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Background: Incretin hormones like glucagon-like peptide-1 (GLP-1) and glucose-dependent insulinotropic polypeptide (GIP)
are regulators of insulin and glucagon secretion, and thereby, glucose metabolism. The hormones also have other valuable
antidiabetic actions, like decreased appetite and reduced gastric emptying, causing blood glucose levels to decrease. Their role
in children with type 1 diabetes (T1D) is not well defined and evidence is scarce. The aim of this systematic review was to compare
fasting and postprandial incretin levels in children and adolescents with T1D versus healthy controls and to assess their relation-
ship with glycemic outcomes and disease duration in T1D.

Methods: A search of MEDLINE, Embase, and Cochrane Central Register of Controlled Trials (CENTRAL) identified 2694
studies, of which 10 met the inclusion criteria. Study quality was assessed using Joanna Briggs Institute (JBI) appraisal tools.
Meta-analysis using a random effects model estimated pooled Hedges” g and 95% prediction intervals (PIs) for incretin levels.
Results: The 10 included studies had moderate risk of bias and varied in design (sample sizes: 7-257). No consistent differences in
GLP-1 levels were observed between T1D and healthy controls, except during ketoacidosis. Pooled fasting GLP-1 and GIP levels
were 8.03 and 9.85 pmol/L, respectively; postprandial levels were 18.98 (GLP-1) and 44.79 pmol/L (GIP). We found a significant
heterogeneity in study designs and measurement methods.

Conclusions: We found no significant difference in incretin levels between the three small and heterogeneous studies that
compared T1D children to a healthy control group. A wide range of factors seems to influence the incretin levels in children
with T1D. Disease duration, remission status, and meal size together with composition of nutrients in the meal were investigated in
relation to GLP-1 and GIP levels in the included studies. Larger studies are needed to better understand the associations between
incretin levels and metabolic outcomes in children and adolescents with T1D.

Keywords: adolescents; children; glucagon-like peptide-1 (GLP-1); glucose-dependent insulinotropic polypeptide (GIP); incretin;
type 1 diabetes (TID)

1. Introduction occurring gut hormones secreted from the intestines upon

intake of nutrients via the oral route [2]. In a healthy person,
Basic and clinical research on the incretin system has been one  the incretin hormones stimulate insulin secretion from the
of the most significant and rapidly advancing areas in diabetes  pancreatic beta cells in a glucose dependent manner. The incre-
research in recent years [1]. Incretin hormones are naturally ~ tin effect is the phenomenon where oral glucose elicits higher
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insulin secretion than does intravenous glucose, despite similar
levels of glycemia [3]. The incretin hormones involves both
glucagon-like peptide-1 (GLP-1) and glucose-dependent insu-
linotropic polypeptide (GIP) and their effect are thought to
account for up to 70% of the enhancement in insulin secretion
via the incretin effect in healthy individuals [2]. GLP-1 addi-
tionally inhibit glucagon release from the alpha cells [1-3] and
have other valuable antidiabetic actions, like decreased appetite
and reduced gastric emptying, causing blood glucose levels to
decrease [4]. It is previously described that incretins play an
important part in the glucose tolerance of healthy individuals
and individuals with type 2 diabetes [2], but less is known about
the role in type 1 diabetes (T1D)—especially in children. T1D
is characterized by a gradual loss of beta cell mass and function
and ultimately loss of insulin secretion. In addition, glucagon is
found to be inappropriately increased which, in combination
with lack of insulin, results in hyperglycemia [5]. This “double-
trouble scenario” is a fundamental problem for the glycaemic
excursions in individuals with T1D [6]. The inhibition of glu-
cagon and potential increase in glucose sensitivity by GLP-1, as
seen in youth with obesity [7, 8], is also of potential interest in
the context of improved blood glucose management in T1D
patients [9]. It has, therefore, been speculated whether GLP-1,
as a glucagon suppressor and insulin enhancer, could be a
potential treatment target in patients with T1D [10]. In a small
retrospective study in newly diagnosed adults with T1D, receiv-
ing a GLP-1 receptor agonist (GLP-1 RA) within 3 months
from the diagnosis were associated with reducing premeal insu-
lin in all patients along with increased C-peptide levels and
improved glycaemic outcome during the first-year postdiagno-
sis compared to a historic cohort [11]. Though the design of the
abovementioned study were suboptimal to suggest a causal
relationship, it seems possible that there is a dysfunctional
response in hormones secreted from both the alpha and beta
cells of the inflamed pancreas in patients with T1D. We, there-
fore, find it relevant to investigate the levels of these other
co-regulatory hormones like GLP-1 and GIP and to further
examine if incretin hormone levels could be compromised—
or inappropriate—for the pediatric and adolescent patient
group with T1D compared to healthy peers. The aim of this
systematic review was to compare fasting and postprandial
incretin levels (GLP-1 and GIP) in children and adolescents
with T1D versus healthy controls and to assess their relation-
ship with glycemic outcomes and disease duration in T1D.

2. Methods and Materials

This systematic review was prospectively registered in the
International Prospective Register of Systematic Reviews
(PROSPERO) [1] with registration ID: CRD42023410404
and was reported in compliance with the Preferred Reporting
Items for Systematic Reviews and Meta-Analysis (PRISMA)
guidelines [2].

