ENDOCRINE I
SOCIETY mmw -‘

Patter ns of plasma glucagon dynamics do not match metabolic
phenotypesin young women

Christina Gar, Marietta Rottenkolber, Vanessa Sagsaoah Moschko, Friederike Banning,
Nina Hesse, Daniel Popp, Christoph Hiibener, JoBleéssler, Andreas Lechner

The Journal of Clinical Endocrinology & Metabolism
Endocrine Society

Submitted: September 11, 2017
Accepted: December 07, 2017
First Online: December 13, 2017

THE JOURNAL OF CLINICAL
ENDOCRINOLOGY & METABOLISM

JCEM

Advance Articles are PDF versions of manuscripts that have been peer reviewed and accepted but

not yet copyedited. The manuscripts are published online as soon as possible after acceptance and
before the copyedited, typeset articles are published. They are posted "as is" (i.e., as submitted by
the authors at the modification stage), and do not reflect editorial changes. No
corrections/changes to the PDF manuscripts are accepted. Accordingly, there likely will be
differences between the Advance Article manuscripts and the final, typeset articles. The
manuscripts remain listed on the Advance Article page until the final, typeset articles are posted.
At that point, the manuscripts are removed from the Advance Article page.

DISCLAIMER: These manuscripts are provided "as is" without warranty of any kind, either express
or particular purpose, or non-infringement. Changes will be made to these manuscripts before
publication. Review and/or use or reliance on these materials is at the discretion and risk of the
reader/user. In no event shall the Endocrine Society be liable for damages of any kind arising

LL
-
S,
|_
is
<
L
O
Z
<
>
a
<

references to, products or publications do not imply endorsement of that product or publication.

ENDOCRINE
SOCIETY

ed from https://acadenic. oup. comlj cenl advance-articl e-abstract/doi/10.1210/j c.2017- 02014/ 4736243
aemat ol ogi kum user




The Journal of Clinical Endocrinology & Metabolis@opyright 2017 DOI: 10.1210/jc.2017-02014

Glucagon dynamics and metabolic phenotypes

Patterns of plasma glucagon dynamics do not matchetabolic phenotypes
in young women

Christina Gar?® Marietta Rottenkolbér® Vanessa Sact6® Sarah Moschko™?
Friederike Bannin’gz’?’, Nina Hesst Daniel Popfy Christoph Hiiben&rJochen Seisslet?
Andreas Lechnér”

! Diabetes Research Group, Medizinische Klinik 1V, Medical Center of the University of Munich (Klinikum der
Universitaet Muenchen), 80336 Munich, Germany

2 Clinical Cooperation Group Type 2 Diabetes, Helmholtz Zentrum Muenchen, 85764 Neuherberg, Germany
% German Center for Diabetes Research (DZD), 85764 Neuherberg, Germany

* Department of Clinical Radiology, Medical Center of the University of Munich (Klinikum der Universitaet
Muenchen), 80336 Munich, Germany

® Department of Gynecology and Obstetrics, Medical Center of the University of Munich (Klinikum der
Universitaet Muenchen), 81377 Munich, Germany

Received 11 September 2017. Accepted 07 Decemi@: 20
Abbreviations
IFG: impaired fasting glucose

IGT: impaired glucose tolerance
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OoGTT: oral glucose tolerance test
ivGTT: intravenous glucose tolerance test

NG: normoglycemic

JCEM

PGM: pathological glucose metabolism

GDM: gestational diabetes mellitus
hsCRP: high-sensitivity c-reactive protein
RIA: radioimmunoassay

ELISA: Enzyme-linked Immunosorbent Assay

Context: The role of hyperglucagonemia in type 2 diabetestill debated.

Objective: We analyzed glucagon dynamics during oral glu¢okgance testing (0GTT) in
young women with 1 out of 3 metabolic phenotypesltiny control (normoglycemic after a
normoglycemic pregnancy); normoglycemic high-riskrfnoglycemic after a pregnancy
complicated by gestational diabetes); and predesfstreening-diagnosed T2D. We asked if
glucagon patterns were homogeneous within the roktgihenotypes.

Design and Setting 5-point oGTT; sandwich ELISA for glucagon; furatal data analysis
with unsupervised clustering.

Participants: Cross-sectional analysis of 285 women from th@orcenter observational
study PPSDiab (“Prediction, Prevention and Subileason of gestational and type 2
Diabetes”), recruited between November 2011 and ROA6.

Results We found 4 patterns of glucagon dynamics thathdidmatch the metabolic
phenotypes. Elevated fasting glucagon and delalyg@dgon suppression was
overrepresented with prediabetes/diabetes, butissonly detected in 21% of this group. It
also occurred in 8% of the control group.

