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Background. The incretin effect is impaired in patients with type 2 diabetes. Aim. To assess the relation between the incretin
hormone GLP-1 and the prediabetic subtypes: impaired fasting glucose (IFG), impaired glucose tolerance (IGT), and the
combined IFG/IGT to investigate whether a low GLP-1 response may be a predictor of prediabetes in adults. Method. 298
articles were found using a broad search phrase on the PubMed database and after the assessment of titles and abstracts
19 articles were included. Results and Discussion. Studies assessing i-IFG/IFG and i-IGT/IGT found both increased,
unaltered, and reduced GLP-1 levels. Studies assessing IFG/IGT found unaltered or reduced GLP-1 levels. When assessing
the five studies with the largest sample size, it clearly suggests a decreased GLP-1 response in IFG/IGT subjects. Several
other factors (BMI, glucagon, age, and nonesterified fatty acids (NEFA)), including medications (metformin), may also
influence the secretion of GLP-1. Conclusion. This review suggests that the GLP-1 response is a variable in prediabetes
possibly due to a varying GLP-1-secreting profile during the development and progression of type 2 diabetes or difference
in the measurement technique. Longitudinal prospective studies are needed to assess whether a reduced GLP-1 response is

a predictor of diabetes.

1. Introduction

The number of people diagnosed with diabetes globally was
increased from 108 million adults in 1980 to an estimated
422 million in 2014 [1]. Thus, the global prevalence of dia-
betes has increased from 4,7% to 8,5% from 1980 to 2014
[1]. Diabetes causes complications with a 2-3 times higher
rate of cardiovascular disease, a 10-20 times higher rate
of lower extremity amputations, and a 10 times higher
incidence of end-stage renal disease in diabetic adults com-
pared to nondiabetic adults [1]. Along with this, diabetic
retinopathy caused 2,6% of total blindness and 1,9% of total
moderate or severe visual impairment globally in 2010 [1].
In addition to these complications, diabetes entails eco-
nomic costs for both the individual and the health systems
[1] and the global cost of diabetes for 2015 was estimated to
be US$1,3 trillion corresponding to 1,8% of global gross
domestic product (GDP) [2]. Further knowledge about
aetiology and pathogenesis could contribute to turn over
this development.

When glucose is orally ingested, it elicits a much
greater insulin response (two- to threefold) than if glucose
is intravenously injected to give the same blood glucose
level. This phenomenon is called the incretin effect and is
due to the secretion of glucagon-like peptide 1 (GLP-1)
and glucose-dependent insulinotropic peptide (GIP) which
increases the glucose-induced insulin secretion [3]. In
patients with type 2 diabetes, the incretin effect is impaired
[4]. In addition to that, studies concerning GLP-1 secretion
in patients with type 2 diabetes during an oral glucose tol-
erance test (OGTT) have observed both unaltered [5, 6]
and reduced [7] GLP-1 responses, suggesting a varying
GLP-1-secreting profile during the development and pro-
gression of type 2 diabetes [5, 7] or difference in the mea-
surement technique [8]. This is further supported by the
observation that several factors (BMI, glucagon, age, and
nonesterified fatty acids (NEFA)), including medications
(metformin), influence the secretion of GLP-1 [6].

The biggest study to date—a large Danish study—
published in 2015, involving 1462 individuals, demonstrated
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a reduced GLP-1 response to an OGTT in prediabetes,
screen-detected type 2 diabetes, and obese and overweight
individuals compared to normal glucose-tolerant individ-
uals and normal weight individuals, respectively [9]. Indi-
viduals diagnosed with prediabetes are at an increased
risk of developing type 2 diabetes, with a yearly progres-
sion rate of 3,5%-7,0% in individuals with prediabetes
compared to a yearly progression rate of 2% in normo-
glycemic individuals [10]. In continuation to that, a
reversing of the prediabetic state towards normal glucose
regulation is associated with an up to 56% lower risk of
developing type 2 diabetes compared to individuals remain-
ing prediabetic [10]. Further knowledge about aetiology and
pathophysiology of prediabetes and the progression to type
2 diabetes might help in preventing and treating both states
[9, 11]. Additionally, more extensive knowledge could help
improve the diagnostic criteria concerning the subtypes of
prediabetes [11].

Therefore, this review will assess the relation between
the incretin hormone GLP-1 and the prediabetic state and
investigate whether GLP-1 may be a predictor of prediabetes
in adults.

2. Research Question

Is a low GLP-1 response a predictor of prediabetes in adults?

3. Materials and Methods

This review is a literature study using the electronical
PubMed database to find relevant literature. Only articles in
English were included. The following search phrase in
PubMed was used:

(GLP-1) AND  (prediabet = OR  pre-diabet * OR
“impaired glucose tolerance” OR “impaired glucose tolerant”
OR IGT OR “impaired fasting glucose” OR “impaired fasting
glycaemia” OR IFG OR intermediate hyperglycaemia).

The last search update was conducted on 10 March 2017.

Articles were included which investigated the relation-
ship between GLP-1 and the different subtypes of predia-
betes: impaired fasting glucose (IFG), impaired glucose
tolerance (IGT), and the combined IFG/IGT.

The search identified 298 articles. These 298 articles
were first evaluated based on their title, and irrelevant
articles, in relation to the inclusion criteria and articles
in languages other than English, were excluded. Articles
with inadequate or indefinite titles were included for fur-
ther evaluation. Articles being irrelevant in proportion to
answering the research question was excluded. For example,
articles investigating the impact of surgical or pharmaco-
logical interactions on the GLP-1 response and articles
not involving prediabetic subjects. Articles assessing GLP-1
alterations in adolescents were also excluded.

Finally, this resulted in 60 articles. These 60 articles were
evaluated based on their abstracts, and relevant articles ful-
filling the inclusion criteria were read and included in the
review. Included articles in the review are 19. A flowchart
of the search process is illustrated in Figure 1.
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4. GLP-1 and Prediabetes: Is There a
Connection?

