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Context: Patients with type 2 diabetes mellitus (T2DM) have clinically relevant disturbances in the
effects of the hormone glucose-dependent insulinotropic polypeptide (GIP).

Objective: We aimed to evaluate the importance of the prevailing plasma glucose levels for the
effect of GIP on responses of glucagon and insulin and glucose disposal in patients with T2DM.

Design and Setting: We performed a single center, placebo-controlled, cross-over, experimental
study.

Patients: We studied twelve patients with T2DM (age: 62 � 1 years [mean � SEM], body mass
index: 29 � 1 kg/m2; glycosylated hemoglobin A1c: 6.5 � 0.1% [48 � 2 mmol/mol]).

Intervention: We infused physiological amounts of GIP (2 pmol � kg�1 � min�1) or saline.

Main Outcome Measures: We measured plasma concentrations of glucagon, glucose, insulin,
C-peptide, intact GIP, and amounts of glucose needed to maintain glucose clamps.

Results: During fasting glycemia (plasma glucose �8 mmol/L), GIP elicited significant increments
in both insulin and glucagon levels, resulting in neutral effects on plasma glucose. During insulin-
induced hypoglycemia (plasma glucose �3 mmol/L), GIP elicited a minor early-phase insulin re-
sponse and increased glucagon levels during the initial 30 minutes, resulting in less glucose needed
to be infused to maintain the clamp (29 � 8 vs 49 � 12 mg � kg�1, P � .03). During hyperglycemia
(1.5 � fasting plasma glucose�12 mmol/L), GIP augmented insulin secretion throughout the clamp,
with slightly less glucagon suppression compared with saline, resulting in more glucose needed to
maintain the clamp during GIP infusions (265 � 21 vs 213 � 13 mg � kg�1, P � .001).

Conclusions: In patients with T2DM, GIP counteracts insulin-induced hypoglycemia, most likely
through a predominant glucagonotropic effect. In contrast, during hyperglycemia, GIP increases
glucose disposal through a predominant effect on insulin release. (J Clin Endocrinol Metab 99:
E418–E426, 2014)

In healthy subjects, the effects of the gut-derived hor-
mone glucose-dependent insulinotropic polypeptide

(GIP) are reliant on the prevailing plasma glucose levels. At
elevated glucose levels GIP augments insulin release (early-

and late-phase responses) and has little or no effect on
glucagon release (1–3). In contrast, at fasting plasma glu-
cose values or during insulin-induced hypoglycemia, GIP
has glucagon-releasing properties with no effect on phase
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insulin secretion (3, 4). Thus, within physiological blood
glucose levels GIP could act to appropriately lower or el-
evate plasma glucose levels (ie, act as a plasma glucose
stabilizer). However, in type 2 diabetes mellitus (T2DM)
there is considerable evidence that at least the insulino-
tropic effect of GIP is compromised (1, 5–11). In particular
the GIP-dependent amplification of late-phase insulin se-
cretion in response to hyperglycemia seems impaired (10,
11). This defect is considered an important determinant
for the diminished incretin effect (ie, a reduction in the
normal clear-cut difference between insulin release fol-
lowing oral as compared with isoglycemic iv administra-
tion of glucose) and the impairment of postprandial glu-
cose tolerance that characterizes patients with T2DM (12,
13). Recently, GIP has also been implicated in the inap-
propriate postprandial glucagon responses observed in
patients with T2DM (14–16). However, the role of GIP on
insulin and glucagon levels in situations where plasma
glucose is not raised or even lowered (as would be the case
following meals with only lipid or protein content [17] or
overdosing of antidiabetic therapy) is unknown. A possi-
ble contribution of GIP to inappropriate glucagon re-
sponses could be important, as excessive glucagon secre-
tion, in the context of elevated glucose levels and
inadequate insulin signaling, has been demonstrated to
contribute substantially to hyperglycemia in T2DM (16,
18). Also, several lines of evidence support the reduction
of glucagon action as a therapeutic target of antidiabetic
treatment (19). Therefore, we aimed to investigate to what
extent GIP and the prevailing plasma glucose contributes
to excessive glucagon secretion and impaired insulin se-
cretion in patients with T2DM. Hence, we infused (iv)
high physiological concentrations of GIP at three distinct
glycemic levels (ie, fasting [diabetic] glycemia, insulin-in-
duced hypoglycemia, and hyperglycemia [1.5 � fasting
glycemia]) and measured the glucose-dependent effects of
GIP on insulin secretion, glucagon responses, and glucose
disposal in patients with T2DM.

Materials and Methods

Approval and registration of study protocol
The study was approved by the Scientific-Ethical Committee

of the Capital Region of Denmark (registration number: H-D-
2009–0078), registered with http://clinicaltrials.gov/show/
NCT01414556 (ID: NCT01414556) and conducted according
to the principles of the Helsinki Declaration (Fifth revision, Ed-
inburgh, 2000). Oral and written informed consent were ob-
tained from all participants before inclusion.