Conclusions We conclude that hyperglucagonemia may contritutgpe 2 diabetes in a
subgroup of affected individuals but that it is actine qua non for the disease. This should
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be taken into account in future pathophysiologstatlies and when testing
pharmacotherapies addressing glucagon signaling.

Hyperglucagonemia may cause type 2 diabetes, but we saw it only in a subgroup of women with
prediabetes/diabetes in our study. Thus it is a possible, but not a universal factor in this disease.

Introduction

Glucagon is the main antagonist of insulin. Itegiplasma glucose by reducing glycolysis
and increasing gluconeogenesis and glycogenolys®)( Glucagon secretion from alpha
cells is triggered by hypoglycemia and inhibitedifisulin from neighboring beta cells. In
turn, glucagon inhibits insulin secretion (2).

Unger et al. first postulated that elevated gluceaigaasine qua non in the development
of diabetes (3, 4). This marked the departure faonmsulinocentric concept of type 2
diabetes pathogenesis tbiormonal or evenglucagonocentric model (4). In a
glucagonocentric model, most metabolic derangements of diabetesaarged by the
disinhibition of glucagon secretion (resulting framsulin-resistant alpha cells or impaired
insulin release), but not directly by insufficiensulin action in other tissues (4, 5).

The issue of the different pathophysiologic modefaains unresolved, at least in part
due to technical difficulties: glucagon is unstaloléficult to measure because of many
similar peptides in plasma (2, 6), and its conaitn is very low (7). Furthermore, alpha
cells are harder to isolate than their insulin-pidg neighbors (8). This impedes cellular
studies.

Current data on plasma glucagon levels in (prebgtia human subjects are also
inconsistent. Several studies have found impaihedagion suppression during an oral
glucose tolerance test (0GTT) in prediabetic amadbelic individuals when compared to
healthy controls (9-11). Other studies reportedhareased fasting glucagon levels (12, 13).
In contrast, Ahren et al. saw no differences betw&T and normoglycemic subjects (14),
and Wagner et al. observed rising glucagon valuesglan oGTT in 21 to 34% of healthy,
insulin-sensitive individuals (15). These authorsrefound that this pattern predicted future
metabolic health.

New sandwich enzyme-linked immunosorbent assaysS/E4) with improved specificity
for glucagon became available recently, and thosnmted us to re-examine the issue in a
post-pregnancy cohort of young women. We compargia3ps of study participants with
different metabolic phenotypes: a control grouprifmaglycemic women, who had recently
completed a normoglycemic pregnancy), a normoglycéngh-risk group for type 2
diabetes (normoglycemic women after a recent pmgnaomplicated by gestational
diabetes (GDM) (16, 17)), and a prediabetes/diabgteup (women with prediabetes or
screening-diagnosed type 2 diabetes after GDM).

We first confirmed that average fasting plasma afion was higher and glucagon
suppression during an oGTT was impaired in the gigtemic high-risk and the
prediabetes/diabetes group, similarly to what vesnsn the majority of previous studies.
However, our main research goal was to determirettveln glucagon dynamics within each
metabolic group were homogeneous or followed hgaeous patterns. We used functional
data analysis and unsupervised clustering to agdnesquestion.
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Research Design and Methods

Study cohort

Study participants were women enrolled in the peotipe, mono-center observational study
PPSDiab (“Prediction, Prevention and Subclassibicabf gestational and type 2 Diabetes”)
between November 2011 and May 2016 (18). The cohdudes women with GDM during

=NDOGIN=
SOCIETY

ed from https://acadeni c. oup. comlj cenl advance-articl e-abstract/doi/10.1210/j c.2017- 02014/ 4736243
hemat ol ogi kum user 2
bruary 2018




The Journal of Clinical Endocrinology & Metabolis@opyright 2017 DOI: 10.1210/jc.2017-02014

their last pregnancy and women following a normogiyic pregnancy in a 2:1 ratio,
recruited consecutively from the diabetes centdrtha obstetrics department of the
University Hospital (Klinikum der Universitat Mineh) in Munich, Germany.

Premenopausal women, 3 to 16 months after a sorg(et=295) or twin (n=9) pregnancy
with live birth(s) were eligible to participate. @lisDM-diagnosis was based on a 75 g oGTT
with cut-off values for GDM according to the Intational Association of the Diabetes and
Pregnancy Study Groups (IADPSG) recommendatiossiph glucose: fasting 92 mg/dl, 1
hour 180 mg/dl, and 2 hours 153 mg/dl). Women withehistory of GDM and either a
normal 75 g oGTT (n=294) or a normal 50 g screen@d T (<135 mg/dl plasma glucose
after 1 hour, n=10) after the 23rd week of gestatiere included in the normoglycemic
group.

