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Abstract

Background: Fasting hyperglucagonemia increases glucose production and induces hy-
perglycemia in Type 2 Diabetes (T2DM). The suppression of glucagon upon oral glucose
intake is known to be impaired in people with T2DM which may be due to mitochondrial
and Katp channel dysfunction. Amino acids (AA) increase glucagon secretion, which reg-
ulates AA-degradation in the urea cycle, but their contribution to postprandial hyperglu-
cagonemia in T2DM remains unclear. Furthermore, exogenously applied GIP stimulates
while GLP-1 inhibits glucagon secretion in humans. However, their roles in mixed meals

are in debate.

Methods: Three clinical trials were included in the thesis. In Study 1, 13 subjects with
T2DM and 15 healthy controls consumed high-protein mixed meal tests (MMT) plus 50g
SAC or ISO randomly which is known to elicit opposite profiles of GIP and GLP-1 secre-
tion. In Study 2, 9 controls and 8 patients with T2DM received different doses of 5, 10 and
30g of oral pure whey and casein which was dissolved in 250 ml water to investigate
glucagon responses to different proteins as well as the differences in subjects with and
without T2DM. Study 3 recruited 36 overweight /obese (BMI 27-45 kg/m?) patients with
orally-treated T2DM. All patients conducted very low-calorie diet (VLCD) by shakes as
replacements for 3 months to achieve 15kg weight loss. Clinical investigation days (CID)
happened at baseline (V1), after 1 week (V2) and 3 months (V3) intervention along with
medical and nutritional consultation. Anthropometry and MMT was performed on each
CID, blood samples at different time-points were taken before and after the intervention.
Incretin hormones (GIP and GLP-1), glucagon, C-peptide, and insulin were determined.

Results: In Study 1 participants with T2DM showed excessive glucagon responses within
15 min and lasting over 3h, while the controls showed small initial and delayed greater
glucagon responses to MMTs. In Study 2 both whey and casein consumption increased
glucagon release dose-dependently and there was no significant shift between controls
and T2DM patients. The AUC glucagon to different dosage of whey and casein was mod-
erately increased in patients with T2DM. In Study 3, the levels of glucose, insulin and
glucagon decreased significantly (all p< 0.001) after 3-month of VLCD intervention. Mean-

while, insulin sensitivity and the other metabolic profiles improved remarkably.



Conclusions: The rapid hypersecretion of glucagon after MMTs in T2DM patients is unaf-
fected by endogenous GIP and GLP-1 compared to controls. Protein intake contributes
to postprandial hyperglucagonemia in T2DM with an increase in the absolute response.
The defective suppression of glucagon by glucose combined with hypersecretion to pro-
tein is required for the exaggerated response. The reduction of glucagon might play an

essential role in diabetes remission after 15kg weight loss through VLCD intervention.

Zusammenfassung

Hintergrund: Die Nuchtern-Hyperglukagondmie erhoht die Glukose-Produktion und
induziert Hyperglykamie bei Diabetes Typ 2 (T2DM). Die Hemmung von Glukagon nach
der oralen Glukoseaufnahme ist bei Menschen mit T2DM bekanntermal3en beeintrachtigt,
was auf eine Dysfunktion von Mitochondrien und Kare-Kanalen zurtckgefihrt werden
kann. Aminosauren (AA) erhéhen die Glukagonsekretion, wodurch der AA-Abbau im
Harnstoffzyklus reguliert wird. Dennoch bleibt ihr Beitrag zur postprandialen
Hyperglukagonamie bei T2DM unklar. Darliber hinaus stimuliert exogen appliziertes GIP
die Glukagonsekretion, wahrend GLP-1 die Sekretion beim Menschen hemmt. Dennoch
ist ihre Rolle bei gemischten Mahlzeiten umstritten.

Methoden: In dieser Arbeit wurden drei klinische Studien bericksichtigt.In der ersten
Studie nahmen 13 Probanden mit T2DM und 15 gesunde Kontrollpersonen eine
gemischte proteinreiche Testmahlzeit (MMT) plus 50 g SAC oder ISO (randomisiert) zu
sich, die bekanntermalRen entgegengesetzte Profile der GIP- und GLP-1-Sekretion
auslosen. In der zweiten Studie erhielten 9 Kontrollpersonen und 8 Probanden mit T2DM
verschiedene orale Dosen von 5, 10 oder 30 g reiner Molke und Kasein, um die
Glukagonreaktionen auf verschiedene Proteindosen und die Unterschiede zwischen
Personen mit und ohne T2DM zu untersuchen. Die dritte Studie rekrutierte 36
Ubergewichtige/adipdse (BMI 27-45 kg/m2) Probanden mit oral behandeltem T2DM. Alle
Probanden fiihrten eine VLCD durch, indem sie 3 Monate lang Shakes als Ersatz
konsumierten, um einen Gewichtsverlust von 15 kg zu erreichen. Klinische
Untersuchungstage (CID) fanden bei Baseline (V1), nach 1 Woche (V2) und 3 Monaten
(V3) Intervention zusammen mit medizinischer und erndhrungswissenschaftlicher

Beratung statt. Bei jedem CID wurden eine Anthropometrie und ein MMT durchgeflhrt.