2.1. Search Method. We conducted a literature search using the
electronic databases: MEDLINE, Embase, and Cochrane
Central Register of Controlled Trials (CENTRAL). The
search was done on May 25, 2023 and updated on January
10, 2024. The main concepts were children and adolescents,
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T1D mellitus, and GLP-1, GIP, and incretin hormones. All
concepts were searched with medical subject headings
(e.g., MeSH) and free text words. The search string was built
in MEDLINE and was subsequently translated to the other
databases. No restrictions were imposed on the search
regarding language or date of publication. The search string
was evaluated by testing if 10 key articles within the field was
retrieved. All search strings from the databases are provided in
Appendix S1. As part of the search strategy, citation tracking
was conducted to find all references and all articles citing the
articles included in the review after closure of the study
selection process. Citation tracking was run in the software
tool citationchaser [3] and identified articles were screened
for inclusion. The search strategy was developed by an
information specialist (Tue Helms Andersen) and peer
reviewed by another information specialist.

2.2. Inclusion and Exclusion Criteria. Human trials with mea-
surements of fasting and/or postprandial GLP-1 and GIP levels
in children and adolescents with T1D were considered.
Measurements of GLP-1 could be given as both the total
and/or active form and could be measured in both plasma
and serum. Only articles available in full text that met the
following criteria were included: (a) participants diagnosed
with T1D, (b) participants < age of 18 years, (c) participants
did not have severe comorbidity (>two chronic diseases), and
(d) participants did not take any medications affecting gut
hormones, except insulin. Exclusion criteria were: (a) protocol
articles, (b) conference abstracts, and (c) review articles.

2.3. Study Selection Process. Identified studies were indepen-
dently evaluated for inclusion by two researchers (Trine Witzner
Hessel Lawaetz and Zerina Kiiciik1) and any discrepancies were
resolved through discussion with the participant of a third
researcher (Jesper Johannesen). All identified records were
imported into Eppi Reviewer 6 [4] and duplicates were removed.
The remaining records were independently screened on title and
abstract and then retrieved in full text and reviewed against
inclusion and exclusion criteria by both reviewers (Trine Witz-
ner Hessel Lawaetz and Zerina Kiiciik1).

2.4. Data Extraction and Synthesis. Data extractions were
done by both reviewers (Trine Witzner Hessel Lawaetz and
Zerina Kiiciikl). From eligible studies, number of participants,
mean, standard deviation (SD) of fasting and/or postprandial
GLP-1 and GIP concentrations (total and/or active) were
extracted. In case of missing data, corresponding authors
were contacted every 2 weeks up to a total of three times for
clarification. If GLP-1 and GIP values were given in units other
than pmol/L, they were converted. Units presented in mass
concentration was converted to molar mass using the molecu-
lar weight of 3300 g/mol for GLP-1 and 5100 g/mol for GIP. If
GLP-1 and GIP values were only given in a figure or plot, the
mean and SD were manually gathered by using an online plot
digitizer tool [5]. Only studies comparing GLP-1 and GIP con-
centrations between cases and controls were included in the
meta-analysis. Absolute values with no controls were presented
visually as single-arm presentation plots.
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FIGURE 1: Study selection process.

2.5. Risk of Bias Assessment. Joanna Briggs Institute (JBI)
critical appraisal tools [6] were used to assess the quality of
included studies. The two reviewers (Zerina Kiiciikl and Trine
Witzner Hessel Lawaetz) assessed all 10 studies, that were then
categorized into following distinct study designs: randomized
controlled trials (as either baseline values or cross over studies),
cross-sectional studies, or cohort studies.

Depending on study design, checklists with specifically tai-
lored questions, were answered for all 10 studies to evaluate the
methodological quality and potential biases inherent in that
specific study design. The checklists consisted of a different
set of questions and these were answered with either “yes,”
“no,” “unclear,” or “unapplicable.” A total score was calculated
from the number of “Yes” divided by the total number of
questions and presented in percent (%).

2.6. Statistical Analysis. R 4.3.0 [7] was used to conduct the
statistical analysis. We used the R packages meta [8] and dme-
tar [9] according to the “Doing Meta-Analysis with R: A
Hands-On Guide” [10]. The codes and outputs were revised
by a statistician (Andreas Kryger Jensen). The random effects
model was chosen for the meta-analysis and forest plot due to

large heterogeneity among selected studies. Each study’s effect
size underwent weighting through the inverse variance
approach. The confidence intervals (Cls) around the pooled
effect were calculated using the Knapp—Hartung adjustments
[10]. The restricted maximum likelihood estimator (REML)
was used to calculate the variance of study heterogenity [10].
Both 95% Cls and prediction intervals (PIs) were computed.
Single-arm Forest plots were performed showing point esti-
mates with Cls to give an overview of the absolute values for
the fasting and postprandial levels of GLP-1 and GIP in the
studies that did not have a control group to compare with.