Exclusion criteria for this study were alcohol abstance abuse, pre-pregnancy diabetes,
and chronic diseases requiring continuous medicagircept for hypothyroidism (n=52),
bronchial asthma (n=8), mild hypertension (n=4xtgeesophageal reflux (n=2), and history
of pulmonary embolism resulting in rivaroxaban grglaxis (n=1).

Written informed consent was obtained from all gtpdrticipants, and the protocol was
approved by the ethical review committee of thewagdMaximilians-Universitat (study ID
300-11).

Data used in this analysis were collected at tiselbse visit of the PPSDiab study, 3 to
16 months after the index pregnancy. In additiothéobaseline visit, post-GDM women also
attend yearly follow-up visits with a 75 g oGTT.
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Groups

We compared 3 groups of women: a control group (@@nmormoglycemic at the baseline
visit and after a normoglycemic pregnancy), a hagtyaemic high-risk group (women
normoglycemic at the baseline visit but with GDMidg the preceding pregnancy), and a
prediabetes/diabetes group (women with impairetinigglucose (IFG), impaired glucose
tolerance (IGT), combined IFG plus IGT, or scregriiagnosed type 2 diabetes at the
baseline visit and with GDM during the precedinggrancy). IFG (fasting plasma glucose
>100 mg/dl (5.6 mmol/l)), IGT (2h plasma gluceski0 mg/dl (7.8 mmol/l)), and diabetes
(fasting plasma glucosel 26 mg/dl (7.0 mmol/l) or 2h plasma glucas200 mg/dl (11.0
mmol/l)) were defined according to the criteriatloé American Diabetes Association (19).

Measurements

We conducted a 5-point 75 g oGTT with measuremeplasma glucose (Glucose HK
Gen.3, Roche Diagnostics, Mannheim, Germany), semaaiin (CLIA, DiaSorin LIASON
systems, Saluggia, Italy), high-sensitivity C-réaeprotein (hs-CRP; wide-range CRP,
Siemens Healthcare Diagnostics, Erlangen, Germanyl)blood lipids (LDL and HDL
cholesterol, triglycerides; enzymatic caloric té&che Diagnostics, Mannheim, Germany)
after an overnight fast.

Plasma glucagon was measured at all five time pahoGTT with an ELISA (Glucagon
ELISA; Mercodia, Uppsala, Sweden; catalogue no1291-01) and also a
radioimmunoassay (RIA Merck Millipore, Darmstadgr@any; catalogue no: GL-32K) for
283 subjects. ELISA and RIA measurements gaverdifteresultsSupplemental Table 1
andSupplemental Fig. 3. In particular, suppression of plasma glucagomnduthe oGTT
was insufficiently represented in the RIA measunmeim@ensitivity and specificity of ELISA
for pancreatic glucagon (amino acids 33-61) has Ipeeven to be superior to RIA (20, 21).
Thus, for this analysis, we exclusively used gluradata measured by ELISA (n=299).
Plasma for glucagon measurements was collecte®ip80 tubes, which contain specific
proteinase inhibitors to stabilize glucagon andpthetabolically important hormones.
Plasma was immediately separated by centrifugatnehdirectly frozen in aliquots on dry
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ice, before being transferred to a -80°C freezéhniwione hour from completion of the
oGTT. Glucagon measurements were done in one battlonly from aliquots that had not
been thawed previously.

Height and waist circumference were measured tod¢iaeest 1 cm. Body mass and body
fat mass was determined by a bioelectrical impeelanalysis scale (Tanita BC-418; Tanita
Corporation, Tokyo, Japan) (22, 23). Blood pressuas calculated as the mean out of 2
measurements in a resting seated position.

In addition to these basic tests, all study subjeare asked to participate in a magnetic
resonance imaging (MRI) measurement and an intcseglucose tolerance test (ivGTT) on
a voluntary basis.

MRI (3 Tesla system, Ingenia or Achieva; Philipsaiiecare, Hamburg, Germany)
included determination of abdominal visceral adgtissue volumes and liver fat content,
using an mDixon low fat fraction map. In the ivG&Tglucose bolus of 0.3 g/kg body weight
was injected over 1 minute with subsequent freqbkrdd sampling at 0, 2, 4, 6, 8, 10, 20,
30, 45 and 60 minutes. The measurements were asétefcalculation of first phase insulin
response (FPIR).

A detailed description of the study design, antbroptric, clinical, and MRI
measurements, and methodologies of blood samptidgaalysis can be found elsewhere
(24).