Bestimmt wurden Inkretine (GIP und GLP-1), Glukagon, C-Peptid und Insulin. Glukagon,

C-Peptid und Insulin wurden bestimmt.

Ergebnisse: Teilnehmer mit T2DM zeigten Ubermafige Glukagon-Reaktionen innerhalb
von 15 Minuten, die Uber 3 Stunden anhielten, wahrend die Kontrollgruppe anfanglich
kleine und verzogerte, gréRere Glukagon-Reaktionen auf MMTs zeigte. Molkenprotein
und Casein erhdhten die Glukagon-Freisetzung dosisabhangig und es gab keinen
signifikanten Unterschied zwischen den Kontrollen und T2DM. Die AUC Glukagon fur
Molkenprotein und Casein war bei Patienten mit T2DM malf3ig erh6ht. Nach 3 Monaten
VLCD nahmen die Werte fir Glukose, Insulin und Glukagon signifikant ab (alle p <0,001).
Gleichzeitig verbesserten sich die Insulinsensitivitat sowie die anderen

Stoffwechselprofile bemerkenswert.

Fazit: Die schnelle Hypersekretion von Glukagon nach gemischten Mahlzeiten bei T2DM-
Patienten wird im Vergleich zu Kontrollen durch endogenes GIP und GLP-1 nicht be-
einflusst. Proteinzufuhr tragt zur postprandialen Hyperglukagonamie bei T2DM bei und
erhoht die absolute Reaktion. Die mangelhafte Suppression von Glukagon durch Glukose
in Kombination mit einer Hypersekretion von Protein ist fur die starke Reaktion
erforderlich. Die Reduktion von Glukagon nach einer 15 kg-Gewichtsabnahme durch eine

VLCD-Intervention kdnnte eine wesentliche Rolle bei der Diabetes-Remission spielen.
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1 Introduction

1.1 Regulation of glucagon in type 2 diabetes (T2DM)

Glucagon is a 29-amino acid pancreatic hormone which regulates glucose metabolism to
maintain glucose homeostasis during fasting by stimulation of gluconeogenesis and gly-
cogenolysis, and additionally inhibits glycogenesis and glycolysis, as well as induces ke-
tone production through multiple mechanisms (1-3). Fasting and postprandial hyperglu-
cagonemia was proposed to play a critical role in hyperglycemia and to represent an initial
step in the pathogenesis in type 2 diabetes (T2DM) in the early 1970s (4, 5). This was
confirmed with glucagon receptor (GCGR) antagonists which effectively reduced fasting
glucose but also increased hepatic transaminases and caused dyslipidemia (6-8). In re-
cent years, hyperglucagonemia was advocated as an early driver of hyperglycemia and
as an initial step in the pathogenesis of T2DM (9), and both deficient insulin secretion by
B-cells as well as postprandial hyperglucagonemia are thought to contribute to hypergly-
cemia in patients with T2DM, although the underlying mechanisms are still unclear. By
contrast, several studies confirmed that glucagon also exerts metabolically beneficial ef-
fects by stimulating insulin release, increasing energy expenditure, and reducing appetite
(10-12). Glucagon has been also proved to have hypolipidemic effects, causing de-

creases in triglycerides and cholesterol, and increases in free fatty acid oxidation (13).

The secretion and inhibition of glucagon are regulated by multiple substances with both
intrinsic and paracrine mechanisms (Fig.1). However, the mechanisms differ in healthy
subjects and patients with T2DM. It’'s widely accepted that glucagon secretion is inhibited
by oral glucose intake in healthy individuals while this suppression is impaired in patients
with diabetes, which may aggravate glucose control in particular postprandial glucose
(14). Glucagon suppression is affected with multiple mechanisms, such as a-cell mem-

brane depolarization, which determines closing of Na* and Ca?* channels (15).
1.2 Interactions between incretins (GLP-1 and GIP) and glucagon