3. Results

3.1. Study Selection and Study Quality. A flow diagram of the
study screening and selection is provided in Figure 1. The
systematic literature search identified 2694 studies, of which
2405 remained for screening on title and abstract after removal
of duplicates. The interrater reliability (IRR) percentage agree-
ment was 98.39%. Only 19 studies fulfilled inclusion criteria on
title and abstract and were retrieved in full text. Based on the
listed inclusion and exclusion criteria, nine studies were



excluded from full text screening and 10 studies remained for
analysis in our systematic review. Four articles were excluded as
they had a mix of children under the age of 18 and young
adults. The authors were contacted, but they were not able to
separate the patient groups on age. Finally, 878 studies were
further screened for eligible cross-references of included stud-
ies, however, none were eligible. Main findings in the 10 studies
are shown in Table 1.

The questions from the JBI quality assessment of the
10 included studies is demonstrated in Appendix S2. We
ranked the study quality into high risk (below 50%), medium
(50%-70%), or low risk (70%—100%) of bias, like done in other
studies using JBI. Checklists for each study in the four different
study design groups can be found on the JBI Critical Appraisal
Tool website and citings [6, 11]. In general, a moderate risk of
bias was seen in the included studies. One study was found to
have a high risk of bias (46%). Seven were recorded as medium
risk of bias (60%—63%) and two studies were found to have a
low risk of bias with a score of 85% (Table 1).

3.2. Variation in Study Design of the Included Studies. As seen
in Table 1, there was large difference in the study designs. The
number of participants varied from seven to 257 children with
T1D. Only three studies included healthy children as compari-
sons. Mean age ranged from 9.04 to 16.4 years. The disease
duration ranged from 1 month to 8.2 4.9 years. Nine studies
included metabolic parameters BMI, TDD, and HbAlc, but only
four studies included them all. Three studies were cross-sectional,
two were randomized cross over trials, one had baseline placebo
arm values from an RCT, and three were cohort studies. One
study measured active GLP-1 (GLP-1 (7-36) or (7-37) amide
[20]) compared to the other cohorts measuring total GLP-1. For
the postprandial measurements four studies used mixed meal
tolerance test (MMTT) as stimulation method; one study used
oral glucose tolerance test (OGTT) and three studies used solid
meals (Table 1). For Harray et al. [13], the solid meals with
different macronutrient compositions were given during eugly-
cemic clamp. The postprandial sampling time point of GLP-1
and GIP was set to 90 min after a meal (T90) for comparison;
however, two studies only had measurements after 30 min (T30)
[20] and 120 min (T120) [12], respectively. All GLP-1 and GIP
analysis were done on plasma except Ho et al. [18] that used
serum and Tell et al. [12] that did not mention it in the article.
Most studies presented their concentrations in pmol/L, but some
presented them in pg/mL even though the numeric numbers
were similar to the other studies and did not differ by a factor
1000 as the unit would apply [16]. The authors were contacted to
confirm the units and as they did not reply, we assumed that it
should have been in pmol/L. This study was included in the meta-
analysis (standardized mean difference (SMD)), but not in the
fasting single-arm presentation due to uncertainty in the validity
of the absolute value units. The adding of DPP-4 to the samples
and the preanalytical handling of the samples prior to analysis
were only clearly described in two articles (Table 2). The com-
pany names of the assays used for quantifying the concentration
of GLP-1 and GIP varied in all studies and all were using
either enzyme-linked immunosorbent assay (ELISA) or
radioimmunoassay (RIA) measurement techniques.
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3.3. GLP-1 and GIP Levels in Children With T1D Compared
to Healthy Controls. Three studies measured GLP-1 levels in
children with T1D compared to healthy controls. There were
68 in the T1D group and 61 children in control groups. The
standard mean difference was 0.42 (—0.91, 1.75), Tau® was
1.41% and I* was 89%, (p<0.01; Figure 2).

Akinci, Aydin, and Ozerol [15] looked at GLP-1 levels in
children with TID when admitted with ketoacidosis, when
ketonemia resolved and when the weight gain started, com-
pared to healthy children as controls. They found that the
GLP-1 levels were significantly higher when admitted with
diabetic ketoacidosis compared to the healthy controls, but
there were no significant difference in the levels after 8 and
96 h, when ketonemia had resolved [15]. Uslu et al. [20] com-
pared active GLP-1 during an OGTT. They found that fasting
and postprandial levels of GLP-1 in 25 children with T1D were
not different compared to the 22 healthy controls at identical
conditions [20]. Huml et al. [16] measured postprandial GIP
and GLP-1 levels amongst other hormones in 19 children with
TID and 21 controls matched on age, sex, and BMI. They
found that GIP levels in children with T1D were higher
(p<0.01) compared to healthy children, but the GLP-1 levels
were not significantly different [16].

3.4. Fasting GLP-1 and GIP Levels in Children With TI1D.
Three studies have investigated fasting levels of GLP-1
(Figure 3) with a total number of 68 participants. Two studies
measured GIP within a total of five different conditions and
were, therefore, presented as individual measurements
(Figure 4). The total number of participants in the five studies
were 28. The pooled effect sizes/means across all fasting studies
measuring total fasting GLP-1 were 8.03 pmol/L (4.52,
11.53 pmol/L). The pooled estimate across the studies measur-
ing total fasting GIP were 9.85 pmol/L (5.60, 14.09 pmol/L).