4.1. GLP-1—An Incretin Hormone. The incretin effect is
mediated by the incretin hormones—the two major being
GLP-1 and GIP. GLP-1 is a gut peptide secreted from
open-type enteroendocrine L cells—located in the intestinal
mucosa—in response to ingested nutrients (carbohydrate,
protein, and fat). This is thought to be the primary stimulus
for secretion, and the secretory response depends on both
meal size and gastric emptying rate. Neuronal and hormonal
mechanisms have also been proposed regarding the regula-
tion of secretion [3].

GLP-1 comes in different isoforms (see Figure 2): unami-
dated GLP-1(1-37), GLP-1(7-37), and GLP-1(9-37), and
amidated GLP-1(1-36)NH,, GLP-1(7-36)NH,, and GLP-
1(9-36)NH, [8]. In human, the amidated isoforms are the
predominant [8, 12]. GLP-1(7-36)NH, and GLP-1(7-37)
are termed “active/intact” GLP-1 and when secreted,
both configurations of the hormone are rapidly degraded
(T, ,=1-2min) by the enzyme dipeptidyl peptidase 4
(DPP-4) to GLP-1(9-36)NH, and GLP-1(9-37), respec-
tively, leaving only around 10-15% of the “active/intact”
GLP-1 in the systemic circulation [3, 5, 12, 13]. Furthermore,
GLP-1 is metabolised by the enzyme neutral endopeptidase
24.11. [12, 13]. GLP-1(7-36)NH,, GLP-1(7-37), and the
metabolites GLP-1(9-36)NH, and GLP-1(9-37) are termed
“total” GLP-1 [12, 13]. “Active/intact” GLP-1 only accounts
for the endocrine effect of GLP-1, whereas GLP-1 is also
thought to have neural effects, whereby measuring “total”
GLP-1 mirror the total effect of GLP-1 better [12]. Further-
more, since the concentration of “active/intact” GLP-1 is very
low (0-15pmol/l) and rises only very little in response to
small meals, it is harder to detect a difference in secretion
compared to the measuring of “total” GLP-1 ranging from
5 to 80 pmol/l [5, 8, 12, 13]. Therefore, it has been argued that
measuring “total” GLP-1 is best, when GLP-1 secretion
should be measured [5, 8, 12-14]. In « cells, processing
of the proglucagon (PG) gene leads to the secretion of
small amounts of the biologically inactive peptides GLP-
1(1-36)NH, and GLP-1(1-37) [12]. Due to cross-reactivity
and the varying commercially available assays, knowledge
of this plethora of peptides and their metabolites is impor-
tant, when assessing the assays used to measure their plasma
concentrations [8, 12].

Besides increasing insulin secretion, GLP-1 also has
other effects, including inhibition of glucagon secretion
from « cells; stimulating, potential proliferating, and antia-
poptotic effects on f3 cells; a delay of gastrointestinal secre-
tion and motility; an appetite-reducing effect; a potential
advantageous effect on the cardiovascular system; and a
potential neurotropic or neuroprotective effect [3, 13].
Given that a lot of these effects are advantageous in the
scope of treating diabetes, the use of incretin-based thera-
pies is increasing [3].

4.2. Prediabetes—Not Just One Condition. Prediabetes is an
overall term to describe the dysglycemic conditions between
normal glucose tolerance (NGT) and the diabetic state. The
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Inclusion criteria:

Article investigating the relation
between GLP-1 and prediabetic
subtypes.

Identification of articles

PubMed search conducted on
10 March 2017

*Articles with inadequate or
indefinite titles were included for
further evaluation.

Exclusion criteria:

Articles irrelevant in proportion to
answering the research question or
due to languages other than

298 articles

Evaluation based on title

60 articles

Evaluation based on abstract

English.
Excluded: n =238
- .
(i) Irrelevant: 230
(ii) Language: 8
_

Excluded: n =41

Included: 19 articles

FiGure 1: Flowchart of the search process. See text for details.
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FI1GURE 2: GLP-1 isoforms—illustration from Bak et al. [8].

different subtypes of prediabetes consist of isolated impaired
fasting glucose (IFG), isolated impaired glucose tolerance
(IGT), and the combined state IFG/IGT [10, 11]. An estima-
tion of the worldwide prevalence of individuals with prediabe-
tes is approaching 840 million [10]. Since people with
prediabetes are at an increased risk of developing diabetes
compared to non-prediabetic individuals—as mentioned
above—screening for the prediabetic state, and thereby initiat-
ing prevention of development of diabetes, is a health goal
[10]. This is further supported by studies showing an increased
risk of micro- and macrovascular complications with predia-
betes, exemplified by a study showing that 8% of nondiabetic

participants in a cross-sectional analysis had diabetic reti-
nopathy, and an increased risk of cardiovascular disease
at =20% in prediabetes [10]. It is hypothesised that the
different prediabetic states have both different aetiology
and pathophysiology and that individualised prevention
and treatment strategies should be assessed based on the
prediabetic subtype [10, 11]. Different diagnostic criteria
with varying cut-points exist and have changed through
time [1, 10, 15, 16].

4.3. The Relation between GLP-1 and Prediabetes. Based on
the literature search in PubMed, 19 original articles are



included in assessing the relation between GLP-1 and predi-
abetes. In the following, these articles will be reviewed.

The included studies were published between 1997 and
2016. Not all studies investigated all the different subtypes
of prediabetes described above. For clarity, and since it
appears that the different subtypes have both different aetiol-
ogy and pathophysiology [10, 11], the results will be reviewed
in order of subtype. The included studies are not consistent
in the terms used to describe the prediabetic subtype (i-IFG
or IFG and i-IGT or IGT). The term used when assessing
an included study is the one used in the respective study.
An overview of the results can be seen in Table 1.