The incretion hormones glucose-dependent insulinotropic (GIP) and glucagon-like pep-
tide-1 (GLP-1) are best known for their potent insulinotropic effects and both incretin hor-
mones are known to modulate glucagon secretion via a-cells (16). Evidence from previ-

ous studies demonstrated that GLP-1 is a potent inhibitor of pancreatic glucagon
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secretion, while GIP increases glucagon secretion, both in a glucose-dependent manner
(17, 18). In healthy subjects, GLP-1 inhibits glucagon release during hyperglycemia, while
GIP acts during hypoglycemia and in the euglycemic state (17, 19-21). However, the in-
cretin effects are impaired in T2DM. Regarding glucagon secretion via a-cells in healthy
subjects, exogenous administration of GIP stimulates, while GLP-1 inhibits glucagon re-
lease during hypoglycaemia and euglycemia but ceases to have an effect in hyperglyce-
mia. However, administration of GIP stimulates glucagon release independently of glu-
cose levels in T2DM (19, 22). Moreover, glucagon release from a-cells was shown to
stimulate insulin release by acting on glucagon and GLP-1 receptors and was required
for intact insulin secretion in mice. However, other specific studies investigating the role
of glucagon in 3-cell function examined isolated islets from mice with genetic deletion of
glucagon receptors, showing that glucose-stimulated insulin secretion was impaired (23,
24). In addition, insulin secretion was overstimulated in mice with B-cell overexpression

of the glucagon receptor (25).

Our group previously reported the responses of GLP-1, GIP, insulin/C-peptide and glu-
cagon to 50 g of SAC or ISO in patients with T2DM and controls, which also showed that
basal levels of glucagon were markedly higher in T2DM patients than healthy controls
(26). Meanwhile, T2DM patients showed a moderate increase of glucagon release after
50 g SAC followed by a suppression while healthy controls showed an inhibition starting
after 30 min without previous increase. Meanwhile, the glucagon response to ISO was
more delayed and the initial increase as well as the subsequent suppression were less

pronounced (26, 27).
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Figure 1. Glucagon receptors expressed in different sites with multiple functions and regulation of glucagon secretion.
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1.3 Effects of sugars (isomaltulose and sucrose) and protein on glucagon

Glucagon secretion is inhibited in response to oral glucose intake to lower blood glucose
in healthy individuals while paradoxical hyperglucagonemia after a glucose load exacer-
bating hyperglycemia was reported in patients with T2DM (28-30) and patients with ges-
tational diabetes (31). Glucose may inhibit glucagon via insulin release from B-cells by
acting on neighboring a-cells or through a GABA, serotonin and somatostatin mediated
intra-islet ultrashort loop feedback. Moreover, islets studies on animals suggested that
hyperglycaemia dysregulates glucagon secretion by impairing mitochondrial function and
thereby the function of Kate-channels in a- and B-cells (15, 32). Among different sugars,
the disaccharide isomaltulose (ISO) is characterized by a slow, yet full hydrolysis in the
small intestine which contributes to its low-glycemic properties (26). Saccharose (SAC)
has a 1,2-glycosidic bond which is rapidly cleaved by intestinal a-glucosidase enzymes

while ISO with an a-1,6 linkage is more resistant toward enzymatic breakdown. SAC and
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ISO are known to be differentially stimulated by GIP and GLP-1 secretion which also

effects glucagon release (27, 33).

While the suppression of glucagon after ingestion of carbohydrates has been extensively
investigated, the powerful stimulation of glucagon by amino acids (AA) has received much
less attention (34-38). At present it's already established that AA or proteins induced a
strong stimulation of glucagon which in turn regulated AA degradation, which is well
known as liver - a cell feedback (39-41). Most circulating AAs have been shown to po-
tently stimulate both glucagon and insulin secretion in animals and humans, although not
all AAs are identical in their glucagonotropic effects. As early as the 1970s, Unger et al
had found that alanine infusion induced an increase in glucagon secretion accompanied
with very little stimulatory effect on insulin secretion in dogs, lysine contributed to a lesser
extent to a-cell secretion, while branched-chain amino acids (BCAA) had no effects on
glucagon secretion but elicit a significant insulin response (36, 42-44). In the following
decades, clinical studies often utilized AAs, although the effects of individual AA on glu-
cagon secretion remain in controversy. Holst et al. suggested regarding the interactions
between glucagon and AA, that defective glucagon signaling to the liver results in hyper-
aminoacidemia, which further stimulates the secretion of glucagon, possibly resulting in
hyperplasia of a cells (45). Additionally, which AAs are capable of stimulating glucagon
secretion directly from pancreatic a-cells or via increasing glucagon signaling remains

mysterious.