3.5. Postprandial Incretin Levels in Children With T1D. Five
studies had 15 measurements on postprandial GLP-1 values
(Figure 5). The total number of participants in the five studies
were 667. The pooled estimate across all studies measuring total
postprandial GLP-1 was 18.98 pmol/L (15.02, 22.94 pmol/L),
Tau’ were 57%, and I* were 99.99%. Three studies had
11 measurements on postprandial GIP values (Figure 6). The
pooled estimate across all studies measuring total postprandial
GIP was 44.79 pmol/L (35.37, 54.20 pmol/L), Tau” was 243.7%,
and I was 98.99%.

Harray et al. [13] studied the postprandial effect on GLP-1,
GIP, and glucagon levels during a cross over study, where they
used an insulin clamp technique to determine the insulin
requirements to obtain euglycemia during meals, being classi-
fied as: low protein, high protein, low fat high protein, or high
fat low protein. They found that the area under the curve
(AUC) for GLP-1 were higher for the high protein meal com-
pared to low protein meal. GLP-1 AUC were also higher for
low fat high protein meal compared to the high fat low protein
meal [13] (Figure 5). Lodefalk et al. [14] looked at meal stimu-
lation from a high-fat or low-fat meal and found that the AUC
for GLP-1 were significantly larger for the high-fat meal com-
pared to the low-fat meal after 120 min. GIP had significantly
larger peak values and AUC after 120 and 240 min when



Pediatric Diabetes

"21008-Z [IN{ S Pajuasald,
*(9% UI [8101/S9X) 2I0S TUIWISSISSE SBIq JO ST,
"UONBIAID PIBPUR)S ‘(IS 89} OURIS[0] 9S0IN[S [BI0 ‘I, I59) DURIIO) [BAW PIXIW ‘[, [INIA :SUONRIAIQQY

09 — FIEFFS — S Apms 31040D — — [lig LIANW 04 [12] 'Te 10 wiroypary
09 6TF 981 WEFLL — 1 Apmys 110400 001 6 6C1 LLAIN S10C [12] Te 3 wdypaig
09 — STFF¥L — S0 Apms 110400 — — — RAANIA S10¢ [12] 'Te 10 wiaypaig
09 — 6ECEFTL — ST0 Apms 110400 — — — RAANIA S10¢ [12] 'Te 130 wiaypary
09 — SEF06 — 80°0 Apmys 110100 — — — LLAN S10T [12] Te 3 weypaig
€9 F0'€ F LTOT FETFTTL — — Apmys euond3s-sso1)  F0'6 9¢ ST LLOO 910z [oz] e nsn
€9 $0°€ F LTIT YETFTTI — — Apmis [euondds-sso1D  $0'6 9¢ ST LLOO 910z [oz] e nsn
09 — — — 1 £pmg 11040D — — 681 LLAW 10T [61] Te 30 seey
09 — — — S0 Apmys 310400 — — L1 LININ 110T [61] e 10 seey
09 — — — 80°0 Apms 310400 — — €1 LLAW 10T [61] e 30 seey
S8 — 160F 808 €0F 260 LOEFLY aurpseq IO 611 L9 154 uoneWLs ON 610C [81] Te 32 O
09 — — — I Apms 31040D — — — LLANN £00T [£1] "Te 3 wasyI0d
09 — — — S0 Apmys 31040D — — — LILAN £00T [£1] "Te 3 wasyI0d
09 TEFSII ITFTIL — 80°0 Apmys 11040D S0°6 15 LST LIAW £00T [£1] Te 32 uasyIOd
€9 PEY T 6761 8TOFTL €0F 60 TTFS9 Apmys [euondss-sso1)  F¢l i 61 uonemWRs ON 110T [91] e 3 quny
09 950 F 1€°91 P FTEL — 8C0FSIT Apms 110y0D 901 0 ¥C JYB1om [ewLIou 1Yy 600C Jo17Q) pue wphy hshww
09 — P FTEL — 8E0FSIT Apmis 110y0D 901 0 ¥T 019 19YJe 496 600 01920 pue “wIpky gu%m_w
09 8F'0F €671 P FTel — 80 FSI'T Apms 110y0D S01 0 ¥C SISOPIOL0)aY] 600 Jo1920) pue “wpky ;LW@
9% YEFTET LOFEL T0F 80 TIFLE Apmys [euonods-ssory 91 LS L [eaW Je} MO[-PIOS 0102 [F1] Te 3 Nrejopo1
9% YEFTET LOFEL T0F 80 TIFLE Apmys [euondas-sso1) 91 LS L [eaw 18} y31y—prjog 0102 [F1] Te 3 N[ejopo]
. . . . . . . 1240 . [eowr .
€9 90 80FIL TOFLO 6FFC8 B —— 191 oF Ol \psjoid g8y s25 moy + durepy 720t [€1] "Te 10 Kewrey
5 . . . . . . I9A0 . _NQE .
€9 490 §OFIL TOFLO 6FFC8 sso1 poziuopury 191 oF L o[ 33 4y + dwrey (44114 [€1] 'Te 3 Aeirey
J9A0
€9 40 80F 69 €0F80 T'SF69 B —— S91 o1 1 [eawr urajoxd ysry + durerd T20T [€1] Te 3 Lexrey
I9A0
€9 aC0 80F 69 €0F80 I'SF69 sso1> pozwopuTy $91 ¢ 11 [eow uptoid mop+ dwed (4dii4 [€1] e 3 Aerrey
o8 o owwm 61] [T6-52] €8 €00 F 680 9V FHL s qwﬁ opuey 191 09 oF LLANIN TT0T [c1] Te 10 IPL
%) S— (% ur s F ueaur) (Aep/3y/syrun) (sxeaf) 2dfy Apmg age (% ur) u wondusop uSisop Apmg Teah fpmg
K: (o)1 SIVqH adal uoneInp 3seasiq ued SHID uonednqng