Calculations

THE JOURNAL OF CLINICAL
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Mean blood pressure( diastolicvalue+2 systetilug)/

The insulin sensitivity index (ISI) according to dada and De Fronzo was calculated from
the oGTT (25):

19 = 10000/ % [( glucose0' * insulinO J* (gl ucose0' +2* ( glucose30" +60" +90') + glucosel

The disposition index (DI) was calculated as (26):
DI =19 * IR30
with
IR30 =insulin30 —insulin O
ISI and IR30 were previously validated with datanfirivGTT-euglycemic clamp tests in this
cohort (24).
Glucagon suppression indices were calculated gs (27

Early suppression = (1- [ glucagon30-/ glucagon0r ]) * 100%
Latesuppression = (1- | glucagon120'/ glucagon 30 ]) * 100%

Overall suppression = (1- [ glucagon120'/glucagon0 ]) * 100%
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Area under the glucagon curve (AUC glucagon) wésutated using the trapezoidal rule.
First phase insulin response in the ivGTT test @asulated as the incremental area
under the insulin curve from 0 to 10 minutes.

Statistical analysis
All metric and normally distributed variables asported as meanzstandard deviation; non-
normally distributed variables are presented asiandfirst quartile—third quartile].
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Categorical variables are presented as frequertyparmentage. The Kruskal-Wallis test was
used to compare metric variables, and the Chi-gguar Fisher’s exact test was used to
compare categorical variables. For post hoc argliBinn’s test was used. P-values <0.05
were considered statistically significant.

Functional data analysis methods were used foanléysis of the oGTT measurements
(28). In the first step, the 5-point oGTT measuretaevere converted into continuous,
smooth curves based on B-spline basis functions &grward, a functional principal
component analysis (FPCA) was performed basedeofitted curves to analyze the
temporal variation (28). In the next step, a cluatealysis was conducted to identify patients
with similar plasma glucagon dynamics. Hierarch{chlstering was performed on the first 3
principal components of the FPCA via the Hierarah(€lustering on Principal Components
function of Husson et al. (30). Hierarchical clustg was performed using the Ward’s
criterion on the selected principal components. iin@ber of clusters was chosen based on
the growth of between-inertia. For the final pastitng the k-means algorithm were
performed with the partition obtained from the hrehical tree as the initial partition. All
statistical calculations were performed using Stefistical software package version 9.3
(SAS Institute, Inc., Cary, NC, USA) or R versioni.3 (http://www.R-project.org).

Results

Mean glucagon curves differ between metabolic group

We recruited 304 women into the PPSDiab study ddigrexcluded 19 from this analysis.
Two women were excluded because of type 1 dialiemosed during follow-up, 2 because
of overt hyperthyroidism, 1 because of an acuteeupgspiratory infection at baseline, 8
women were excluded from the control group dueath@ogical glucose tolerance at the
baseline visit, and 6 women were excluded due &simg glucagon values.

Our final sample consisted of 285 study participaB8 normoglycemic women after a
normoglycemic pregnancy (control group), 121 noriyogmic women who had GDM
(normoglycemic high-risk group), and 71 women vitipaired fasting glucose, impaired
glucose tolerance, or newly-diagnosed type 2 desb@trediabetes/diabetes group).

Baseline characteristics of the study cohort acsvehin Table 1L Mean age and low-
density lipoprotein (LDL) cholesterol were compdealbut mean blood pressure, waist
circumference, triglycerides, c-reactive proteivel fat content, intra-abdominal fat, fasting
and 2-h plasma glucose increased, and high-ddimigrotein (HDL) cholesterol and insulin
sensitivity decreased from the control over themaglycemic high-risk to the
prediabetes/diabetes group (all significant over3tgroups, results of pairwise post hoc tests
shown inTable 1).

We next compared plasma glucagon levels durin@@iET in the 3 groupsl@able 1).
Fasting plasma glucagon was significantly elevaded, early glucagon suppression was
diminished in the prediabetes/diabetes group coaabtar the control group (median (Q1-Q3)
for fasting plasma glucagon: 6.0 (4.6-8.2) [pmotd] 7.7 (5.6-11.2) [pmol/l]; early glucagon
suppression; 47.6(32.8-57.9) [pmol/l] vs. 32.0 $181.3) [pmol/l], respectively). The
normoglycemic high-risk group lay in between foeshk variables, but closer to the control
group and not statistically different from it (madi(Q1-Q3) for fasting plasma glucagon: 6.6
(4.5-8.4) [pmol/l]; early glucagon suppression:3(@22.9-58.3) [pmol/l]) Fig. 1 andTable
1). Total glucagon suppression was similar in ajf@ups.

Similar to a recent publication by Faerch et ar)(2ve further examined fasting glucagon
values and glucagon suppression indices in wom#nisolated IFG compared to those with
isolated IGT and combined IFG+IGB(pplemental Fig. 2ZandSupplemental Table 2.