4.3.1. Stimulus. All studies, except two [17, 18], conducted a
75g OGTT measuring GLP-1, and other variables, at various
time points. Fernandez-Garcia et al. [17] conducted a 60g
high-fat meal and Toft-Nielsen et al. [18] conducted a mixed
breakfast meal containing 2250 kJ.

Besides the 75g OGTT, six studies [19-24] conducted
additional tests on the same participants: Yabe et al. [19]
and Lee et al. [20] conducted a meal tolerance test (MTT)
(480kcal, carbohydrate:protein:fat=2.8:1:1). Vollmer
et al. [24] conducted a mixed meal challenge (820 kcal, carbo-
hydrate: protein: fat=3.38:1:3.30). Faerch et al. [21] and
Laakso et al. [23] conducted an intravenous glucose toler-
ance test (IVGTT) to measure first-phase insulin secretion
and a 120min hyperinsulinaemic-euglycaemic clamp to
measure peripheral insulin sensitivity. Muscelli et al. [22]
conducted an isoglycaemic intravenous glucose test to assess
the incretin effect.

4.3.2. “Active/Intact” or “Total” GLP-1. The included studies
have measured both “active/intact” and “total” GLP-1 (and
eventually the small amount of GLP-1(1-36)NH, and GLP-
1(1-37) although not mentioned in any of the studies).

Four studies measured “active/intact” GLP-1 only
[17, 20, 25, 26], thirteen studies measured “total” GLP-1 only
[7,9, 11, 18, 22-24, 27-32], and two studies measured both
“active/intact” and “total” GLP-1 [14, 19]. As mentioned ear-
lier and discussed later, measuring “total” GLP-1 is best,
when GLP-1 secretion should be measured [5, 8, 12-14].
The studies measuring “active/intact” GLP-1 only will not
be reviewed in detail, since they are concluding on metabo-
lites which they may not have measured. Results assessing
“active/intact” GLP-1 can be seen in Table 1. Additionally,
when measuring “active” GLP-1, it is advised to use a DPP-
4 inhibitor when collecting blood samples [12]. This was
done in all studies except Fernandez-Garcia et al. [17] which
did not report any use of DPP-4 inhibitor. This could of
course have influenced the results.

4.3.3. “Total” GLP-1

(1) “Total” GLP-1 and i-IFG/IFG. 6/19 included studies
assessed the relation between “total” GLP-1 and i-IFG/IFG
(9, 14, 21, 23, 27, 29].

Increased: Faerch et al. [21] studied the GLP-1 response
to a 3h OGTT in 66 subjects. They found no difference in
fasting GLP-1 between i-IFG and NGT. However, they found
a significantly higher 3-hour AUC GLP-1 in i-IFG subjects
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compared to NGT subjects. There was a low number of
women in this group (only 2). This could suggest a compen-
satory GLP-1 response in this subgroup.

Unchanged: Hussein et al. [27] studied 80 subjects’
glucose-stimulated GLP-1 response (30 minutes after 75g
glucose). The subjects were divided into 4 groups: normal
weight NGT, obese NGT, obese IFG, and obese IFG/IGT.
They found no difference in glucose-stimulated GLP-1
between obese NGT and obese IFG. However, glucose-
stimulated GLP-1 were reduced in all obese groups compared
to the normal weight group. These results indicate that BMI,
not glucose tolerance, influences 30 min-glucose-stimulated
GLP-1 levels.

Zhang et al. [29] studied 531 subjects’ GLP-1 response to
a 2h OGTT. They only measured GLP-1 at 0 and 120 min
and found no difference in fasting GLP-1, 2h GLP-1, or
AGLP-1 when comparing i-IFG and NGT subjects.

Smushkin et al. [14] studied 165 subjects’ GLP-1
response to a 2h OGTT. They found no difference in either
fasting GLP-1, max “total” GLP-1, AUC GLP-1, or AAB
GLP-1 when comparing IFG/NGT and NFG/NGT subjects.

Reduced: Faerch et al. [9] studied 1462 subjects’ response
to a 2h OGTT. They measured GLP-1 at 0, 30, and 120 min
and grouped the subjects in proportion to sex. They found no
differences in the male i-IFG compared to NGT. However, in
the female groups, they found a reduced rAUC,_;,, rAUC,_
120 and iIAUC,,, when comparing i-IFG and NGT subjects.
This suggests that the GLP-1 response is influenced by sex.

Laakso et al. [23] studied 278 subjects’ GLP-1 response to
a prolonged 4h OGTT. All subjects were nondiabetic
offspring of patients with type two diabetes. They found
a reduced GLP-1 response at 15, 90, and 120 min and a
reduced AUC,_,,, when comparing i-IFG and NGT sub-
jects. This could indicate that being a nondiabetic off-
spring of a patient with type 2 diabetes could influence
the GLP-1 response suggesting a genetic component in
the GLP-1 response.

(2) “Total” GLP-1 and i-IGT/IGT. 14/19 included studies
assessed the relation between “total” GLP-1 and i-IGT/IGT
[7,9, 14, 18, 19, 21-24, 28-32].

Increased: Smushkin et al. [14] also studied the GLP-1
response between NFG/IGT and NFG/NGT. They found
no difference in fasting GLP-1, max GLP-1, and AUC GLP-
1. However, they found an increased integrated incremental
concentration of GLP-1 (2-hour area above basal (AAB
GLP-1)) when comparing NFG/IGT and NFG/NGT.

Unchanged: Wang et al. [7] studied 80 subjects’ GLP-1
response to a 3h OGTT. They found no difference in either
GLP-1 levels at each measured time point, AGLP-1, or 3-
hour AUC GLP-1 when comparing IGT and NGT subjects.