Subjects
We included 12 male patients with T2DM (age: 62 � 1 y

[mean � SEM[rwqb]; body mass index: 29 � 1 kg/m2; glycated

hemoglobin A1c [HbA1c]: 6.5 � 0.1%, HbA1c: 48 � 2 mmol/L;
fasting plasma glucose 7.9 � 0.3 mM; diabetes duration: 51 �
11 mo). All subject characteristics are presented in Supplemental
Table 1, published on The Endocrine Society’s Journals Online
web site at http://jcem.endojournals.org. At screening all poten-
tial subjects went through a physical examination, had standard
hematological and clinical biochemistry parameters measured,
and had urine sampled for the determination of albumin-crea-
tinine ratio. Patients on antidiabetic treatment with a HbA1c

�6.5% (48 mmol/mol) underwent a 75-g oral glucose tolerance
test preceded by a full week without antidiabetic medication to
confirm the diagnosis of T2DM. Exclusion criteria were fasting
plasma glucose �12 mmol/L on screening day, HbA1c �9%
(�75 mmol/mol), liver disease (alanine aminotransferase �2�
upper normal limit), diabetic nephropathy, proliferative diabetic
retinopathy, severe atherosclerosis or heart failure (New York
Heart Association Functional Classification group III and IV),
anemia (hemoglobin �130 g/L), treatment with a glucagon-like
peptide-1 (GLP-1) receptor agonist, dipeptidyl peptidase 4
(DPP-4) inhibitor, insulin, or medication that could not be
paused for 12 hours before the experimental days. All partici-
pants were well-treated with regards to glycemia, plasma lipids,
and blood pressure and were without overt diabetic complica-
tions. All patients had an oral antidiabetic drug washout period
of a minimum of 7 days before each experimental day.

Study design
The study design was a placebo-controlled, crossover study.

Each subject underwent six experimental days in randomized
order according to a prespecified random numbers table within
a 6-month period. For each subject either GIP or placebo (saline)
was infused on paired days during clamps of plasma glucose at
fasting levels, at hyperglycemic levels aiming at 1.5 � fasting
glycemia, and at hypoglycemic levels (induced with iv insulin
infusion) aiming at a plasma glucose level of 3–3.5 mmol/L. To
avoid carryover bias, intervals between examinations were at
least 2 days after days with fasting and hyperglycemia and 1 week
after days with hypoglycemia. Subjects were instructed to main-
tain a regular diet and avoid alcohol and excessive eating for 3
days before each experimental day. Subjects arrived at the lab-
oratory after an overnight (10 h) fast having avoided strenuous
physical activity from the day before. They were placed in a
recumbent position and had a cannula inserted into a cubital
vein. The forearm was placed in a heating box (55°C) throughout
the experiment for collection of arterialized blood samples. An-
other cannula was inserted into a contralateral cubital vein for
glucose and hormone infusions. At time 0 minutes, a primed iv
infusion of either GIP or placebo (saline) was initiated. Initial
priming infusion was with 4 pmol � kg�1 � min�1, and at time
15 minutes, the infusion rate was adjusted to 2 pmol � kg�1 �
min�1, which was kept until time 90 minutes, when the infusion
was stopped. The variation in infusion rate was done with the
intent to attain plasma levels of GIP observed following ingestion
of a mixed meal (20). Plasma glucose was measured bedside
every 5 minutes, allowing the plasma glucose level to be clamped
using an adjustable continuous infusion of 20% glucose (w/v).

Hypoglycemia days: to induce hypoglycemia, insulin (Ac-
trapid, Novo Nordisk) mixed with 1% human albumin was in-
fused at a rate of 1 mU � kg�1 � min�1 from time �25 minutes
until end of the study period.
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Hyperglycemia days: the glucose bolus used to elevate plasma
glucose to 1.5 � fasting values during the hyperglycemic clamps
was calculated as follows: volume (mL) of 50% (w/v) glucose
needed � [elevation from fasting plasma glucose needed (in
mmol/L)] � [body weight (in kg)] � [0.07 (mL � mmol/L�1 �
kg�1)].

Peptides
Synthetic GIP (PolyPeptide Laboratories) was prepared for

infusion by the Capital Region Pharmacy in Denmark. The pep-
tide was dissolved in sterilized water containing 2% human al-
bumin (Statens Serum Institut), subjected to sterile filtration,
dispensed into vials, and microbiologically tested.

Blood specimens
Arterialized blood was drawn at time �30, �15, 0, 5, 10, 20,

30, 45, 60, 75, and 90 minutes into chilled tubes containing
EDTA plus aprotinin (500 KIU/mL blood; Trasylol, Bayer Corp)
and a specific DPP-4 inhibitor (valine pyrrolidide, final concen-
tration of 0.01 mmol/L, a gift from Novo Nordisk) for analyses
of glucagon and intact GIP. Blood for analyses of insulin and
C-peptide was sampled into chilled tubes containing heparin. All
tubes were immediately cooled on ice and centrifuged for 20
minutes at 1200g and 4°C. Plasma for GIP and glucagon analyses
was stored at �20°C and plasma samples for insulin and C-pep-
tide analyses were stored at �80°C until analysis. For bedside
measurements of plasma glucose, blood was added to fluoride
tubes and centrifuged at room temperature immediately for 2
minutes at 7400g.