On the other hand, Cappozi and coworkers demonstrated that glucagon-induced insulin
release contributes to decrease blood glucose concentrations particularly in mixed meals
through a-B cell crosstalk (46). The insulinotropic effect of glucagon and its positive ef-
fects in metabolism are now being increasingly recognized which is supported by the
positive effects of glucagon agonists in combination with incretin agonism in recently de-
signed peptide polyagonists (11, 46, 47). Remarkably, despite the stimulation of glucagon,
the acute or prolonged intake of protein in combination with carbohydrates improves ra-
ther than deteriorates glucose metabolism in T2DM patients (48, 49). Prandial increases
in endogenous glucagon may therefore provide metabolic benefits (50) ; therefore, we
are aiming to investigate glucagon responses to mixed meals and pure protein in order

to explore beneficial diets as novel therapy strategy for T2DM patients.



Introduction 8

In the presented project, we first used the differential effects of SAC and ISO to study
differing GIP or GLP-1 responses in combination with AA-induced elevated glucagon
stimulation, evaluating the role of protein-induced hyper-responsiveness of glucagon in
the setting of a mixed meal. In this initial trial, we assessed whether an interaction be-
tween incretin hormone secretion and glucagon levels can be seen or if there are other,
possibly more important factors regulating glucagon secretion. Secondly, in order to ex-
plain the role of protein in the overshooting response to a mixed meal, we additionally
assessed the acute dose-dependent glucagon responses to whey and casein. Finally, we
investigated whether the decrease of glucagon drives diabetes remission in T2DM pa-

tients after weight loss by hypocaloric dietary intervention.



Results 9

2 Methods

2.1 Ethics of clinical trials

This dissertation consisted of three different clinical trials (Study 1, Study 2 and Study 3)
investigating different aspects of glucagon responses to sugar-augmented or non-aug-
mented mixed meal tests (MMTSs) and pure protein (whey and casein). The protocols and
all amendments of those three randomized double-blind clinical trials were approved by
the Ethics Committee of the Charité Universitatsmedizin Berlin and conducted in accord-
ance with the Declaration of Helsinki, and registered at Clinical Trials.gov (No.
NCT02219295, NCT04564391 and NCT05295160). It was carried out in the Department
of Clinical Nutrition at the German Institute of Nutrition (DIfE) and Charité Universi-
tatsmedizin Berlin. All the participants provided written informed consent prior to the study.

2.2 Study designs and participants

The eligibility of all potential participants was assessed by our study doctor before the
beginning of the study. For this purpose, blood samples and urine samples were taken to
detect clinical parameters including liver function, kidney function and so on. Furthermore,
blood pressure, anthropometry as well as body composition were measured. An oral glu-
cose tolerance test (OGTT) was also carried out in the metabolically healthy subjects to
evaluate glucose metabolism. Patients with insulin therapy or other medications which
might affect glucose metabolism; malignant diseases; serious cardiovascular disease,
heart attack or stroke less than 6 months ago; serious diabetic complications and psychic

disorders were excluded from all studies.

For all three trials, all participants were asked to pause their anti-diabetic medications
shortly before the clinical investigation days. The overviews of the study designs are pre-
sented in Figure 2A-2C.

In Study 1, 15 healthy obese volunteers and 13 patients with T2DM were recruited and
underwent MMTs containing 26.9 g protein from curd (20% whey, 80% casein) and an
additive of either 50 g ISO (Isomaltulose/Palatinose™, BENEO, GmbH, Mannheim, Ger-

many) or SAC (saccharose/sucrose, Sudzucker, Mannheim, Germany) in the form of a



Results 10

citrus drink (500 ml) in randomized order containing 466kcal total (Table 1). Both groups

were examined on two non-consecutive intervention days.

In Study 2, 8 control patient with Metabolic Syndrome (MS), but normoglycemia and 9
orally-treated T2DM patients completed protein tests on six nhon-consecutive interven-
tions days, with different dosages (5g, 10g, 30g) of pure whey and casein which was

dissolved in 250ml water to compare glucagon responses to pure proteins.

In Study 3, 39 overweight / obese (BMI 27 - 45 kg/m?) non-insulin-dependent patients
with T2DM were included. All participants agreed to conduct VLCD intervention (600
kcal/day for females and 800 kcal/day for males, respectively) to achieve 15kg weight
loss by meal replacement formula diet which consisted of a portion of non-starchy vege-
tables and 3 or 4 formula diet shakes (OPTIFAST® or HEPAFAST®) every day. No sugar
substitutes or alcohol was allowed during the intervention. Clinical investigation days
were conducted at baseline (V1), after 1-week (V2) and after 12-weeks of VLCD inter-
vention or after 15kg weight loss within 12-week (V3). For each visit anthropometry, body

composition and MMTs were determined along with medical and nutritional consultation.