'sa1pnys O [[e JO 9]qe) dAndrdsa(y i1 414V ],



Pediatric Diabetes

“Aesseounuruwiiorpel “yy s}

90URI9[0) 2500N[3 [BI0 ‘I, 1D 59} 2OUBII[0) [edW PaxTul ‘T, LINIA ‘T-opndad axi-uodeonid ‘1-g1o opndadAjod srdonourmsur yuspuadap-2s0on(3 ‘qIo) ‘Aesse JUaIOSOUNTUTUT PIUT[-IWAZUS VST SUONRIAIqQY

pasuaagar dnoid jsjol [ f vId umowyun ewse[d 06L LININ S10¢C [12] Te 3o wiraypary
[o18asy 0dur'] VId umowyun ewise[q 0€L LLOO 9102 [oz] e 3 nsn
paouarapar dnois 3sjoH [ VI umowyun BUISE[] 061 LIANN 1102 [61] Te 10 seey
azodin VSITd umowyup wnisg — wns oN 610C [81] e 3 oH
pasuaiajer dnoid 1sjoH [ VId umowyun ewise[q 061 LINN L£00T [£1] 'Te 32 wasyIQq
x3[dOONI'T V4 sk ewse[q 061, PIOS 10T [91] Te 32 [uny
azodiN VSITd SaK BUISe[] — wps oN 600C [§1] [019zQ) pue ‘wipdy ‘DURY
paoud1aper dnoid isjoH [ VId umowun ewse[q 06.L prI0S 0107 [¥1] T8 32 MejopoT
azodiN VI umowyun ewse[q 061, p1[oS Te0T [€1] 'Te 30 Lerrey
BPOIIIIN VSITd umowyun umowu 0TLL LININ Te0e [e1] e ¥ [PL

Aesse d19/1 adfy Lessy Ionqmyur $ddd WIS /ewse[q QuII) XeJA poyjour uonjenuIng T1e3£ wonyestqng Apmg

-d 1o Sumnpoid sureu dnoid/Areduos Lessy

'SaIpnis papnpdut o) ut wuvuwgwuwﬁm ~muﬁ~ﬁﬁc< g A1V,



Pediatric Diabetes 7

Stud Publication n n Standardised mean

Y year T1D control difference SMD 95% Cl Weight
Akinci, Aydin, and QOzerol [15] - Total - during ketoacidosis 2009 24 18 B 3.02(2.11,3.93) 15.6%
Akinci, Aydin, and Ozerol [15] - Total - without ketonemia 2009 24 18 —-0.10 (-0.71,0.51) 16.8%
Akinci, Aydin, and Ozerol [15] - Total - 96 hours post ketoacidosis 2009 24 18 —-0.31 (-0.93,0.30) 16.8%
Huml et al. [16] - Stimulated total 2011 19 21 0.41 (-0.22,1.04) 16.8%
Uslu et al. [20] - Fasting active 2016 25 22 0.18 (-0.40,0.75) 17.0%
Uslu et al. [20] - Stimulated active 2016 25 22 —0.46 (-1.40,0.12) 17.0%

Random effects model
Prediction interval
Heterogeneity: /> = 89%, T = 1.4105, p < 0.01 ' ' ' X )

0.42 (-0.91, 1.75) 100.0%
(-3.16, 4.00)

Higher GLP-1 levels in controls Higher GLP-1 levels in T1D

FiGURE 2: Forest plot of studies measuring glucagon-like peptide-1 (GLP-1) levels in children with type 1 diabetes (T1D) at various study set-
ups compared to healthy controls.

Tell etal. [12] - MMTT | 2.14 (2.14, 2.14)
Harray et al. [13] - Low protein meal —— 6.20 (4.72,7.68)
Harray et al. [13] - High protein meal - 5.00 (4.23,5.77)
Harray et al. [13] - High fat low protein —— 7.90 (6.60, 9.20)
Harray et al. [13] - Low fat high protein —— 6.90 (5.66, 8.14)
Lodefalk et al. [14] - High fat meal — 14.40 (11.44, 17.36)
Lodefalk et al. [14] - Low fat meal 16.10 (11.06, 21.14)
RE model — 8.03 (4.52, 11.53)
Tau* 21.08

T T T T T 1
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Total fasting GLP-1 hormone level in pmol/L

FIGURE 3: Single-arm presentation of fasting total glucagon-like peptide-1 (GLP-1) levels.
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FIGURE 4: Single-arm presentation of fasting glucose-dependent insulinotropic polypeptide (GIP) levels.