Yabe et al. [19] conducted both a 2h OGTT and a MTT
in 102 subjects. They found no difference in either fasting
nor postprandial GLP-1 response—both when assessing
GLP-1 levels at each time point and 2hour AUC GLP-
1—between IGT and NGT.

Faerch et al. [21] found no difference in either fasting
GLP-1 or 3-hour AUC GLP-1 when comparing i-IGT and
NGT subjects.



Journal of Diabetes Research

ION
959QO SNSIoA
(payorewr ION 952Q0 SnsIaA OM_H 253q0 (IN ‘prey8urdg) Scr)
:sdnoid 2s2qo) 1DI/DAI 95990 oia ¥10T T8 12
43 paypjewr s q i .
(2] (90) vav uenaAH 10N 9$9QO SNSIoA ur [-JT5 ur Og aN W15 (I¥1¥) VSITd %ﬁ:@ﬁm 08 uRssSny
JyS1om [eWION ur 0UAIPIP ON - I-d'1O 80, !
0UIPYIP ON
sajoqerpaxd
Surdopasp mmuuw%ww\wm sad£iqns woamiaq . So&mmau
spalqns urdopasp paysmsunsip jou— [ O[/D] ‘IOI-T ‘DI = $9)2qeIpaId VSITd oMY 8s2) $102
[sz]  (86) OHM  @esaulyD 8 spalqns o A : . . (Le-L) Ly -
ur 1oySIy ut 1ouSiy 10)e] TeaA ¥ sajeqerpaid % THN(96-0) 1LIDO Te 30 Suoyy
.EMHH«E .vomuuhc.uoz padofeaap oym spalqns THN Ur paonpar 1-JT0 Junse] D SATOY
safudfrey y1oq ([ 3s10H 30 "qeT
ur JON SnsioA —06£68 WNISHUY
C _
OIE amee NOCO
foros P g Ty vemars RSl i croz
[61]  saeqeiq asauede[  jou [ON aN . /IP/3W OT1= o ey 701 .
ssouede pue oy LONPUEIOI [erpuexd-isod ssoony8 eusserd /N Ioyqruut 44 Bsz) [e 12 2qex
1o unsey Sunsey) AN (Le-1) 8 LID0 YT
ur [-d19 ' CHN(9€-2) *1-dTD
[8303 10 10B)UT VSITA Yompues
ur aSued ON 2)1S-0M) :0eju]
ION snsioa ION SnsIoa
uru )z paonpax paonpax
1$9X9s yjog LON 0y Ayt .
snsioa poonpar o oaon PP SNSIOA VI '06£68
ION paonp 02101y 71 LON WNIsHUY
6] (90) st patyew SuoreU 10 Ponvr paonpar HN(9E—6) (8s2) 10T TR
6] (90) OHM  ustueq 1N paY N | N snsion paonpor LON OTT-05 v HN(O%-6 1150 17 971 proeg
. SNSIOA PIONPAI 3 “HN(9¢-£)
aeTely! 06-0 ION SnsIoA A R
ILON SNSI2A paonpax ..:wﬁww\uq paonpar T-dIO HOL
202170 1 : 20670y Ay
UQUIO M TUAWO M
ION
SNSIAA T-JTD A3otoutpay,
10 ed130[01
_ aseury) A .UD< :w. (aN [e2! ﬁ. d 8 9102
4 (86)OHM PapIEN PatIEIN an [-dTOV SPAS]  paurtidlpp puBISOM VSITH L1590 1€ 08 10 Buepm
1-dTO JON 1-dTO
jurod swm ewsed ejo,
ur aSueyd ON
(xead) poyjaw uomnd)ap
e By — _ Lou/DdI _LOI/LOI _OdI/OAI /Kesse pue 1-41D s (u) az1s Teaf pue
snsouer SPA] T-dTO SPAL T-dTO SEAI[ T-d'TO JorUI/2ATO Apmg loyny
‘ : 10 [e)O],

"S)NSIT JO MIIAIDAQ) ] HIEV],



Journal of Diabetes Research

LON/DAN e LON/DIN PO
SNSI2A (gVV -dT5 (47) SnSI2A (JVV +oMIOE IO
4Tonv ue moJe @VY) 4z ony ye opndad jo
; SUONBNUDUOD srpprw ut adoyda
payoyewr xewr) asuodsa: [BIURWRIOUT xeur) asuodsaz +adoyida snururay-N 8sz) 7107 e 1@
s UBOLIOW erpueadisod : erpueadisod : R B
P1l - Geo)vav. wmmmy ey B Sunsey pawsor 0L -dTD ARl LIDO YT ot uppgsnuws
w quv 1103 pasearduy w qumu 210} apndad jo a[ppruu
10 JATIOR IAYIID [-d'IO [%193 10 JATIOR I ur adoyds +adoyrda
ur oSued oN 10 3A1® Bursty ur a8ueyd ON SN
: ur a3ueyd oN : -dTO A1y
IOIT
DAl LON
LON sns1oA (Auedwo)
SnsA [-dTOV 1-dTOV
) I-d15V ] A3ofourpay, 3
20npal {1 DT ue ‘-
67 (90) VAV oo poyprey Al ION peapod Nt G (8 5) 165 cloe
’ ueH SnSToA ﬁ.- J10 4z ‘T-dTO YT pue Surjsey SIN L HATINDSN LLOO Yc Te 30 Sueyz,
paonpar (1O ﬁmqw Bunsey :a8ueyd oN VSI'Td
SnSIo 1-d15 :a8ued oN 1-d'1D [®10],
Sunsey paonpay
LON
SNSIDA PAONpaI
oNv-umu oz
puv urt 06 a10dr ¢ 3
€0 ¢ M VI (8s2) €10C
[87] (66,) OHM  @sduryd  paypley aN pue 09 ‘0¢ aN ) ¥ )
1e SPAI] 1-d'TO [-dTO B0, L1504t 830 Uays
*LON SnsIaA
[-d'1D Sunsey
ur aSueyd oN
LON-$g
-SU[-MOT]
SNSISA AT & HoNqIUui-y-ddd
. ur -d7o s[eonnadewLIRY ¥102
JUDIRIA "959q0 3 =004
1] (u)vay  ysweds  pagoery PN 9 an an Ut 08T X1u20Yd ‘VId uﬁﬁmmhg ¢ 0¥ e 19 eoren
IPMOT 'T-d'TD “HN(9€-2) . -ZopueuIa g
urw 0g[ pue T-dTD 240V
0 UdaM)dq
BP ON
(xeai) -1 -1 WMMHEMMEW S u) 9718 1eaf pue
790 LI Koy 8y LOI/DdI LOI/LOIT DAI/DAI! / pue 1-dT1D snnumg (u) 371 p
snsouSer S[PAI] T-d'TD S[PAJ] T-d'TO S[PAJ] T-d'TD JOBJUI/2ATIOR Apmig oy
: a 10 [eJO],