All consumables and technical equipments, assays and softwares which were used in 3

studies are listed in Table 2.
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Figure 2: The overview design of Study 1 (A), Study 2 (B), and Study 3 (C)

Table 1: The composition of Mixed Meal test of Study 1

weight meal energy carbohydrate fat protein fibre
) composition (kcal) ) ) (9) (9)
250 curd, 20% 240.0 9.0 11.0 26.3 0
25 Raspberries 11.0 1.0 0 0.3 1.2
10 coffee cream, 12.0 0 1.0 0.3 0
10% fat
300 Water 0 0 0 0.0 0
50 SAC or ISO 203.0 50.0 0 0.0 0
In total 466.0 60.0 12.0 26.9 1.2
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2.3 Biomarkers measurements

On each clinical investigation day, a catheter was placed in a forearm vein wrapped in a
heating pad for sampling of arterialized blood. Blood samples were taken before the start
of MMTs (Study 1 and Study 3) or pure proteins (Study 2) and then 15, 30, 60, 90, 120
and 180 minutes thereafter. Immediately after the blood collection, serum samples were
clotting for 10 min at room temperature while plasma samples were collected in pre-
chilled EDTA or/and DPP-4 inhibitors (2.5 mM, Merck Millipore) tubes and centrifuged
immediately for 10 min at 4°C. Supernatant was stored at -80°C until further analysis.
Glucose concentrations and clinical routine parameters were measured in serum using
ABX Pentra 400 (HORIBA). Total as well as percentage fat mass and fat free mass were
determined using Air Displacement Plethysmography (BOD POD, Body Composition
System; Life Measurement Instruments, Concord, CA). Plasma GLP-1 and GIP were de-
tected by an electrochemiluminescent method (Meso Scale Discovery, Gaithersburg,
MD); insulin, C-peptide and glucagon were measured by ELISA immunoassay (Mercodia,

Uppsala, Sweden). The sensitivity and specificity have been reported before (51).
2.4 Calculations and Statistical analysis

The distribution of variables was evaluated by Shapiro—Wilk test. For the analysis of the
difference of glucose, insulin, C-peptide, glucagon, GIP, GLP-1 between different time-
points, the repeated measures ANOVA (rmANOVA) was performed using the Green-
house-Geisser correction if sphericity was not given. Comparisons between the interven-
tions were performed using paired t-test or Wilcoxon test depending on distribution. To
compare the patient groups either or student’s unpaired t-test or Mann-Whitney-U-test
was used; to compare the changes before and after intervention (V1 and V3) paired-t-
test or Wilcoxon signed-rank test was performed depending on the distribution of data.
Areas under the curve (AUC) and incremental areas under the curve (IAUC) of glucose,
insulin, C-peptide, glucagon, GIP, GLP-1 were calculated by SPSS using the trapezoid
rule. Results are described as Mean = SD in tables, statistical significance is defined as
p < 0.05. All statistical calculations were performed using SPSS 28.0 SPSS Inc, Chicago,
IL, USA). The graphs were generated by GraphPad prism 9 (California, USA) and R Stu-
dio 4.2 (Germany).

Table 2: List of consumables and technical equipment, assays and software
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Consumables and appliances

Manufacturer with address

Analysis Systems / Devices

ABX Pentra 400

Horiba Diagnostics, Montpellier, France

MESO QuickPlex SQ 120

Meso Scale Diagnostics LLC, Rockville, Mary-

land

Measuring instruments Anthropometry

Anthropometer GPM Model 100

Seritex, NJ, USA

Bioimpedance Analyzer Quantum /S

Akern Srl Florence, Italy

BOD POD (Body Composition System)

Life Measurement Instruments, Concord, CA

Assays and specific chemicals

Active GLP-1, Total Human GIP Multiplex As-
say Kit

Meso Scale Diagnostics LLC, Rockville, Maryland

DPP 4-Inhibitor

Merk-Millipore, St. Charles, MO, USA

Mercodia C-Peptid ELISA Kit

Mercodia AB, Uppsala, Sweden

Mercodia Glucagon ELISA Kit

Mercodia AB, Uppsala, Sweden

Mercodia Insulin ELISA Kit

Mercodia AB, Uppsala, Sweden

Bulk Pure Whey Protein

BULK, Germany

Bulk Micellar Casein

BULK, Germany

Softwares

Discovery WorkBench 4.0

Meso Scale Diagnostics LLC, Rockville, Mary-

land

PRODI® (Version 6.5)