Late and overall glucagon suppression was smalleomen with isolated IFG compared to
both other groups (median (Q1-Q3) late suppresgibdr8 (16.5-50.4) [%] vs. 58.1 (43.1-
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71.3) [%] vs. 58.9 (46.1-69.6) [%] and overall stggsion: 58.9 (39.8-70.2) [%] vs. 71.2
(68.4-81.0) [%] vs. 73.7 (63.8-81.0) [%)] in IFG V&T vs. IFG+IGT, respectively). We
observed no significant differences in early gllaraguppression and fasting glucagon.

Plasma glucagon patterns are heterogeneous withimeh metabolic group

The 5-point glucagon curves in response to oralaga were heterogeneous between
individuals Fig. 238). To examine this further, we calculated contimjamooth curves from
the 5 measurements during the oGTT based on Bespénsis functiondg. 2g). Stratified

by group, these curves confirmed within-group hageneity of plasma glucagon dynamics
(Supplemental Fig. 3. To permit pattern identification, we added anpipal component
analysis of the curves. The first 3 principal comgat factors explained 79%, 17%, and 3%
of curve variance, respectivellyig. 2b). We used these 3 principal components as input fo
an unsupervised cluster analystgy( 2¢). This identified 4 clusters corresponding to 4
distinct patterns of plasma glucagon dynamktg.(2d).

Cluster 3 was the largest (n=18&ble 2) and showed low mean fasting glucagon and
rapid suppression during the oGTHId. 2d and 33. Cluster 2, the second largest (n=62),
had higher mean fasting glucagon but equally rapjgpression. Cluster 1 (n=21) had high
mean fasting glucagon and delayed suppressionlasigic4 (n=7) had low mean fasting
glucagon and a rising curve after glucose ingegtiomn 3aandTable 2).

Cluster 1 contained the highest proportion of worinem the prediabetes/diabetes group
(53%), followed by cluster 2, cluster 3, and clugteWomen in cluster 1 had significantly
higher body mass index (BMI), waist circumferertoglycerides, liver fat content, intra-
abdominal fat, and lower HDL cholesterol and ISdrtlihose in the other 3 clusters. The
disposition index (DI) of cluster 1 was significernibwer than those of cluster 2 and 3
(Table 2). Cluster 4 included lean, insulin-sensitive worméth a tendency toward low
glucose valuesHig. 3b, ¢ andTable 2).

THE JOURNAL OF CLINICAL
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Discussion

In our first analysis, we found that women withghedetes/screening-diagnosed type 2
diabetes had higher fasting glucagon and delayszhgbn suppression during an oGTT
compared to healthy control subjects (normoglycemumen after a normoglycemic
pregnancy). Normoglycemic women after GDM, a higgk-group for type 2 diabetes (16,
17), lay in between, with values closer to andstatistically different from the control
group.

These results are in line with most previous stuthat saw the highest fasting glucagon
and most impaired glucagon suppression in subyeititsdiabetes, followed by those with
prediabetes, and, at the low end, normoglycemiwidgals (10-13, 27). In several non-
diabetic cohorts, fasting glucagon was higher gulim-resistant than in insulin-sensitive
subjects (31-33). A majority of studies also foanplositive association of plasma glucagon
with obesity in groups with similar glucose tolecar(11, 13, 31). Some earlier studies had
different findings. Ahren et al. reported that fagtand postprandial glucagon did not differ
between IGT and normoglycemic subjects in 84 postpausal women (14). Wagner et al.
analyzed cohorts of non-diabetic individuals anghiib that, in 21 to 34% of subjects,
glucagon was not suppressed until 120 minutesth@@GTT (15). These individuals were
lean and insulin-sensitive, and also had a faverpldgnosis of insulin sensitivity over time.

In their recent study, Faerch et al. describedghatagon curves differed between
individuals with IFG and those with IGT (27). Thiund a smaller overall decrease in
glucagon during an oGTT in the group with isolalfe@ compared to isolated IGT and
combined IFG+IGT. Our analysis confirms this reswith the difference in overall glucagon
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suppression mainly caused by the late phase @& (Supplemental Fig. 2and
Supplemental Table 2.

In our second analysis, we saw that plasma glucdgonamics in the study cohort
followed 4 different patterns, based on an unsupedvcluster analysis. The clusters detected
did not fully or even closely match the predefimeetabolic groups. We consider this the
main finding of this paper. Subjects from the pabdites/diabetes group were over-
represented in cluster 1 (with high fasting glusagad diminished suppression), but still
only made up 50% of this cluster, which also caradi25% control subjects. Conversely, the
majority of women from the prediabetes/diabetesigrm=39; 55%) fell into cluster 3, the
“most normal” cluster (with low fasting glucagondarapid suppression). Therefore,
hyperglucagonemia was not a universal prerequsitenpaired glucose metabolism or early
type 2 diabetes. It only affected a subgroup oividdals.