Analytical procedures
Plasma glucose concentrations were measured by the glucose

oxidase method and plasma concentrations of GIP and glucagon

were measured by specific RIA as previously described (21).
Plasma insulin and C-peptide concentrations were measured us-
ing a two-sided electrochemiluminescence immunoassay
(Roche/Hitachi Modular Analytics; Roche Diagnostic GmbH).

Calculations and statistical analyses
Results are reported as mean � SEM unless otherwise stated.

Area under the curve (AUC) and incremental area under the
curve (iAUC) values (ie, baseline levels subtracted) were calcu-
lated using the trapezoidal rule. Insulin secretion rate (ISR) val-
ues were calculated by deconvolution of measured C-peptide
concentrations and application of population-based parameters
for C-peptide kinetics as previously described (22–24). ISR is
expressed as picomoles of insulin secreted per minute per kilo-
gram body weight. Two-way repeated-measures ANOVA fol-
lowed by multiple comparison test with the Holm-Šídák correc-
tion was used to test for differences in plasma concentrations
between days (25). For paired comparisons between single values
(eg, between AUC values), we used parametric or nonparametric
t tests as appropriate. For comparisons of more than two single
AUC values, we used one-way ANOVA followed by paired com-
parisons. Statistics and graphical presentation were performed in
Graphpad Prism version 6.0 (GraphPad Software). A two-sided
P value � .05 was used to indicate statistically significant
differences.

Results

Glucose
Mean plasma glucose concentrations during each of the

six experimental days are displayed in Figure 1 (top row).

Figure 1. Glucose. Plasma concentrations of glucose (top row) during fasting glycemia (left, green curves, circles), insulin-induced hypoglycemia
(center column, dark green curves, diamonds), and hyperglycemia (right column, light green curves, squares) on days with GIP infusions (filled
symbols) and days with saline infusion (open symbols). Concomitant glucose infusions (bottom row) are depicted as bar graphs (gram per kilogram
of body weight per 15-min time intervals). Insets in middle row, center column depict the plasma glucose values during the initial 60 minutes of
infusion. Data are means � SEM. Statistical analysis was done by two-way repeated measures ANOVA and paired nonparametric t tests (glucose
infusions). *, Significant (P � .05) differences.
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Baseline plasma glucose concentrations did not differ be-
tween study days and the overall mean value was 7.8 � 0.3
mmol/L. When comparing the paired days (GIP vs saline)
of matching levels, AUC for plasma glucose did not differ
(P � NS).

Fasting glycemia days: no glucose was infused.
Hypoglycemia days: during insulin infusions a trend

toward a slower drop in mean plasma glucose was appar-
ent during the initial 45 minutes with GIP infusion com-
pared with the days of saline infusion (P � .06). During the
final 30 minutes, the plasma glucose levels were clamped
on similar mean levels of 3.5 mmol/L. In 3 of the 12 pa-
tients, no exogenous glucose infusion was needed to pre-
vent plasma glucose dropping below 3 mmol/L. Despite
the tendency toward a slower drop in glycemic levels on
the days of GIP infusion, significantly less glucose was
infused on these days (total amounts 29 � 9 and 49 � 12
mg glucose per kilogram body weight for GIP and saline,
respectively; P � .039) (Figure 1, bottom row).

Hyperglycemia days: the amount of glucose needed to
maintain the clamp was higher on the days of GIP infusion
(total amounts: 262 � 21 vs 213 � 15 mg glucose per kilo-
grambodyweight forGIPandsaline, respectively;P� .001).

GIP
Time courses for plasma concentrations of intact GIP

are shown in Figure 2. The overall mean baseline concen-
trations were 20 � 1 pmol/L with no significant differ-
ences between paired days with similar glycemic levels.
During GIP infusions, plasma intact GIP concentrations
reached similar peak values of 98 � 2 pmol/L (P � .72) and
mean steady-state (45–90 min) concentrations of 70 � 3
pmol/L (P � .10). No significant changes in GIP concen-
trations occurred during saline infusions.

Insulin and ISR
Time courses for serum insulin concentrations and ISR

values are presented in Figure 3. Overall fasting concen-

trations of serum insulin and C-peptide were 149 � 27 with
no difference in mean values between study days (P � .45).

Fasting glycemia days (Figure 3, left column, bottom
row)

GIP infusion resulted in a short-lasting (0–20 min) in-
crement in ISR compared with saline (peaking at 10 min
with 6.0 � 0.6 [GIP] vs 2.8 � 0.4 [saline] pmol � kg�1 �

min�1, P � .0002).

Hypoglycemia days
During the exogenous insulin infusion, serum insulin

levels increased to levels around 1200 pmol/L during both
saline and GIP infusion. Initially before plasma glucose
dropped (time 0–20 min), ISR was greater during GIP
infusion compared with saline (peaking at 10 min with
3.9 � 0.5 [GIP] vs 1.4 � 0.2 [saline] pmol � kg�1 �

min�1), but thereafter ISR was equally suppressed during
both GIP and saline (Figure 3, center column, bottom
row). The initial increase in insulin secretion with GIP
infusion gave rise to slightly higher serum insulin with GIP
compared with saline infusion during the initial 30 min-
utes (P � .01).