stimulated by a high fat meal [14]. Porksen et al. [17] and results from Porksen et al. [17] were included in the single-arm
Fredheim et al. [21] investigated the postprandial glucagon  presentation (Figure 5) as GLP-1 and GIP levels in the study by
levels and their relationship with incretin levels at different Kaas et al. [19] was divided into patients being in remission
visits during the first year following the T1D diagnoses. Only ~ versus nonremission at three different visits. In the study by
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Tell et al. [12] - MMTT ] 5.70 (5.48, 5.92)
Harray et al. [13] - Low protein meal Tl 5.80 (4.85, 6.75)
Harray et al. [13] - High protein meal HEH 13.90 (12.66, 15.14)
Harray et al. [13] - High fat low protein HlH 7.60 (6.61, 8.59)
Harray et al. [13] - Low fat high protein —— 16.70 (14.16, 19.24)
Lodefalk et al. [14] - High fat meal 31.10 (21.69, 40.51)
Lodefalk et al. [14] - Low fat meal —. 28.10 (22.03, 34.17)
Porksen et al. [17] - MMTT - 1 month post diagnosis | ] 20.00 (19.91, 20.09)
Porksen et al. [17] - MMTT - 6 month post diagnosis [ | 21.70 (21.64, 21.76)
Porksen et al. [17] - MMTT - 12 month post diagnosis | 24.40 (24.33, 24.47)
Fredheim et al. [21] - MMTT - 1 month post diagnosis = 22.20 (20.63, 23.77)
Fredheim et al. [21] - MMTT - 3 month post diagnosis - 21.70 (20.44, 22.96)
Fredheim et al. [21] - MMTT - 6 month post diagnosis il 22.70 (21.11, 24.29)
Fredheim et al. [21] - MMTT - 12 month post diagnosis —l— 25.00 (23.22, 26.78)
Fredheim et al. [21] - MMTT - 5 years post diagnosis 24.70 (14.10, 35.30)
RE model —~— 18.98 (15.02, 22.94)
Tau®: 57.75%, 12: 99.99%
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FIGURE 5: Single-arm presentation of postprandial total glucagon-like peptide-1 (GLP-1) levels.

Harray et al. [13] - Low protein meal
Harray et al. [13] - High protein meal

Harray et al. [13] - High fat low protein

il 33.30 (30.46, 36.14)

il 41.40 (38.50, 44.30)
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Harray et al. [13] - Low fat high protein —— 33.20 (29.98, 36.42)
Lodefalk et al. [14] - High fat meal 49.40 (29.99, 68.81)
Lodefalk et al. [17] - Low fat meal [ ] 12.30 (11.26, 13.34)
Fredheim et al. [21] - MMTT - 1 month post diagnosis —— 53.30 (49.17, 57.43)
Fredheim et al. [21] - MMTT - 3 month post diagnosis —— 53.50 (49.44, 57.56)
Fredheim et al. [21] - MMTT - 6 month post diagnosis —— 60.50 (55.29, 65.71)
Fredheim et al. [21] - MMTT - 12 month post diagnosis —— 60.70 (57.59, 63.81)
Fredheim et al. [21] - MMTT - 5 years post diagnosis —— 35.00 (30.01, 39.99)
RE model —— 44.79 (35.37, 54.20)
Tau?: 243.72, 12: 98.99%
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FIGURE 6: Single-arm presentation of postprandial glucose-dependent insulinotropic polypeptide (GIP) levels.

Kaas et al. [19], they found that GLP-1 levels increased by 24%
from 1 month after diagnosis to the 12 months visit and that
GLP-1 was positively associated with glucagon release in
response to the liquid mixed meal. Fredheim et al. [21] investi-
gated a different cohort in a similar set-up, where newly diag-
nosed children with T1D were tested with a MMTT used to

investigate c-peptide, as a surrogate for their endogenous insu-
lin production and their beta cell function. They were tested at
three visits within the first year including a 5-year follow-up.
They found that total GLP-1 levels increased in the first year,
but after that it was not significant when looking at the full
5-year follow-up period. In the same study, it was seen that “a
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doubling in GLP-1 was associated with a 33% increase in glu-
cagon” and that GIP levels decreased by 34% from 1 month to
5 years.

4. Discussion

Few studies have investigated GLP-1 and GIP levels in children
with TID. Three studies measured GLP-1 and had a healthy
control group for comparisons. These studies were small in
sample size and heterogeneous in design (various baseline set-
tings, meal stimulation method, fasting or postprandial state,
active or total hormone levels, and laboratory methods used).
One study demonstrated significantly higher GIP levels in their
T1D cohort compared to the control cohort. However, no
difference in GLP-1 levels between T1D children and controls
could be demonstrated in this small meta-analysis.

Adult studies investigating GLP-1 can, to some extent, be
used to examine the incretin effect of GLP-1 and GIP in health
and disease [22]. However, there is not a linear relationship
between adults and children as many nonlinear changes take
place in childhood and in adolescents such as change in body
composition, neurological maturation, sex hormonal changes,
body proportions, among others physiological fluctuations.
We, therefore, found it important to investigate the responses
of the different hormones in studies only involving children
with T1D.