Delayed glucagon suppression was clearly assoamatbdbesity and metabolic
syndrome markers in our study. This is evident ftbeclinical characteristics, e.g. waist
circumference, blood lipids, plasma glucose, iatibaominal and liver fat of the subjects in
cluster 1 compared to the other clustdiahle 2).

Hepatic steatosis may even be a cause of hypegglaeaia, as it disrupts hepatic
glucagon sensitivity and probably leads to readtiygersecretion of the hormone (34). The
association of liver fat and hyperglucagonemia feasd independent of the presence of
disrupted glucose metabolism (34, 35).

Impaired early insulin secretion could be anotlerse of delayed postprandial glucagon
suppression, but we do not find evidence for teiatronship. Early insulin and c-peptide
levels during the oGTT and first-phase insulin sgon in the ivGTT were not reduced in the
women in cluster 1. The reduced disposition indssults from lower insulin sensitivity (ISI)
in this cluster, but not from reduced early insgécretion (IR30)Table 2). Alpha-cell
resistance to inhibition by insulin or a reactileaggon hypersecretion due to a resistance of
the liver are therefore the most likely explanasiéor our findings.

Another noteworthy observation was the small ciuétgh=7; 2.5% of participants), with
low fasting glucagon, but rising glucagon levelsingithe oGTT. The women in this cluster
were lean, insulin-sensitive, and had low glucesels. In this group, the rising glucagon
probably is a physiologic response to avoid postiehge hypoglycemia as a result of an
overactive insulin response, which is not uncomindean, young women (36). Wagner et
al. (15) associated rising glucagon during an o®@/th a favorable metabolic prognosis. Our
small and probably not representative sample doesanfirm this finding. Five of the 7
women in cluster 4 had had GDNlgble 2) and all of these 5 women developed prediabetes
or diabetes during the follow-up of this study (mekration of follow-up was 38.2 months;
data not shown). In our cohort, this phenotypddge enuch less common than reported in the
previous publication. However, given the small nemaf subjects in cluster 4, we find these
observations interesting and worth following up buat we do not claim that they constitute
scientific evidence by themselves.

Finally, we believe it is important to use highpesific glucagon assays, in particular to
study post-prandial glucagon dynamics. We initiakyed a standard RIA, which strongly
underestimated glucagon suppressBapplemental Fig. ). This was probably due to
cross-reactivity with other peptides cleaved framgtucagon, such as oxyntomodulin,
glicentin 1-61 (N-terminally elongated glucagomdaniniglucagon. Intestinal secretion of
these peptides increases in the post-prandial stagking glucagon suppression (21, 37-39).
Sandwich ELISAs, with antibodies against the N- e C-terminal end of the glucagon
molecule, circumvent this problem.

Strengths of this study are optimal pre-analytid analytic techniques plus a cohort
homogeneous for age and sex and with little meidicand concomitant diseases. We used
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functional data analysis to interpret glucagon dyica and also consider this a strength of
our work. This method can extract more of the infation contained in a function than
classic multivariate statistical techniques (40-A2)gether with a subsequent cluster
analysis, it permits the grouping of datasets atingrto their curve shapes. Using a recent
history of GDM to identify a high-risk cohort eaiily the process of type 2 diabetes
development should have limited secondary metalablimrmalities to the minimal extent
possible in a human study. At the same time, tha@ystohort can also be interpreted as a
weakness, because results may not apply to thealgrmpulation. Another limitation of this
analysis is its cross-sectional design, which mees the clarification of cause-effect
relationships.

We conclude that fasting hyperglucagonemia andyddlgostprandial glucagon
suppression associate with insulin resistancegivetes and diabetes, but are, in reality,
only present in subgroups of individuals. Dysglyé@ean develop without elevated plasma
glucagon and elevated glucagon does not precludeagbycemia. Fasting
hyperglucagonemia and delayed suppression aregbtriomked to obesity and metabolic
syndrome. Rising glucagon during an oGTT may ker@ phenomenon. It occurs in insulin-
sensitive individuals with a tendency toward hypogimia, but does not necessarily indicate
metabolic health.

Our results have consequences for the pathophgstalmderstanding of type 2 diabetes
and for the development of precision treatmentgrasent, glucagon agonists and
antagonists are evaluated for diabetes thera®; @3, 44). Based on our findings, patients
should probably be stratified by glucagon valuegsstech treatments. For those patients with
hyperglucagonemia, glucagon antagonists could appropriate therapy, whereas for
others, agonists may be useful to induce benekdiatts mediated through the glucagon
receptor, such as weight loss (2, 44).
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Fig. 1: Glucagon during oral glucose tolerance testirafisied by risk-groups (blue =
controls, gray = normoglycemic high-risk, red =ghedetes/diabetes).