Hyperglycemia days
Insulin responses increased during the entire study pe-

riod with both GIP and saline infusions (Figure 3, right
column). Only during concomitant GIP infusion, an initial
ISR response (time 0–30 min) was established (peaking at
10 min with 10.6 � 1.4 [GIP] vs 4.6 � 0.7 [saline] pmol �

kg�1 � min�1, P � .0004). After the initial 30 minutes,
GIP potentiated ISR to a minor, but stable degree (time 60
min: 7.9 � 1.4 [GIP] vs 5.9 � 1.0 [saline] pmol � kg�1 �

min�1, P � .014).

Glucagon
Time courses for plasma glucagon concentrations are

presented in Figure 4. Fasting levels of glucagon were sta-

Figure 2. GIP. Plasma concentrations of GIP during fasting glycemia (left, green curves, circles), insulin-induced hypoglycemia (center column,
dark green curves, diamonds), and hyperglycemia (right column, light green curves, squares) on days with GIP infusions (filled symbols) and days
with saline infusion (open symbols).
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tistically similar on all study days with an overall mean
value of 12.5 � 1.5 pmol/L.

Fasting glycemia days: As evident from Figure 4 (left
column), GIP infusion resulted in an initial increase in

glucagon response compared with saline (P � .0001) and
a few individual time points were statistically higher (20
min, P � .0001, and 30 min, P � .045) on the GIP days.
The area under the plasma glucagon curve for the initial 30

Figure 3. Insulin and ISR. Responses of serum insulin (top row) and insulin secretion rate (ISR; derived by deconvolution analysis of C-peptide
concentrations) (bottom row) over 90 minutes of GIP infusions (filled symbols) and saline infusions (open symbols) during fasting glycemia (left
column, green curves, circles), insulin-induced hypoglycemia (center column, dark green curves, diamonds), and hyperglycemia (right column, light
green curves, squares). Data are means � SEM. Statistical analysis was done by two-way repeated measures ANOVA followed by Holm-Sidak’s
multiple comparisons test. *, Significant (P � .05) differences.

Figure 4. Glucagon. Plasma concentrations of glucagon as either absolute (top row) or incremental values (bottom row) during 90 minutes of GIP
infusions (filled symbols) or saline infusions (open symbols) during fasting glycemia (left column, green curves, circles), insulin-induced
hypoglycemia (center column, dark green curves, diamonds), and hyperglycemia (right column, light green curves, squares). Insets in bottom rows
are baseline subtracted area under curves (iAUCs) of glucagon concentrations for the initial 30 minutes. Data are means � SEM. Statistical analysis
was done by two-way repeated measures ANOVA followed by Holm-Sidak’s multiple comparisons test and paired t tests (insets). *, Significant
(P � .05) differences.
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minutes (61 � 23 vs �20 � 11 pmol/L � min, P � .002)
and for the entire 90-minute study period was higher with
GIP infusion compared with saline (86 � 65 vs �87 � 38
pmol/L � min, P � .01).

Hypoglycemia days: The mean concentrations of
plasma glucagon increased significantly with time (P �

.0001) and was statistically higher with GIP compared
with saline infusion at 30 minutes (P � .02). Accordingly,
during the initial 30 minutes, the incremental glucagon
responses were significantly larger during GIP infusion
(12 � 21 [GIP] vs �60 � 18 [saline] pmol/L � min, P �

.03). Similar peak levels of glucagon were reached after 90
minutes with both saline and GIP (mean Cmax: 24.8 � 4.7
pmol/L [GIP] vs 20.7 � 4.2 pmol/L [saline], P � .3). The
differences in iAUC for the entire study period did not
differ statistically (300 � 143 [GIP] vs 134 � 121 [saline]
pmol/L � min, P � .15).

Hyperglycemia days: Plasma glucagon levels differed
between GIP and saline days (P � .01), with statistically
higher values during GIP infusion at two individual time
points (20 min, P � .002, and 45 min, P � .045). However,
iAUC differences during the initial 30 minutes (�4 � 24
[GIP] vs �56 � 10 [saline] pmol/L � min, P � .09), and
during the entire study period did not differ statistically
(�270 � 79 [GIP] vs �403 � 121 [saline] pmol/L � min,
P � .07).

Discussion

We show that the effects of GIP on insulin and glucagon
secretion in typical overweight, middle-aged patients with
T2DM are highly dependent on the prevailing plasma glu-
cose level: the insulinotropic effect of GIP dominates dur-
ing hyperglycemic conditions, whereas the glucagono-
tropic effect of GIP seems to be most important during
lower plasma glucose concentrations.