Nutri-Science GmbH, Hausach, Germany

SPSS 28.0

IBM (Chicago, USA)

R Studio

R Studio (PBC, USA)
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Results

The participant characteristics of Study 1 and Study 2, including anthropometric
measures and routine blood parameters, are presented in table 3. In Study 1, 15 controls
(age 62 + 9 years) and 13 subjects with T2DM (age 65 + 8 years) completed the study;
in Study 2, 9 controls (age 67 + 9 years) and 8 subjects with T2DM (age 55 £ 9 years)
conducted all protein tests. All participants were middle age, moderate obese, and HbAlc
was significantly higher in T2DM patients than controls for both studies.

Table 3: Characteristics of the participants in Study 1 and Study 2

Study 1 Study 2
Parameters
healthy type 2 diabetes healthy type 2 diabetes
N 15 13 8 9
female: male 6/9 3/10 4/4 217
Age (years) 62+9 65+8 55+9 67 +9
BMI (kg/m?) 31.7+43 30.7+4.4 32.6+6.3 30.7+4.9
WHR 0.97+0.12 1.03+0.16 0.96 + 0.06 0.99 + 0.09
ALT (UIL) 23+7 31+14 25+9 32+18
GGT (U/L) 24+14 37+ 17 50 + 50 44 + 39
Total cholesterol
209 £43 205+43 213+ 45 154 + 33
(mg/dl)
Triglycerides 142 + 62 168 + 89 120 + 38 159 + 74
(mg/dl)
HDL-cholesterol 50 £ 12 628 55+ 117 47.2£11.9
(mg/dl)
LDL-cholesterol 132 + 35 124 + 35 145 + 41 86 + 28
(mg/dl)
HbAlc (%) 5.7x0.3 6.9+0.9 54+0.2 6.7+0.7

Data are described as Mean + SD. BMI: body mass index; WHR: waist-to-hip-ratio; ALT: alanine transaminase;
HDL: high-density lipoprotein; LDL: low-density lipoprotein; GGT: gamma-glutamyl transferase; HbAlc: glycated
hemoglobin Alc.
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3.1 Study 1
3.1.1 Glucose, insulin and C-peptide responses to MMTs

The concentration of glucose increased much more strongly in T2DM patients compared
to controls at all time-points both after SAC (p< 0.001) and ISO (p < 0.001) ingestion (Fig.
3A). AUC glucose (*180min) was remarkably higher in T2DM than controls after both SAC
and ISO consumption (Fig. 3B). By contrast, there were no significant differences when

comparing 1ISO and SAC consumption for both groups (3A).
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Figure 3: Glucose responses at different time-points (A) and AUC glucose (B) to the mixed meal tests
(MMTSs) in healthy subjects (blue) and T2DM patients (red). Values were described as Mean = SEM, sig-
nificant difference to SAC and to ISO between two groups was indicated as * and #, respectively. *p < 0.05,
**p < 0.01, ***p < 0.001; #p < 0.05, # #p < 0.01, ## #p < 0.001.

3.1.2 Insulin and C-peptide responses to MMTs

Both ISO and SAC induced a significant stimulation of insulin secretion but it was pro-
longed by 30 and 60 minutes with ISO compared to SAC in healthy and T2DM subjects,
respectively. Thus, in T2DM patients, the insulin levels were slightly delayed compared
to controls (SACinsuiin (p = 0.006), 1ISOinsuiin (p = 0.001)) (Fig. 4A). However, AUC insulin
did not differ significantly between healthy controls and T2DM patients or between sugars
(p>0.05) (Fig. 4B).

C-peptide curves showed an approximate direct proportionate with regard to the post-
prandial concentration-time course of insulin within both controls and T2DM subjects
(SACc-peptide (p = 0.012), ISOc-peptide (p = 0.001)) (Fig. 4C). Meanwhile, as we have ex-
pected, the whole responses of C-peptide to both SAC (p=0.016) and ISO (p=0.027)
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consumption are significantly higher in T2DM patients compared to healthy controls,

which was confirmed with calculation of AUC (*180min) C-peptide (Fig. 4D).
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Figure 4: Insulin (A) and C-peptide (C) responses at different time-points and AUC insulin (B) and AUC C-
peptide (D) to the mixed meal tests (MMTS) in healthy subjects (blue) and T2DM patients (red). Values
were described as Mean + SEM, significant difference to SAC and to ISO between two groups was indicated

as * and #, respectively. *p < 0.05, **p < 0.01, ***p < 0.001; *p < 0.05, #*#p < 0.01, #*#*p < 0.001.