The pooled estimate across all our included studies in chil-
dren measuring total postprandial GIP was 44.79 pmol/L and
the pooled estimate was 18.98 pmol/L for total GLP-1. The high
Tau and Tau® in the analyses indicate that there are great
variability and dispersion among the true effects. This is
emphasizing that the studies in the single-arm presentations
contributing to a high degree of uncertainty related with the
estimate. The I” was also very high in all studies possible due to
the known differences in study designs, study population, and
not due to random error or other study parameters. When
comparing adult levels of total concentrations obtained in a
study where a 566 kcal meal was given, the postprandial levels
were approximately 100-110 pmol/L for GIP and 20-25 pmol/L
for GLP-1 [23] for comparison. This is close to the GLP-1 levels
in our studies, the results from the individual studies in this
review still highlight how the between study absolute values
can vary significantly.

In this section, we have discussed various physiological
circumstances and other factors mentioned in the articles
that might influence the measured levels of GLP-1. It is well
known that factors such as nutrient composition, degradation
by dipeptidyl peptidase (DPP-4) as well as the expression and
sensitivity of the incretin receptors play a key role in the incre-
tin response, meaning that the incretin plasma levels alone do
not reflect the sole activity of the hormone. Clinical conditions
and altered metabolic physiology in children during sample
collection of GLP-1 and GIP also affect the incretin levels.
Stinson et al. [24] recently reported that fasting GLP-1 levels
were higher in overweight children and adolescents when com-
pared to controls with normal weight and that one SD increase
in fasting GLP-1 was associated with insulin resistance, hyper-
glycemia, and other cardiometabolic parameters. In a different

study by the same group, they found that children and adoles-
cents with obesity and insulin resistance had elevated fasting
concentrations of both glucagon and GLP-1. They had a higher
glucagon response—but a significantly lower GLP-1 response
—during an OGTT compared to normal weight children and
obese children with normal insulin sensitivity. Indicating that
GLP-1 and glucagon might play a role in insulin sensitivity in
health and disease. In the study by Akinci, Aydin, and Ozerol
[15], they found a significant difference in the level of GLP-1
depending upon clinical presentation at onset: when admitted
to hospital in diabetes ketoacidosis (DKA) compared to when
being in a their “stable state.” The authors measured GLP-1 at
three different time point and found that the GLP-1 levels had
decreased significantly, when ketonemia resolved after the
insulin infusion was started, but without consuming any food
orally, and therefore, speculated if it was the exogenous insulin
that decreased the GLP-1 levels, and therefore, had an inhibi-
tory effect on GLP-1 secretion [15].

The influence of nutrient composition of a meal on incretin
hormones was likewise a theme in the included articles and
might also play an important role. It is well established that
carbohydrates are strong stimulators of incretins when ingested
orally [25, 26]. Less is known about fat and protein as stimu-
lants. The trend in the included studies by Harray et al. [13]
demonstrated that the difference in meal composition influ-
ence the secreted levels of GLP-1, GIP, and glucagon in chil-
dren with T1D. They found that adding protein to the meal,
with or without fat, led to an increase in GLP-1 levels compared
to when having meals low in protein. Another study in adults
with T1D investigated the insulin needed in response to a meal
high in protein and fat compared to a meal low in protein and
fat, when the carbohydrate content was constant. They found
“a mean of 50% additional insulin was required for the high-
protein meal compared to the low-protein meal” [27]. A similar
trend was found by Vilsbgl et al. [28] when evaluating incretin
secretion in adults with T1D or type 2 diabetes compared to a
control group when having differences in meal sizes. The larger
the meal, the larger the insulin and GLP-1 response in all
groups [28]. However, the GLP-1 AUCs were lower for T2D
and for obese individuals compared to T1D and healthy con-
trols. In this study, the authors did not find a significant differ-
ence between patients with T1D and healthy control [28]. Uslu
et al. [20] similarly found no statistical difference in secreted
GLP-1 levels between children with T1D and healthy children
following an OGTT; however, the samples were taken 30 min
postprandially and might not have reached peak levels [20] as
these are expected approximately 40-50 min postmeal, at least
in adults [29].

Preanalytical circumstances might also affect the plasma
incretin levels. The adding of DPP-4 to the samples and the
preanalytical handling of the samples prior to analysis were
described in few of the included articles. The correct sample
handling is usually recommended to avoid thawing and
refreezing plasma samples before analysis, because this is
thought to affect the stability of peptide hormones, and thereby,
the incretin levels [30]. However, an article by Albrechtsen et al.
[31] found that the levels of GLP-1 were relatively stable when
exposed to up to three repeated freeze thaw cycles independent
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of the assay used when DPP-4 were added. They also demon-
strated that temperature, being —20 or —80°C, did not impact
the GLP-1 levels significantly independent of assay type
[31, 32].

The disease duration of children with T1D seem to affect
the levels of GLP-1 in some of the studies included in the
review. Postprandial levels of GLP-1 after a mixed meal
increased by 24% in the first year in the study by Porksen et al.
[17]. Fredheim et al. [21] found that total GLP-1 increased
gradually by 11% from 1 to 12 months postdiagnosis. GIP levels
decreased 34% in the same period [21]. Kaas et al. [19] looked
at GLP-1 and GIP levels when being in clinical remission
according to IDAA1c (insulin dose adjusted HbA1c¢) and found
that GLP-1 were significantly lower in children with T1D in
remission compared to those not in remission. They also found
that GLP-1 levels associated positively with postprandial glu-
cose and that GLP-1 levels measured at 1 month could predict
remission status at 6 months. The increase in GLP-1 plasma
levels with disease duration could be explained by the increas-
ing need to enhance the insulin secretion, resulting in increased
GLP-1 substance availability in plasma. However the overall
effect of the hormone can still be missing as the GLP-1 receptor
expression in the pancreas might be low or lost due to
decreased beta cell mass [33] or hyperglycemia in itself, as
seen in animal studies [34].