The present findings bear resemblance to results of sim-
ilar studies in healthy subjects (3), but some novel findings
and differences compared with healthy individuals and in
relation to bibliographical evidence are worth consider-
ing. First, the plasma levels of intact GIP attained during
the present experiment could be considered high physio-
logical levels with a profile similar to those observed in a
similar cohort of patients with T2DM after ingestion of a
standardized mixed meal (20). Interestingly, our data are
the first to show that high physiological levels of GIP coun-
teract hypoglycemia induced by a fixed weight-adjusted
insulin infusion in patients with T2DM. Thus, although
plasma glucose values were lowered, we observed higher
mean plasma glucose values (nonsignificant trend) during
concomitant GIP infusion despite significantly less exog-

enous glucose being infused. This net effect occurred with
higher mean levels of circulating insulin during GIP infu-
sion. As GIP receptors are present on pancreatic � cells
(16), our results could be compatible with the notion that
GIP-induced glucagon responses overruled the minor ef-
fects on insulin secretion in these patients. This would be
similar to what was observed in a meal test study in pa-
tients with T2DM (16). The insulin dose and the insulin
resistance typical for patients with T2DM (26) are prob-
ably also important for the observed net effect on plasma
glucose (and need for glucose administration). Thus, in
insulin-sensitive healthy subjects GIP did not affect hypo-
glycemic excursions during infusion of a 50% higher dose
of insulin than used in the present study (3). The glucose
infusions, in the patients needing such, can be interpreted
as an estimate of the difference in endogenous glucose
production during hypoglycemia with GIP compared with
saline. In this perspective, based on our data, a typical
90-kg patient with T2DM would produce an additional
approximately 3 g (range 0–8 g) of glucose with GIP (vs
saline) during insulin-induced hypoglycemia. This differ-
ence could seem of minor relevance from a therapeutic
perspective, but could nonetheless be of some clinical rel-
evance in preventing hypoglycemia (eg, as a physiological
postprandial defense mechanism or in insulin-treated pa-
tients with T2DM). It is important to note that due to the
aforementioned slightly higher insulin levels on the days of
GIP infusion, the difference in endogenous glucose pro-
duction could be even higher than our glucose infusion
data indicate. Thus, an increased (insulin-mediated) pe-
ripheral glucose disposal could have been counteracted by
endogenous glucose production, leaving plasma glucose
relatively unaffected.

In normal glucose-tolerant individuals glucose is a
strong suppressor of glucagon (2, 3, 27, 28), and the spe-
cific �-cell dysfunction associated with diabetes progres-
sion has been described as resistance of the � cell to glu-
cose- and insulin-induced suppression of glucagon
secretion (27–30). The glucagon responses to hyperglyce-
mia observed in the present study (Figure 3, right column)
suggest that the already impaired glucose-induced sup-
pression of glucagon secretion in patients with T2DM (28,
31) further deteriorates in the presence of physiological
amounts of GIP (Figure 3, left column). Therefore, as the
ISR increased during the GIP infusions, our data are in-line
with the notion that inhibitory paracrine signals from �

cells are inadequate in reducing �-cell secretion in T2DM
and that GIP could play a causal role the inappropriate
glucagon levels during hyperglycemia in patients with
T2DM.

Concerning the quantification of the late-phase insulin
responses to GIP, the results of the present study point to

doi: 10.1210/jc.2013-3644 jcem.endojournals.org E423

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article/99/3/E418/2537345 by guest on 09 April 2024



a previously unnoticed, but rather important aspect. In-
deed, our results demonstrate that coadministration of
glucose is essential for the late-phase insulin response to
GIP in T2DM. We investigated the insulinotropic effect of
GIP during both fasting glucose values (ie, without any
glucose administration at baseline plasma glucose be-
tween6.2and9.8mmol/L) aswell ashyperglycemicvalues
(ranging from 10.6 to 14.5 mmol/L). Notably, at fasting
plasma glucose values (mean 7.7 � 0.2 mmol/L), GIP elic-
ited only a minor short-lived early-phase insulin response
(Figure 2, left column). In contrast, at hyperglycemia, GIP
infusion augmented ISR also during the time interval of
30–90 minutes (ie, corresponding to “late-phase” insulin
secretion). These findings illustrate a further differentiat-
ing feature between the two incretin hormones, as GLP-1
in contrast to GIP has been shown to elicit a robust late-
phase insulin response also at fasting glycemia in patients
with T2DM (32).

As previously outlined, many studies have shown se-
verely reduced late-phase C-peptide responses to both
physiological and supraphysiological infusions of GIP
during hyperglycemic clamps in patients with T2DM (1,
7–11, 33). Meier and Nauck (12) recently advocated,
based on a post-hoc analysis of clinical studies, that the
“GIP defect” is closely related to the impairment in �-cell
function. Bearing in mind the importance of concomitant
glucose administration, some of the previous studies car-
ried out at plasma glucose levels similar to or only slightly
higher than the fasting levels in diabetic patients (eg,
plasma glucose values of 7.8 mmol/L [11], 8 mmol/L [7],
8.75 mmol/L [1] could therefore perhaps underestimate
the actual insulinotropic effect of GIP). Nevertheless, the
combined evidence from the present study and other cross-
over studies in patients without overt dysregulation of
T2DM (ie, same patients with and without GIP adminis-
tration) and with clear-cut glucose administration (5, 9,
33, 34) seem to corroborate an impaired, but nevertheless
clinically relevant, effect of GIP on second-phase insulin
secretion and glucose disposal. In the present study, when
relating the glucose-corrected ISR (GIP vs saline) in the
second half hour of the hyperglycemic clamps, GIP aug-
mented late-phase insulin secretion by a factor of 1.37.
This potentiation of insulin secretion, despite the pre-
viously mentioned co-occurring deteriorations in glu-
cagon response, translated into a 25% increase in glu-
cose disposal measured as exogenous glucose needed to
maintain the clamp (Figure 1, right column, bottom
row). In comparison, the glucose-corrected ISR in a
group of healthy subjects in response to similar GIP
doses at similar hyperglycemia were augmented by a
factor of 2.2, and glucose disposal was increased by
approximately 100% (3).