Fig. 2: Process of functional data analysisBased on the 5-point oGTT data curves,
continuous, smooth curves were calculated (medidicated by black linep) Then, a
principal component analysis of the curves was ootetl (median indicated by solid line;
extremes indicated by dotted lines).The 3 principal components were used as inpuror
unsupervised cluster analysis (* line types use@poesent the clusters in Fig. 8).Fitted
glucagon curves during oral glucose tolerancertgstiratified by the 4 clusters (colors:
original risk groups as used in Table 1 and Fidurelue = controls, gray = normoglycemic
high-risk, red = prediabetes/diabetes).

Fig. 3: Means ofa) glucagonp) glucoseg) insulin, andd) c-peptide curves during oral
glucose tolerance testing stratified by the 4 elisstlerived from the glucagon curves (Fig.
2).
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Table 1: Baseline characteristics of the PPSDiab studypsam

DOI: 10.1210/jc.2017-02014

control normoglycemic high- | prediabetes/diabetes p-valug
risk
n 93 121 71
Glucose status NGT 93 (100.0%) 121 (100.0%) -
IFG - - 31 (43.7%)
IGT - - 22 (31.0%)
IFG+IGT - - 12 (16.9%)
type 2 - - 6 (8.5%)
diabetes
Age [years] 35.3+4.2 35.2+4.5 35.9+4.5 0.620k
Mean blood pressure [mmHg] 85.849.0 89.0+8% 90.9+10.8 0.0026
(missing=1)
BMI [kg/m?] (missing=4) 23.7+4.0 25.2+5.8 28.2+711 0.0001
Waist circumference [cm] 78.1+8.9 80.7+11.2 86.6£13.2 0.0002
(missing=5)
hsCRP [mg/dl] 0.04 (0.01-0.08) 0.06 (0.02-0725) 0.09 (0.02-0.30) 0.0030
Triglycerides [mg/dI] 61.0 (51.0-77.0) 65.0 (5@0-0) 81.0 (62.0-130.D) <0.0001
HDL cholesterol [mg/dl] 64.0 (57.0-73.0) 63.0 (86.3.0) 56.0 (46.0-65.9) <0.0001
LDL cholesterol [mg/dl] 104.0 (88.0-118.0)  10589(0-120.0) 104.0 (85.0-124.0) 0.9031
Plasma glucose 0 min [mg/dl] 89.0 (83.0-92.0) 98700-95.0) 102.0 (97.0-106%0) | <0.0001
Plasma glucose 120 min [mg/dl] 93.0 (81.0-108.9) 14.a (96.0-122.6) 141.0 (113.0-165.0f | <0.0001
ISI (missing=1) 6.8 (5.2-8.6) 5.5 (3.7-7.5) 3.3(2.1-4.6)" <0.0001
DI (missing=1) 297.4 (221.4- 246.6 (179.7-322.0) 160.0 (111.4-207.6)] <0.0001
363.1)
FPIR (missing=152) 2.2 (1.4-3.5) 2.2 (1.6-3.5) @.3-3.9) 0.8218
Liver fat content [%] 0.2 (0.0-0.8) 0.5 (0.0-1.1) 1.7 (0.0-41) 0.0122
(missing=132)
Intra-abdominal fat [I] 1.4 (0.9-2.1) 1.8 (1.1-29) 231332 0.0046
(missing=124)
Glucagon 0 min [pmol/l] 6.0 (4.6-8.2) 6.6 (4.58.4 7.7 (5.6-11.9" 0.0069
Glucagon 30 min [pmol/l] 3.0 (2.4-4.7) 3.7 (2.99. 5.0 (3.0-7.6)" <0.0001
Glucagon 60 min [pmol/l] 1.9 (1.4-3.1) 2.6 (1.8-8. 2.9 (2.0-4.9) 0.0009
Glucagon 90 min [pmol/l] 2.1 (1.3-3.0) 2.1 (1.&3. 2.5 (1.8-3.9) 0.0527
Glucagon 120 min [pmol/l] 2.3 (1.4-3.5) 2.2 (1.88 2.3 (1.6-3.5) 0.5239
AUC glucagon 339.4 (248.5- 392.1 (283.5-518.2) 511.5 (353.4-6158.2)| 0.0006
473.6)
Early suppression glucagon (0-30 47.6 (32.8-57.9) 41.3 (22.9-58.3) 32.0 (14.5-51.3) 0.0055
[%]
Late suppression glucagon (30- 31.8 (8.9-49.6) 40.9 (14.9-56.7) 47.4 (33.3-63'6) <0.0001
120) [%]
Suppression glucagon (0-120) [%9 61.2 (48.2-76.9] 64.1 (49.5-74.4) 68.5 (57.3-75.0) 0.313

significant post hoc tesfss. controPvs. normoglycemic high-risk
AUC: area under the curve, FPIR: first phase imstdsponse in intravenous glucose tolerance te<HBV:
previous gestational diabetes, NGT: normal glu¢okance, IFG: impaired fasting glucose, IGT: iinga
glucose tolerance, hsCRP: high-sensitivity c-reagpirotein, ISI: insulin sensitivity index.