Fredheim et al. [21] found that during a MMTT at four
different visits a doubling in total GLP-1 levels was also associ-
ated with a 33% increase in glucagon. They also found that
plasma glucagon levels increased 160% over the entire study
period of 5 years [21]. This phenomenon of increased glucagon
seems appropriate during hypoglycemia, but very inappropri-
ate during hyperglycemias, as an increase in glucagon levels in
theory leads to glycogenolysis and gluconeogenesis, which in
turn could increase the blood glucose levels even further.
Despite being inappropriate, it is a common phenomenon in
T1D [35]. A study using a GLP-1 infusion at very high con-
centrations reduced glucose levels in adults by almost 40% to
near normal levels and significantly reduced plasma glucagon
concentrations [36]. Fortunately, and in contrast to insulin, the
effect of GLP-1 on glucagon depends on the glucose level, as
GLP-1 only inhibits glucagon when glucose levels are above
fasting levels [37] meaning that it does not affect the positive
counterregulatory effect of glucagon seen at hypoglycemia [38].
This arguess for the idea that GLP-1 RA might be beneficial as
add on to insulin to reduce both glucose and glucagon in
dysregulated patients with T1D. However, as patients with
T1D get decreased beta cell mass with increased disease dura-
tion the add-on of GLP-1 RA might have limited effect on
longstanding T1D with low c-peptide levels [39-42] and might
only be beneficial for the patients being early in their disease
progression as these patients might still have receptor expres-
sion, potentially explaining why this group also seem to be the
best therapeutic responders in clinical studies [43, 44].

5. Strengths and Limitations

This is the first review to our knowledge investigating GIP and
GLP-1 levels in children with T1D. We did a comprehensive
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and systematic assessment of the published studies that inves-
tigated different clinical, physiological, and methodological set-
tings affecting GLP-1 levels in the T1D patient group. We
aimed to investigate if there is a difference in incretin levels
between children with T1D and healthy controls and to explore
the absolute GLP-1 and GIP levels in children with T1D and we
did not find it. There are some obvious limitations to this
review. There were very few studies investigating GLP-1 levels
in children with T1D and even less measuring GIP. Three of
the 10 studies had a healthy control group to compare with.
The studies that compared with a healthy control group were
small in sample size and measured under different study set-
ups. The study set-ups varied according to meal stimulation
method, fasting or postprandial state, active or total hormone
assays, and laboratory methods used. Preanalytical conditions
and the accuracy of the methods used to analyze plasma levels
of GLP-1 and GIP are important for the most precise interpre-
tation of the outcomes in the future and to avoid random
analytical errors. It is important to recognize that plasma levels
represent only one aspect of the overall incretin response and
that it is also influenced by factors such as nutrient stimulation,
enzymatic degradation, receptor expression, and receptor func-
tionality. Studies and preferably cohort studies should be done
to compare incretins and other gut hormones from onset to
several years postdiagnosis compared to a healthy pediatric
cohort with reporting of incretin levels preferably as z-scores
and not just absolute values.

6. Conclusion

We performed a systematic review of available clinical studies
on children with T1D measuring GLP-1 and GIP levels. We
found no significant difference in incretin levels between the
three small and heterogeneous studies comparing T1D chil-
dren to healthy control groups. A wide range of factors seems
to influence the incretin levels in children with T1D including
disease duration, remission status, co-regulatory hormones,
degradation, and receptor activity together with composition
of nutrients in the meal, some of which has been highlighted in
the included studies. More and larger studies comparing GLP-1
and GIP levels in children with TID compared to healthy
controls are needed. They should preferably be measured
when exposed to similar stimulation methods, clinical and pre-
analytical conditions, postprandial period, and assay type to
make relevant comparisons on the impact of incretins on chil-
dren with T1D.

Nomenclature

CENTRAL: Cochrane Central Register of Controlled Trials

DKA: Diabetes ketoacidoses

GIP: Glucose-dependent insulinotropic polypeptide
GLP-1: Glucagon-like peptide-1

HbAlc: Hemoglobin Alc, glycated hemoglobin

r A between-study heterogeneity measure.
Defined as the percentage of variability in the
effect sizes, not caused by sampling error

JBL: Joanna Briggs Institute

MMTT: Mixed meal tolerance test
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OGTT: Oral glucose tolerance test

PL Prediction intervals

PRISMA: Preferred Items for Systematic Review and
Meta-Analysis

PROSPERO: The International Prospective Register of
Systematic Reviews

RoB: Risk of bias

SMD: Standardized mean difference

Tau’: Between-study heterogeneity measure defining
the variance of the distribution of the true effect
size in this study calculated by restricted maxi-
mum likelihood.
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