‘ponunuo)) 1 AIdVJ,



Journal of Diabetes Research

uafeyquado)
ION Jo Ayrszaatun
SNSIOA DNV —S20U2g
ION ION Y € 12ySiy [ed1paworg (duwepD)
SNSIoA TOT-T sns1aA oSued Apueoyrudig Jo jyuaunaedag (LIDAI 8007 Te 10
rdoan’ UDJe
(tz] (66 OHM P! 4 PN O] U1 Y31y anN ou :1-d'TO DNV “LON 06€68 Toqunu (Bsz) 9 2198
jueoyrudrg Y ¢ pue Sunse] sns1oA aSueyd WNISHUY LIDO Y€
ou :1-d'TD “HN(9¢-6)
Sunsey 3 “HN(9¢-2)
‘I-d'IO [BI0L
saSuarreyd
0q ur B
LN stsin psonauaga (P oroz
asouede QIR dUdIReW JO 0ourg ¢
[oz]  OHM [ PPN PRy N anN 151 W DAVI-Y 2 an U VST Ger) 0% 10 997
1-dTO °AdY
10 1-4T9 Yead LIDO YT
ur aSuerd oN
LON
SNSI0A 1-d 1OV “HN(9¢-£) dymads
paonpay [eUIUId}-D VI Bss) wow 0107 e
[0€] (66) OHM  Uspams  payzey  papodarjoN aN "LON sns1oA an (9¢-6) LIDO 605 woswegIEN
I-dTD w09 3 “HN(9¢-£) urur 09 b
pue Sunsej ‘T-dTO [B0L
ur aSued oN
M onquut y-dda
pajrodax h%ﬂ.wmwuwmw Pyrads eutunial-N (BsL) 0102
dUdIe IR ’ —o0ourg ¢
[97]  (86,) OHM JON PayIEIN PayIEIN aN 2 pue I-d15 an e %zﬂ% , 150Uz 95 10 ered
UIW ()¢ paseardn
1-dTO °AdY
LON/DAN snsioa
asuodsar 1-4T1D
Terpueadsod VSITd
ﬁmuOu 10 2ATO® QUQQUmQQMESEEQQU
ur aSueyd ‘pajewoine Ay
ou ‘dSIMIYIO {W2)SAG SOUBIAY],
"LON/DAIN /N aonqryut y-ddd
(160 b poylaw uondalap
Py eonp  Apugg By N IO1/DdI IOI/IOT OdI/DdI! /esse pue 1-4T9 snnung (u) oz1s Tea4 pue
S[PAJ] T-dTD S[PAS] T-d'TD S[PAJ] T-d'TD J0BJUI/IATIOR Apmig Ioyny
onsouder(g 10 _.EoH

‘Ponunuo)) [ 414V ],



Journal of Diabetes Research

VId
LON "06£68 Toquuinu .
SNSISA [-d'1D wnissnuy (brosze) 100 Te 39
[81] (S8,) OHM  ystueQq PaYAEIN payrew J0N aN ONV 4¥ 1o aN HN(O o 6) [edwr 201 USSPIN
1-d'1 Sunse HN 3 OXIW [ § -Jo,
4 “HN(9¢-2) P k g
ur a8ueyd ON
“T-dTD [eI0,
ION
STNISISA 3SeIIOUT
[1-dTD] urw g
uwu@ ﬁvuﬂ@um
(vav s "LON snsiaa VI “HN(9€-6) ) —_— 5002
[1¢] OHM [yng) ueseone)  PaydIe]y paydreIN aN [-d1O ONV aN 3 “HN(9¢-2) LIDO Y€ 0s T8 10 ysey
pairodar JoN urw 9 DOV I-dTIO 18101
umw- (g
hw~®>®~ I-d1D
1-dTO Sunsey
ur a8ueypd ON
VA "06£68
DN SNSIdA
Hmmm:o:mau qumu (12 078)
TNNQ HM mthoamoh SPIRIN IR aN 10Q UI S[2A9 aN WNISNuUY, M‘NOE —UOK_E et 800¢C .~m hE)
o 1ON P g ¥ w- m.ﬁw 1 “HN(95-6) I ) PUIfoA
ur s8ueyd oN 3 “HN(9¢-2) LIOO y¥
. T-dT1D [0,
LON snsioa LON snsioa H%NWHOMNNWV
0¥Z-0, ovz-0.
nv n 06£68 Joqunu
prooy propoy N sy Aaaﬂuvv (8)  800C e
[zl (c0)vav — ystueq — — "ION "ION s %oz CHIN(9E—6) Hwoa . I
) 3 1-d19 ¢ | (8s2) 1-dT19 84T osyee]
SnSIA [-d'1D sns1A [-d'1D w0z % “HN(9¢-2) 1190 Uz
urw (1 pue urw Oz pue puv ‘06 ‘< T-dTO B0
06 ‘ST paonpay 06 ‘ST poonpay poonpay
ION SnsIoA VId
1-d15 DNV "06£68 Toquuinu (1521 AT
payrodar y¢ WNISHUY oTuIoe2A3087) 800T Te 10
Elipald (d)e
[cel  (6) vav JON Py payIRIy aN 10 SPA] 1-4'TD anN CNOE-6 Scs) 1s oSy
BEINIE) 3 “HN9E-L LIDO Y€
ur a8ueyd ON I-dTIO [BI0L
AHNO%V —UOQuUE COCU@avﬂv
oy e Lpreg By e LOI/OAI LOI/1OTT OdI/DdI- /Kesse pue -4 snwng (u) o218 Teak pue
UUw.OEWNﬁa e nm~®>®~ ﬁumdw “w~®>®~ ﬁlnﬂHU "w~w>®~ ﬁlﬁmdo uumuﬁﬁ\?ﬁuuw : %ﬁsum Hoﬁtﬂaﬂ
. . I0 ﬁmuo,ﬁ