Our study has some limitations. First, we recruited a
limited number of patients (n � 12). Second, we cannot
fully exclude potential bias from carryover effects despite
our randomization procedures and washout of antidia-
betic medication 1 week before study days. Last, we chose
to perform the hyperglycemic clamping in an untradi-
tional way by elevating glucose levels to 1.5 � fasting
values instead of to an arbitrary uniform hyperglycemic
level. This could impede the comparison to other studies
but offered the benefit that all patients during “hypergly-
cemia” received exogenous glucose stimuli of similar rel-
ative size.

Besides providing some clarification on the physiolog-
ical role of GIP, our results also provide some mechanistic
insight into possible GIP-mediated effects of DPP-4 inhib-
itors. Recently, it has been demonstrated that 10 days of
treatment with the DPP-4 inhibitor vildagliptin in T2DM
patients confers insulinotropic effects other than those me-
diated through GLP-1 (34). Therefore, it is particularly
interesting thatduring treatmentwith theDPP-4 inhibitor,
sitagliptin, the initial increases in intact GLP-1 levels dis-
appeared with sustained treatment, whereas the intact GIP
responses were perpetually elevated during the course of
treatment (20). Thus, we speculate that the often disre-
garded GIP responses following DPP-4 inhibition might
contribute substantially to the relatively sustained efficacy
of these pharmacologic agents in clinical practice (35).
Another important aspect of treatment with DPP-4 inhib-
itors is the improved glucagon counterregulation observed
during postprandial hypoglycemia (36), and the low in-
cidence of hypoglycemia when combining DPP-4 inhibi-
tors with exogenous insulin (37, 38). Our data suggest that
both of these traits, at least in part, might be contingent on
GIP-augmented glucagon responses to hypoglycemia.

Conclusions
In patients with T2DM, 1) GIP counteracts insulin-in-
duced lowering of plasma glucose conceivably by inducing
a glucagon response and only a minor early-phase insulin
response; 2) GIP has negligible effect on plasma glucose at
fasting glycemia through balanced effects on insulin and
glucagon; and 3) GIP retains insulinotropic effects during
hyperglycemia (when plasma glucose is elevated by glu-
cose administration), thereby exerting a glucose-lowering
action. Collectively, our results demonstrate that in pa-
tients with relatively well-regulated T2DM, GIP retains
clinically relevant glucose-stabilizing effects at a level
around fasting (diabetic) glycemia through diverging ef-
fects on insulin and glucagon.

Acknowledgments

The authors are grateful to the participating patients and for
laboratory assistance from J. Purtoft and N. Kjeldsen from the

E424 Christensen et al Glucose-dependent Effects of GIP in T2DM J Clin Endocrinol Metab, March 2014, 99(3):E418–E426

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article/99/3/E418/2537345 by guest on 09 April 2024



Diabetes Research Division, Copenhagen University Hospital
Gentofte, Hellerup, Denmark, and S. P. Olesen and L. Albæk
from the Department of Biomedical Sciences, University of Co-
penhagen, Copenhagen, Denmark. We also thank J. Forman
from the Department of Public Health, University of Copenha-
gen for valuable advice regarding the statistical analyses.

Address all correspondence and requests for reprints to: Mik-
kel Christensen, MD, Diabetes Research Division, Department
of Medicine, Gentofte Hospital, University of Copenhagen,
Niels Andersens Vej 65, DK-2900 Hellerup, Denmark. E-mail:
mch@dadlnet.dk.

This study was supported by an unrestricted grant from the
Novo Nordisk Foundation. M.C. is supported by a grant from
the University of Copenhagen.

Trial registration: http://clinicaltrials.gov/show/NCT01414556
Identifier: NCT01414556.

Author contributions: M.C. contributed to the study design,
researched data, and drafted and edited the manuscript. S.C.,
J.J.H., and T.V. reviewed and edited the manuscript. F.K.K. con-
tributed to the study design and reviewed and edited the manu-
script. M.C. and F.K.K. are the guarantors of this work and, as
such, had full access to all the data in the study and take respon-
sibility for the integrity of the data and the accuracy of the data
analysis.

Disclosure Summary: The authors declare no conflicts of in-
terest in relation to the present article. M.C. has no affiliation
with any pharmaceutical company. S.C., F.K.K., T.V., and J.J.H.
have served as consultants for various pharmaceutical compa-
nies (including Gilead, Ono Pharmaceuticals, Novo Nordisk,
Merck Sharp & Dohme, Bristol-Myers Squibb, Eli Lilly, and
Sanofi-Aventis).