3.1.3 GIP and GLP-1 responses to MMTs

There was no significant difference between the postprandial concentrations of GIP (SAC
p = 0.692 and ISO p = 0.693) or GLP-1 (SAC p = 0.315 and ISO p = 0.592) between
controls and patients with T2DM after administration of both disaccharides (Fig.5A-5C).
Results for the comparison of disaccharides within each group are shown in supplemental
materials. In healthy subjects, SAC induced a significantly higher rise in GIP than 1SO at
15 min (p = 0.041), 30 min (p = 0.006) and 60 min (p = 0.004) (Fig. 5A). In T2DM patients,
this was observed with significant differences also after 15min (p = 0.002), 30min (p =
0.008) and 60 min (p = 0.027) (Fig. 5A). ISO caused a greater increase in GLP-1 than
SAC both in healthy subjects and in subjects with type 2 diabetes (Fig.5B and 5D). How-

ever, there was no significant difference of the overall responses (AUC) of both GIP and
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GLP-1 to ISO vs. SAC within healthy controls and T2DM subjects, and between the two
cohort groups (Fig. 5B and 5D).
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Figure 5: GIP (A) and GLP-1 (C) responses at different time-points, AUC GIP (B), AUC GLP-1 (D) to the
mixed meal tests (MMTSs) in healthy subjects (blue), and T2DM patients (red). Values were described as
Mean + SEM.

3.1.4 Glucagon response to MMTs

In healthy subjects, we observed a biphasic increase in glucagon secretion in the MMT
with a small rise after 15 min and a larger increase starting after 60 min with a maximum
after 120 min (Fig.6A). By contrast, subjects with T2DM showed a very rapid rise in glu-
cagon to maximal levels already after 15 min and maintained these elevated levels until
120 min after the meal resulting in a significant difference between the curves over time
after the MMT in subjects with T2DM compared to controls, both after the ingestion of
SAC (p<0.05) and ISO (p<0.05) (Fig. 6A). However, the whole response which was eval-
uated by AUC (*180min) to both SAC and ISO did not show significant differences be-
tween two groups (Fig. 6B)

healthy
T2DM



Results 19

25+ -
R -e- SAC healthy 'g — ¢ healthy
= 20 -= SAC T2DM S e T2DM
° T 6000+ ®
£ -&- |SO healthy e} °
2. 15 °
= -¥- SO T2DM £ o
o = 4000+ 0
210 5 ] ad .
3 2
2 .| 5 ;| °
55 2 20004 |3

: S
0 t T T T T T 1 < 0
-30 0 30 60 90 120 150 180 I !
SAC ISO

Time(min)

Figure 6. Glucagon responses at different time-points (A) and AUC glucagon (B) to the mixed meal tests
(MMTSs) in healthy subjects (blue) and T2DM patients (red). Values were described as Mean + SEM, sig-

nificant difference to SAC and to ISO between two groups was indicated as * and #, respectively; *p < 0.05;
#p < 0.05.

3.2 Study 2
3.2.1 Glucose responses to 5g, 10g and 30g of casein and whey

Both casein and whey with different dosages induced remarkably higher glucose re-
sponse points in subjects with T2DM compared to controls through all time due to signif-
icantly higher baseline in T2DM patients (Fig. 7A-7F), which are also confirmed with the
whole response which was calculated by AUC (*180min) glucose (Fig.10A).
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Figure 7. Glucose responses to 5, 10 and 30 g casein (A-C) or whey protein (D-F) in controls (blue) and

patients with T2DM (red) in protein tests. Values are described as Mean+ SEM, *p < 0.05, **p < 0.01, ***p
< 0.001.

3.2.2 Insulin responses to 5g, 10g, 30g of casein and whey

Fasting insulin did not show differences between two groups. For postprandial insulin
concentrations, postprandial responses after different dosages of whey and casein at the
various time points did not differ significantly either (Fig. 8A-8F).
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Figure 8: Insulin responses to 5, 10 and 30 g casein (A-C) or whey protein (D-F) in controls (blue) and
patients with T2DM (red) in protein tests. Values are described as Mean = SEM.

3.2.3 Glucagon responses to 5¢g, 10g, 30g of casein and whey

Both whey and casein with all different dosages (59, 10g and 30g) induced hyper-secre-
tion of glucagon in subjects with T2DM compared to healthy controls. Meanwhile, both
groups showed dose-dependent increases in glucagon (Fig. 9A-9F). The whole response
of glucagon to 30g casein and 10g whey calculated with AUC was significantly higher in

T2DM compared to controls, but not in the other four test conditions, even though they
showed the same trend (Fig. 10C).