‘panunuoy) :] 414V],



Journal of Diabetes Research

LON SnsIoa VI

9582109P [-J'TD "06£68 Toquinu
paytodar s 10 (¥ 5NnY) wnIasnuy Ss2) UIWOM 1661

1e e

[ze]  (s8,) OHM 10N PayPIEN PayPIEN aN aseaIOUI [-g'TO aN THN(9€-6) LIDO Y? €1 e 32 uIyy

‘1-d1D Sunsey % “HN(9€-4)

ur a8ueyd oN I-d1D [810],

(1eak) PoYylouW U01)939p
190 LI Koy 8y NG . LOI/94dl . LOI/1LOIT . OdI/DAI-! /Aesse pue [-4TD snumg (u) az1s Teof pue
snsouSerq S[PAI T-d'TD S[PAJ] T-d'TD S[PAJ] T-d'TD JoRJUI/2ATIOR Apmig loyny
! I 10 [eJO],

‘panunuoy) T 414V],



10

Muscelli et al. [22] studied 51 well-matched subjects’
GLP-1 response to a 3h OGTT. They found no difference
in GLP-1 levels or 3-hour AUC GLP-1 between IGT and
NGT subjects.

Vollmer et al. [24] studied 48 well-matched subjects’
GLP-1 response to a 4-hour OGTT and a mixed meal. They
found no difference in GLP-1 levels when comparing IGT
and NGT in both challenges.

Rasketal. [31] studied 30 well-matched womenina 3-hour
OGTT and measured their GLP-1 response. They found no
difference in fasting GLP-1, GLP-1 levels at each time point,
30 min AUC GLP-1, and 120 min AUC GLP-1 between IGT
and NGT. However, they found a significant difference when
comparing the “first 30 minutes GLP-1 concentration increa-
se’—the increase being reduced in IGT versus NGT. The
30 min iAUC GLP-1 also showed a tendency (P =0, 072) to
be reduced in IGT versus NGT. 17 of the women were post-
menopausal, which could have an impact on the results.

Toft-Nielsen et al. [18] studied 102 subjects’ GLP-1
response to a 4-hour mixed meal. They found no difference
in either fasting GLP-1 or 4-hour AUC GLP-1 (corrected
for BMI and gender) between IGT and NGT subjects.

Ahren et al. [32] studied 13 well-matched postmeno-
pausal women and measured their GLP-1 response in a 2-
hour OGTT. They found no difference in fasting GLP-1, no
difference in GLP-1 increase AUC, 4o, or GLP-1 decrease
between IGT and NGT.

Reduced: Faerch et al. [9] also measured GLP-1 in i-IGT
subjects. They found a reduced rAUC, ,, and a reduced
rAUC,_g, in women with i-IGT compared to NGT. No dif-
ferences were found between the two groups when assessing
iAUC;, or iAUC,

Shen et al. [28] studied 43 subjects’ GLP-1 response to a
2-hour OGTT. They found no difference in fasting GLP-1.
However, GLP-1 levels were reduced at 30, 60, and 90 min
and 120min AUC GLP-1 was reduced when comparing
IGT and NGT.

Zhang et al. [29], mentioned above in the i-IFG/IFG part,
found no differences in fasting GLP-1 or 2h GLP-1 between
subjects with i-IGT and NGT. However, they found that
AGLP-1 was reduced in i-IGT versus NGT.

Nathanson et al. [30] studied 509 71-year-old men and
their GLP-1 response to an OGTT measuring GLP-1 at 0
and 60 minutes. They found no reduction in fasting GLP-1
and GLP-1 at 60 min. However, AGLP-1 was reduced in
IGT compared to NGT subjects.

Laakso et al. [23], also mentioned above, found reduced
GLP-1 levels at 15, 90, and 120 minutes and a reduced
AUC, 40 in i-IGT versus NGT.

(3) “Total” GLP-1 and IFG/IGT. 5/19 included studies
assessed the relation between “total” GLP-1 and IFG/IGT
(9, 14, 23, 27, 29].

Unchanged: Hussein et al. [27] also assessed IFG/IGT
subjects. They found no difference in the GLP-1 response
in obese IFG/IGT subjects compared to obese NGT.

Smushkin et al. [14] found no difference in either fasting
or postprandial GLP-1 when comparing both maximal GLP-
1, 2-hour AUC and 2-hour AAB, in IFG/IGT with NFG/NGT.
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Reduced: Faerch et al. [9], as mentioned above, stratified
their subjects according to sex. When comparing IFG/IGT with
NGT subjects, they found a reduced 120 min GLP-1 in both
sexes. Furthermore, they found a reduction in rAUC, 5,
rAUC, ,, and iAUC,,, in female subjects with IFG/IGT.