References

1. Nauck MA, Heimesaat MM, Orskov C, Holst JJ, Ebert R,
Creutzfeldt W. Preserved incretin activity of glucagon-like peptide 1
[7–36 amide] but not of synthetic human gastric inhibitory poly-
peptide in patients with type-2 diabetes mellitus. J Clin Invest. 1993;
91:301–307.

2. Vilsbøll T, Krarup T, Madsbad S, Holst JJ. Both GLP-1 and GIP are
insulinotropic at basal and postprandial glucose levels and contrib-
ute nearly equally to the incretin effect of a meal in healthy subjects.
Regul Pept. 2003;114:115–121.

3. Christensen M, Vedtofte L, Holst JJ, Vilsbøll T, Knop FK. Glucose-
dependent insulinotropic polypeptide: a bifunctional glucose-de-
pendent regulator of glucagon and insulin secretion in humans. Di-
abetes. 2011;60:3103–3109.

4. Meier JJ, Gallwitz B, Siepmann N, et al. Gastric inhibitory poly-
peptide (GIP) dose-dependently stimulates glucagon secretion in
healthy human subjects at euglycaemia. Diabetologia. 2003;46:
798–801.

5. Jones IR, Owens DR, Moody AJ, Luzio SD, Morris T, Hayes TM.
The effects of glucose-dependent insulinotropic polypeptide infused
at physiological concentrations in normal subjects and type 2 (non-
insulin-dependent) diabetic patients on glucose tolerance and B-cell
secretion. Diabetologia. 1987;30:707–712.

6. Meier JJ, Hücking K, Holst JJ, Deacon CF, Schmiegel WH, Nauck
MA. Reduced insulinotropic effect of gastric inhibitory polypeptide
in first-degree relatives of patients with type 2 diabetes. Diabetes.
2001;50:2497–2504.

7. Krarup T, Saurbrey N, Moody AJ, Kühl C, Madsbad S. Effect of

porcine gastric inhibitory polypeptide on �-cell function in type I and
type II diabetes mellitus. Metab Clin Exp. 1987;36:677–682.

8. Elahi D, McAloon-Dyke M, Fukagawa NK, et al. The insulinotropic
actions of glucose-dependent insulinotropic polypeptide (GIP) and
glucagon-like peptide-1 (7–37) in normal and diabetic subjects.
Regul Pept. 1994;51:63–74.

9. Højberg PV, Vilsbøll T, Rabøl R, et al. Four weeks of near-normali-
sation of blood glucose improves the insulin response to glucagon-
like peptide-1 and glucose-dependent insulinotropic polypeptide in
patients with type 2 diabetes. Diabetologia. 2009;52:199–207.

10. Vilsbøll T, Krarup T, Madsbad S, Holst JJ. Defective amplification
of the late phase insulin response to glucose by GIP in obese Type II
diabetic patients. Diabetologia. 2002;45:1111–1119.

11. Meier JJ, Gallwitz B, Kask B, et al. Stimulation of insulin secretion
by intravenous bolus injection and continuous infusion of gastric
inhibitory polypeptide in patients with type 2 diabetes and healthy
control subjects. Diabetes 53. 2004;33(suppl 3):S220–S224.

12. Meier JJ, Nauck MA. Is the diminished incretin effect in type 2
diabetes just an epi-phenomenon of impaired �-cell function? Dia-
betes. 2010;59:1117–1125.

13. Holst JJ, Knop FK, Vilsbøll T, Krarup T, Madsbad S. Loss of incretin
effect is a specific, important, and early characteristic of type 2 di-
abetes. Diabetes Care. 2011;34(suppl 2):S251–S257.

14. Knop FK, Vilsbøll T, Madsbad S, Holst JJ, Krarup T. Inappropriate
suppression of glucagon during OGTT but not during isoglycaemic
i.v. glucose infusion contributes to the reduced incretin effect in type
2 diabetes mellitus. Diabetologia. 2007;50:797–805.

15. Lund A, Vilsbøll T, Bagger JI, Holst JJ, Knop FK. The separate and
combined impact of the intestinal hormones, GIP, GLP-1, and
GLP-2, on glucagon secretion in type 2 diabetes. Am J Physiol En-
docrinol Metab. 2011;300:E1038–E1046.

16. Chia CW, Carlson OD, Kim W, et al. Exogenous glucose-dependent
insulinotropic polypeptide worsens post prandial hyperglycemia in
type 2 diabetes. Diabetes. 2009;58:1342–1349.

17. Carr RD, Larsen MO, Winzell MS, et al. Incretin and islet hormonal
responses to fat and protein ingestion in healthy men. Am J Physiol
Endocrinol Metab. 2008;295:E779–E784.

18. Shah P, Vella A, Basu A, Basu R, Schwenk WF, Rizza RA. Lack of
suppression of glucagon contributes to postprandial hyperglycemia
in subjects with type 2 diabetes mellitus. J Clin Endocrinol Metab.
2000;85:4053–4059.