Table 2: Baseline characteristics of the PPSDiab study kgrapatified by clusters of

glucagon dynamics.

Cluster 1 Cluster 2 Cluster 3 Cluster 4 p-valye

n 28 62 188 7
Risk group Control 7 (25.0%) 19 (30.7%) 65 (34.6%)| 2 (28.6%) 0.0279

normoglycemic 6 (21.4%) 27 (43.6%) 84 (44.7%) 4 (57.1%)

high-risk

prediabetes/diabetgs 15 (53.6%) 16 (25.8%) 3992D. 1 (14.3%)
Glucose status NGT 13 (46.4%) 46 (74.2%) 149 (9.3 | 6 (85.7%) 0.0099

IFG 5 (17.9%) 6 (9.7%) 19 (10.1%) 1 (14.3%)

IGT 3 (10.7%) 7 (11.3%) 12 (6.4%) 0

IFG+IGT 3 (10.7%) 3 (4.8%) 6 (3.2%) 0

type 2 diabetes 4 (14.3%) 0 2 (1.1%) 0
Age [years] 33.5+4.8 35.5+4.4 35.7+4.3 35.0+4.0 0.0315
Mean blood pressure [mmHg] 96.248.6 89.4+9.2 87.0+9.0 85.6+7.4 <0.0001
(missing=1)
BMI [kg/m?] (missing=4) 33.346.1 26.5+6.4 24.0+4.8 21.6+1.5 <0.0001
Waist circumference [cm] 96.0+11.9 83.8+12°3 78.629.3 73.5¢4.1 <0.0001
(missing=5)
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hsCRP [mg/dI] 0.19 (0.07- 0.05 (0.01- 0.04 (0.01- 0.12 (0.05- | 0.0004
0.47) 0.17} 0.12} 0.38)

triglycerides [mg/dlI] 91.5 (58.5- 62.5 (53.0- 67.5 (53.0- 63.0 (58.0- | 0.0898
132.0) 83.0) 88.5) 91.0)

HDL cholesterol [mg/dI] 49.0 (44.5- 62.0 (51.0- 63.0 (56.0- 65.0 (56.0- | 0.0012
61.5) 73.0) 73.0) 70.0)

Plasma glucose 0 min [mg/dl] 97.5(90.5- | 91.0(88.0- 91.0 (86.0- 87.0 (82.0- | 0.0078
106.0) 97.0) 97.0) 92.0)

Plasma glucose 120 min 127.0 (115.5- | 113.5 (95.0- 106.5 (90.0- | 80.0 (74.0- | <0.0001

[mg/dI] 154.5) 130.0} 121.5} 92.0}2

ISI (missing=1) 2.5 (1.9-4.3) 5.0 (3.3-6.9) | 5.8 (4.2-8.1) | 7.9(5.6-8.3) | <0.0001

DI (missing=1) 152.0 (96.5- | 230.2 (165.3- | 252.8 (176.7- | 232.9 (156.2-| 0.0007
247.8) 392.0% 324 .4} 276.4)

IR30 (missing=1) 55.7 (37.1- 50.3 (36.4- 41.6 (30.9- 28.7 (26.2- | 0.0023
82.2) 86.1) 60.1) 41.3)2

FPIR (missing=152)* 3.9 (2.2-6.2) 33(2.243)| 1m.4-31) | 2.1(1.0-2.7)[ 0.0140

n=3

Liver fat content [%)] 2.4 (1.1-6.4) 0.7 (0.0-1.%) | 0.3(0.0-0.8) | 0.1(0.0-0.5) | <0.0001

(missing=131)

Intra-abdominal fat [I] 3.4 (2.9-4.4) 2.0(1.5-39) | 1.5(1.0-2.3) | 1.1 (0.9-1.6) | <0.0001

(missing=124) 2 2

Significant post hoc testsignificant vs. cluster ¥,significant vs. cluster 2

*the post-hoc test for FPIR was conducted bothuidiclg cluster 4 and after exclusion of cluster de(tb the
small group size in cluster 4) - in any case, thst4hoc test has not reached significance.

NGT: normal glucose tolerance, IFG: impaired fagtijucose, IGT: impaired glucose tolerance, hsQikgh-
sensitivity c-reactive protein, I1SI: insulin sensty index, DI: disposition index, IR30: insuliriease 0’ to 30’
in the oral glucose tolerance test, FPIR: firstgghimsulin response in the intravenous glucoseaiote test.
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