Zhang et al. [29] found a reduced fasting GLP-1 when
comparing IFG/IGT with i-IGT. When comparing IFG/IGT
with both NGT, i-IFG and i-IGT, they found a reduced
2-hour GLP-1 and a reduced AGLP-1.

Laakso et al. [23] found a reduced 15, 90, and 120 min
GLP-1 and a reduced AUC,, ,,, when comparing IFG/IGT
with NGT subjects.

4.4. Why Such a Difference? Summarizing, studies assessing
the “total” GLP-1 (and “active/intact”) response in i-IFG/
IFG and i-IGT/IGT found both increased, unaltered, and
reduced GLP-1 levels when compared with NGT. Studies
assessing IFG/IGT found unaltered or reduced GLP-1 levels
when compared with NGT. Thereby, nearly all possible out-
comes have been reported. So why this difference?

4.4.1. “Active/Intact” or “Total” GLP-1. As mentioned earlier,
itis argued that “total” GLP-1 is best suited when GLP-1 secre-
tion should be assessed [5, 8, 12-14]. The choice of measuring
“active/intact” GLP-1 could be one reason of conflicting
results. Furthermore, when assessing “active/intact” GLP-1, a
difference in DPP-4 activity could also have an impact on
the results—although included studies show no difference in
DPP-4 activity among prediabetic subgroups [14, 19, 20, 26].

4.4.2. Study Design and Duration. All the included studies
were cross-sectional studies except the study by Zheng et al.
[25]. This type of study design is not designed to assess the
duration by which individuals have had prediabetes [21,
33]. This could have influenced the results, and longitudinal
prospective studies are therefore suggested to assess the
GLP-1 response in the course from NGT over prediabetes
to type 2 diabetes [6, 11, 21, 34]. Only two studies have an
estimate of prediabetes duration: Zheng et al. found a
reduced fasting “active/intact” GLP-1 in prediabetic subjects
that were NGT 4 years earlier, and Faerch et al. [21] studied
individuals that were NGT 5 years earlier finding no differ-
ence in fasting “total” GLP-1 but found an increased 3-hour
AUC GLP-1 in i-IFG versus NGT. This could suggest a com-
pensatory GLP-1 secretion [21], which could perhaps explain
the increased 2h AAB “total” GLP-1 response in NFG/IGT
versus NFG/NGT subjects, reported by Smushkin et al. [14].

4.4.3. Diagnostic Criteria. As mentioned earlier, different
diagnostic criteria with different cut-points for the predia-
betic subtypes exist and have varied through time [1, 10, 15,
16]. The current definition of IGT from WHO corresponds
to the term IFG/IGT used by many studies [1]. However,
many of the included studies include cut-points to differenti-
ate between i-IFG, i-IGT, and IFG/IGT although varying
terms are used (i-IFG or IFG and i-IGT or IGT) [9, 11, 14,
17, 19, 23, 27-29]. This could also be a reason for the
differing results. Furthermore, it has been argued that i-IFG
and i-IGT are a continuum of impaired glucose regulation
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rather than absolute states [11], hence also affecting the
results due to defined diagnostic criteria.

4.4.4. Stimulus. Most of the studies conducted an OGTT, but
three studies conducted an additional meal test, as described
above [19, 20, 24]. The three studies found the same results in
both challenges, suggesting that stimulus is not influencing
on the different results in the included studies. Vollmer
et al. [24] found no significant difference in integrated incre-
mental plasma GLP-1 concentrations when comparing
OGTT with a mixed breakfast meal. Furthermore, peak
GLP-1 were seen after 30 minutes during the OGTT and after
90 minutes during the mixed meal. Yabe et al. [19] reported
that “total” GLP-1 increased only after glucose ingestion
and not after a mixed meal. In contrast to Vollmer et al.,
Lee et al. [20] reported a peak of “active/intact” GLP-1 at
20-30 minutes in both challenges, concentrations after the
OGTT: 7-9 pmol/l and the MTT: 3-5pmol/l, and a signif-
icantly greater iAUC GLP-1 in OGTT versus MTT. This
difference could be explained by the different meal compo-
sitions or measuring technique.

4.4.5. Study Size. The study size in the included studies varied
from 13 to 1462. A lot of the studies are therefore limited by
their sample size. When assessing the five studies with the
largest sample sizes (>200 subjects) [9, 23, 25, 29, 30], it sug-
gests a reduced GLP-1 response (for details, see Table 1) in
IFG/IGT. Altering results are reported in the i-IFG/IFG and
i-IGT/IGT groups due to, for example, sample times, differ-
ing analytical methods, and sex. This strongly suggests an
alteration in the GLP-1 response in the IFG/IGT group.

4.4.6. Assays. Differences in assays may have influenced the
results, both in relation to epitope (e.g., “active/intact” or
“total” GLP-1) and selected commercially available kits [8,
12]. Regarding epitope, Smushkin et al. [14] used a different
approach to measure “total” GLP-1 by measuring active and
inactive GLP-1 and add the two to get the “total” GLP-1. By
choosing that approach, they might have avoided the detec-
tion of the small amounts of GLP-1(1-36)NH,/(1-37)
secreted from the pancreas, which all C-terminally specific
antibodies might detect [12]. The plethora of selected
kits in different studies might also have influenced the results
[8]. Interestingly, Zhang et al. [29] used a kit, which Bak et al.
[8] found not to detect any GLP-1 isoforms in both
plasma or buffer.

4.4.7. Sampling Time. Sampling time might also be a reason
for the difference in reported results. Both the OGTT dura-
tion and the sampling interval varied considerable between
studies. With large intervals, the peak GLP-1 might be missed
emphasizing frequent sampling in future studies [34]. Peak
GLP-1 could vary with varying glucose tolerance status [14]
or gastric emptying [34].