19. Christensen M, Bagger JI, Vilsbøll T, Knop FK. The �-cell as target
for type 2 diabetes therapy. Rev Diabet Stud. 2011;8:369–381.

20. Aaboe K, Knop FK, Vilsbøll T, et al. Twelve weeks treatment with
the DPP-4 inhibitor, sitagliptin, prevents degradation of peptide YY
and improves glucose and non-glucose induced insulin secretion in
patients with type 2 diabetes mellitus. Diabetes Obes Metab. 2010;
12:323–333.

21. Christensen M, Knop FK, Vilsbøll T, et al. Glucagon-like peptide-2,
but not glucose-dependent insulinotropic polypeptide, stimulates
glucagon release in patients with type 1 diabetes. Regul Pept. 2010;
163:96–101.

22. Van Cauter E, Mestrez F, Sturis J, Polonsky KS. Estimation of insulin
secretion rates from C-peptide levels. Comparison of individual and
standard kinetic parameters for C-peptide clearance. Diabetes.
1992;41:368–377.

23. Kjems LL, Christiansen E, Vølund A, Bergman RN, Madsbad S.
Validation of methods for measurement of insulin secretion in hu-
mans in vivo. Diabetes. 2000;49:580–588.

24. Kjems LL, Vølund A, Madsbad S. Quantification of �-cell function
during IVGTT in Type II and non-diabetic subjects: assessment of
insulin secretion by mathematical methods. Diabetologia. 2001;44:
1339–1348.

25. Glantz SA. Primer of Biostatistics. New York: McGraw-Hill Med-
ical Publishing; 2005.

26. Goldstein BJ. Insulin resistance as the core defect in type 2 diabetes
mellitus. Am J Cardiol. 2002;90:3G–10G.

27. Ahrén B, Pratley RE, Soubt M, Dunning BE, Foley JE. Clinical mea-

doi: 10.1210/jc.2013-3644 jcem.endojournals.org E425

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article/99/3/E418/2537345 by guest on 09 April 2024

mailto:mch@dadlnet.dk
http://clinicaltrials.gov/show/NCT01414556


sures of islet function: usefulness to characterize defects in diabetes.
Curr Diabetes Rev. 2008;4:129–145.

28. Gromada J, Franklin I, Wollheim CB. �-cells of the endocrine pan-
creas: 35 years of research but the enigma remains. Endocr Rev.
2007;28:84–116.

29. Dunning BE, Gerich JE. The role of �-cell dysregulation in fasting
and postprandial hyperglycemia in type 2 diabetes and therapeutic
implications. Endocr Rev. 2007;28:253–283.

30. Ipp E. Impaired glucose tolerance: the irrepressible �-cell? Diabetes
Care. 2000;23:569–570.

31. Ahrén B. �- and �-cell dysfunction in subjects developing impaired
glucose tolerance: outcome of a 12-year prospective study in post-
menopausal caucasian women. Diabetes. 2009;58:726–731.

32. Mentis N, Vardarli I, Köthe LD, et al. GIP does not potentiate the
antidiabetic effects of GLP-1 in hyperglycemic patients with type 2
diabetes. Diabetes. 2011;60:1270–1276.

33. Aaboe K, Knop FK, Vilsboll T, et al. KATP channel closure ame-
liorates the impaired insulinotropic effect of glucose-dependent in-

sulinotropic polypeptide in patients with type 2 diabetes. J Clin
Endocrinol Metab. 2009;94:603–608.

34. Wice BM, Reeds DN, Tran HD, et al. Xenin-25 amplifies GIP-
mediated insulin secretion in humans with normal and impaired
glucose tolerance but not type 2 diabetes. Diabetes. 2012;61:1793–
1800.

35. Nauck M, Kind J, Deacon CF, et al. Blocking GLP-1 action with
exendin [9–39] to determine the contribution of GLP-1 to the in-
sulinotropic effects of the DPP-4 inhibitor vildagliptin. Diabetolo-
gia. 2011;54:S108.

36. Seck T, Nauck M, Sheng D, et al. Safety and efficacy of treatment
with sitagliptin or glipizide in patients with type 2 diabetes inade-
quately controlled on metformin: a 2-year study. Int J Clin Pract.
2010;64:562–576.

37. Ahrén B, Schweizer A, Dejager S, et al. Vildagliptin enhances islet
responsiveness to both hyper- and hypoglycemia in patients with
type 2 diabetes. J Clin Endocrinol Metab. 2009;94:1236–1243.

38. Schweizer A, Foley JE, Kothny W, Ahrén B. Clinical evidence and
mechanistic basis for vildagliptin’s effect in combination with insu-
lin. Vasc Health Risk Manag. 2013;9:57–64.

Plan to Attend Endocrine Board Review
September 2-3, 2014, San Francisco, California  

www.endocrine.org/EBR

E426 Christensen et al Glucose-dependent Effects of GIP in T2DM J Clin Endocrinol Metab, March 2014, 99(3):E418–E426

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article/99/3/E418/2537345 by guest on 09 April 2024


