial and
follow-up studies.

Predictors of changes in glucose-stimulated plasma
GLP-1 and GIP

Multiple linear regression analysis was performed to
investigate potential predictors of the changes in AUCs
for plasma GLP-1 in the subjects with complete data (n5

30). Variables in the model included theDGE between the
two study days, GLP-1 AUC at the initial study, and BMI
at the initial study. GLP-1 AUC at the initial study [b 5

20.476 0.17 (SE), P5 0 0.01], but not DGE [b5 1.56
3.4 (SE), P5 0.96] or BMI at the initial study [b5 35.56
62.0 (SE), P 5 0.57], was a significant predictor. The
overall model fit was R2 5 0.26, P 5 0.046.

Similarly, multiple linear regression analysis was also
performed to investigate potential predictors of the
D.GIP-1 AUC in the subjects with complete data (n 5
30). Variables in themodel included theDGEbetween the
two study days, GIP.AUC at the initial study, and BMI at
the initial study. GIP.AUC at the initial study [b 5

20.486 1.4 (SE), P5 0.002], but not DGE [b5 0.386
4.7 (SE), P5 0.94] or BMI at the initial study [b5 37.86
93.2 (SE), P 5 0.69], was a significant predictor. The
overall model fit was R2 5 0.33, P 5 0.02.

Discussion

This study represents a longitudinal evaluation of fasting
and oral glucose-stimulated incretin hormone responses
in healthy older people. Previous studies have all been
cross-sectional. Observations are that fasting GIP and
GLP-1, and glucose-stimulated GLP-1, decreased sig-
nificantly over a mean period of 5.9 years and there was
a reasonable correlation between GLP-1 and GIP re-
sponses at baseline and at follow-up. Neither the slight
slowing of gastric emptying nor BMI at the initial study
predicted the changes in GLP-1 or GIP.

Existing information relating to the effects of aging on
incretin hormones in healthy people and patients with
type 2 diabetes is inconsistent. Some cross-sectional
studies have reported that fasting and/or “postprandial”
plasma GIP (34–36) and GLP-1 (36–38) concentra-
tions do not differ between healthy young and older
healthy subjects. However, in other studies, postpran-
dial GIP (39, 40) and GLP-1 (36, 39, 41) were reported
to be slightly greater in healthy older subjects. In type
2 diabetes, postprandial GIP has been reported to be
greater (34, 42) or comparable (35), whereas GLP-1 has
been reported to be less in older subjects with type 2
diabetes (35). The fundamental limitation of these cross-
sectional studies is the inability to account for intra-
individual changes over time.

Our study indicates that aging is associated with
modest reductions in fasting GLP-1 and GIP, and oral
glucose-stimulated GLP-1, but not GIP. The patho-
physiology underlying the changes in fasting and post-
prandial incretin hormones is uncertain. Our focus was
the incretin secretory responses and we, accordingly,
measured plasma concentrations of total, rather than
intact, GLP-1 and GIP which include both intact hor-
mones and inactive metabolites (2).

The relevance of the observed changes is also un-
certain. However, Færch et al. have suggested that a

Figure 2. Relationship between AUC 0 to 120 min for plasma (a)
GLP-1 and (b) GIP at the initial study and follow-up (n 5 36).
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reduction in the GLP-1 response to oral glucose could
predispose to the development of type 2 diabetes (43).
This is supported by recent longitudinal observations in
121 subjects (nondiabetic lean and obese adult men and
women) in the Hoorn Meal Study in which a reduced
GLP-1 response in an oral glucose tolerance test was
associated with a greater increase in fasting glucose 7
years later (44), although an oral glucose tolerance test
was not performed at follow-up, and gastric emptying
was not studied. Nevertheless, our data add to the concern
that a reduction in fasting and glucose-stimulated GLP-1
may predispose to impairment in glucose tolerance and
type 2 diabetes.

We observed strong correlations in fasting GIP, and
glucose-stimulated GLP-1 and GIP concentrations, be-
tween the initial and follow-up studies. The absence of a
relationship with fasting GLP-1 may well reflect a type 2
error. Accordingly, despite the substantial interindividual
variation in fasting and postprandial GLP-1 and GIP
within the same individual, there is a reproducible pat-
tern. The determinants of this phenomenon remain to be
characterized. The observed slowing of gastric emptying,
which may be a determinant of, as well as determined
by, plasma GLP-1 concentrations, did not appear to be
relevant.

Limitations of our study should be appreciated. The
size of the cohort was relatively small and just less than
50% of those studied originally participated in the
follow-up study with the inherent potential for se-
lection bias. In addition, the five subjects with type 2
diabetes were excluded. Gastric emptying data of
another six subjects were removed from the analyses
because of technical issues, which may have reduced
the predictive power of our multiple linear regression
models. Furthermore, gastric emptying was assessed
by the indirect breath test technique. This method has
been shown to correlate closely with scintigraphy, the
“gold standard” technique (45, 46), although the
measurements should be regarded as notional, rather
than precise (18). We used the same assays under the
same conditions to measure GLP-1 and GIP at the
initial study and follow-up, but it should be appre-
ciated that inevitably the batch numbers differed given
the timing of assays.

In conclusion, our study demonstrates that in
healthy older people fasting GLP-1 and GIP, and
glucose-stimulated GLP-1 decrease over a period of
5.9 years, and that longitudinal intraindividual fasting
GIP and glucose-stimulated GLP-1 and GIP concen-
trations correlate. The reduction in incretin hormone
responses with aging may potentially predispose to
the development of glucose intolerance and type 2
diabetes.
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M, Enck P, Stremmel W, Rühl A.Measurement of gastric emptying
by 13C-octanoic acid breath test versus scintigraphy in diabetics.Z
Gastroenterol. 2003;41(5):383–390.

46. Szarka LA, Camilleri M, Vella A, Burton D, Baxter K, Simonson J,
Zinsmeister AR. A stable isotope breath test with a standard meal
for abnormal gastric emptying of solids in the clinic and in research.
Clin Gastroenterol Hepatol. 2008;6(6):635–643.

6206 Pham et al Longitudinal Changes in Incretin Hormone Responses J Clin Endocrinol Metab, December 2019, 104(12):6201–6206

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article/104/12/6201/5544508 by guest on 09 April 2024