4.4.8. Sex. Faerch et al. [9] found a higher 30 and 120 min,
tAUC, and rAUC GLP-1 response in women compared to
men, when adjusting for BMI, height, and weight. This is
supported by Vollmer et al. [24] reporting higher GLP-1
plasma concentrations in women compared to men in both
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an OGTT and a mixed meal and by Toft-Nielsen et al. [18]
reporting a reduced AUC GLP-1 in males. If not corrected,
this could also be a reason of the different results.

4.4.9. BMI. Faerch et al. [9] also found a relation between
BMI and the GLP-1 response, reporting a reduced
rAUC_;, rAUC, 5, 1AUC, 54, and iAUC, ,,, in both
overweight and obese compared to normal weight individ-
uals, and adjusted for glucose tolerance status, age, and
sex. This is supported by several other included studies
[18, 22, 24, 27]. Not all studies had matched BMI between
the groups. If not corrected, this could also be a reason of
the different results.

4.4.10. Genetics. Laakso et al. [23] found a reduced GLP-1
response in i-IFG, i-IGT, and IFG/IGT. All participants were
nondiabetic offspring of patients with type 2 diabetes. This
could indicate a genetic component in the GLP-1 response
and the development of prediabetes and could further be a
reason of the differing results between the included studies.

4.4.11. Ethnicity. The included studies are conducted in dif-
ferent ethnic groups. This could also have an impact on the
differing results [21, 35].

4.4.12. Analytical Methods. Different analytical methods can
also have influenced the results between the studies [9].
Faerch et al. [9], for example, used rAUC, not used in any
of the other studies.

4.4.13. Age. Faerch et al. [9] also reported a relation between
GLP-1 and age, with an increasing—although small—GLP-1
response with increasing age. If not corrected, this could also
explain the differing results.

4.4.14. Other Factors. Other factors could also have an influ-
ence on the GLP-1 response, for example, insulin resis-
tance [17, 36], glucagon levels [6], and nonesterified
fatty acid levels [6, 24].

4.5. Potential Mechanisms for the Eventually Reduced GLP-1
Response in Prediabetes. Rask et al. [36] have found a reduced
GLP-1 secretion in response to a mixed meal in nondiabetic
men with insulin resistance. This suggests an association
between insulin resistance and GLP-1 secretion. In vitro
studies of models of L cells have shown that L cells express
the insulin receptor [37]. Furthermore, in vitro studies have
shown a stimulatory effect of insulin on the GLP-1 secretion
in L cell models in a glucose-dependent manner [37, 38]. In
continuation of the study by Rask et al. [36], in vitro and
in vivo studies have showed reduced homologous and heter-
ologous secretagogue-induced GLP-1 secretion in insulin
resistant L cell models [37]. A study by Iepsen et al. [39]
showed an increase in the meal-induced secretion of GLP-1
after a 1-year 13% body weight loss maintenance accom-
panied by a significant improvement in the HOMA-IR
[39] further indicating that the L cell might be insulin sensi-
tive [9, 39]. This potential mechanism could differ between
the prediabetic subtypes since the site of insulin resistance
is hypothesised to be different with increased hepatic glucose
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production in IFG and a reduced peripheral glucose disposal
in IGT [10, 11].

In vitro studies have also shown a glucotoxic effect on
the GLUTag L cell model reducing acute glucose-induced
GLP-1 secretion [40] and a lipotoxic effect on the GLUTag
L cell model affecting L cell viability, with a presumed
counteractive effect of insulin and the GLP-1 analog
Exendin-4 [38].

Furthermore, in vitro studies have shown that chronic
exposure to the proinflammatory cytokine TNFa reduces
both GLP-1 expression and secretion from L cell models
expressing the TNFa-receptor TNFR1 [41]. This could indi-
cate a role of these extracellular metabolites and TNF« on the
potentially reduced GLP-1 secretory response in prediabetes.

Returning to the research question, Is a low GLP-1
response a predictor of prediabetes in adults? When assessing
the five studies with the largest sample size, it clearly suggests
an alteration in the GLP-1 response in IFG/IGT subjects and
varying results when assessing the two other subtypes—i-
IFG/TFG and i-IGT/IGT. However, varying results have been
reported in all subtypes and warrants further studies. Possi-
ble reasons for the varying results have been discussed. As
mentioned above, the need for longitudinal prospective stud-
ies are necessary to assess the impact of duration of the pre-
diabetic state on the GLP-1 response in prediabetes and to
determine the, eventual, temporal influence of the GLP-1
response in the pathogenesis of type 2 diabetes. Additionally,
the aim of this review is to survey the studies assessing the
relation between the GLP-1 response and the different
prediabetic subtypes and to suggest potential confounders
relevant when conducting future studies. An eventual limita-
tion of this review is that only the PubMed database was
assessed. Furthermore, relevant studies could have been
excluded in the search or in the evaluation of relevant studies.
To avoid the exclusion of studies, a broad search was con-
ducted including many synonyms for the rather broad
term “prediabetes.”

5. Conclusion

Conclusively, this review suggests that the GLP-1 response
is a variable in prediabetes possibly due to a varying GLP-
1-secreting profile during the development and progression
of type 2 diabetes or difference in the measurement tech-
nique. Longitudinal prospective studies are needed to assess
whether a reduced GLP-1 response is a predictor of diabe-
tes. Furthermore, this review gives an overview of studies
assessing the relation between GLP-1 and prediabetes and
discusses possible confounding factors, relevant when con-
ducting future studies.

Abbreviations

IGT: Impaired glucose tolerance

IFG: Impaired fasting glucose

i-IGT: Isolated impaired glucose tolerance
i-IFG: Isolated impaired fasting glucose
rAUC: Relative area under the curve
iAUC: Incremental area under the curve
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tAUC: Total area under the curve

GLUTagL A GLP-1-secreting cell line (source: glucagon-

cell model: producing enteroendocrine cell tumor that arose
in transgenic mice generated on an outbred CD-1
background [38]).
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