-= healthy
-~ T2DM
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Figure 9: Glucagon responses to 5, 10 and 30 g casein (A-C) or whey protein (D-F) in controls (blue) and
patients with T2DM (red) in protein tests. Values are described as Mean £ SEM, *p<0.05.
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Figure 10: AUC (*180min) glucose (A), insulin (B) and glucagon (C) to 5g, 10g and 30 g whey or casein
protein in controls (blue) and patients with T2DM (red) in protein tests. Values are described as Meant
SEM, *p < 0.05, **p < 0.01, ***p < 0.001.

3.3 Study 3

The characteristics and clinical parameters of participants before and after intervention in
Study 3 is described in Table 4. In total 44 overweight / obese patients (age 55 + 11 years)
with T2DM were recruited and 39 patients were analyzed. After the 3-months hypocaloric
dietary intervention, we observed significant improvements of all parameters related to
glucose and fat metabolism (including lipid metabolism profiles and liver enzymes) as
expected (Table 4). Glucose, insulin and glucagon levels decreased significantly through

all time-points resulting in markedly improved fasting and postprandial insulin sensitivity
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and a reversion to non-diabetic fasting glucose levels in the participants, and HbAlc also

decreased significantly after 3-month intervention (Table 4). Obviously, the improvement

of insulin sensitivity and the reduction of hyperglucagonemia led to a normalization of

glucose levels and greatly reduced insulin requirements.

Table 4: Characteristics and parameters of participants in Study 3 at baseline (V1) and after 3-month in-

tervention (V3)

Parameters V1 V3 p value
N 36
/
(Male: Female) (17/19)
Age (year) 55+11 /
BMI (kg/m?2) 349+438 29.8 +4.6 <0.001***
WHR 1.02 £0.08 0.96 + 0.09 <0.01**
HbAlc (%) 7.0+0.9 59+04 <0.001***
AST (U/L) 31.1+11.8 26.4+9.7 <0.05*
ALT (U/L) 39+17 26+11 <0.001***
Total cholesterol (mg/dl) 195+ 38 156 + 28 <0.001***
Triglyceride (mg/dl) 189 + 130 114 + 62 <0.001***
HDL-cholesterol (mg/dl) 52+ 15 45+ 10 <0.001***
LDL-cholesterol (mg/dl) 120+ 34 95 + 25 <0.001***
HOMA-IR 4.7+39 1.6+0.8 <0.0017
Matsuda 3.6+19 7.6+3.8 <0.001***

Data are described as Mean = SD. BMI: body mass index; WHR: waist-to-hip-ratio; AST: aspartate aminotransferase;

ALT: alanine transaminase; HDL: high-density lipoprotein; LDL: low-density lipoprotein; HbAlc: glycated hemoglobin

Alc; HOMA-IR: homeostatic model assessment for insulin resistance. *p < 0.05, **p < 0.01, ***p < 0.001.

The whole responses of glucose, insulin, glucagon which were calculated with AUC

showed remarkable reductions after 3-month intervention compared with baseline (Fig.

12).
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Figure 11. Glucose (A), insulin (B) and glucagon (C) responses to MMTs before (V1) and after 3-month
(V3) intervention. Values are means + SEMs, *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 12. AUC (*180min) glucose (A), insulin (B) and glucagon (C) responses to MMTs before (V1) and
after 3-month (V3) intervention. Values are described as Mean = SEM, ***p < 0.001.
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4. Discussion

4.1 Short summary of results

Whether the increased glucagon release is deleterious or beneficial is still in debate and
its role in metabolism as an important diabetogenic hormone versus a protective hormone
- improving 3-cell function and reducing fatty liver is highly controversial. Our primary and
novel finding is an accelerated and excessive glucagon secretion upon intake of high
protein mixed meals in patients with T2DM compared to controls which is not evident with
the single components. We compared the glucagon responses to mixed meal with differ-
ent sugars (SAC or ISO) in Study 1 and pure proteins (whey and casein) with different
dosage alone in Study 2, which revealed modestly impaired suppression of glucagon after
SAC or ISO and modest glucagon increases in responses to the proteins. The rather
excessive responses in the MMTs markedly exceed the responses to the single compo-
nents and therefore indicate a potentiated response to the combined components. We
further addressed the role of endogenous GIP and GLP-1 by using the 1,2- and 1,6-linked
glucose-fructose dimers SAC and I1SO in the mixed meals, which induce opposite profiles

of the incretins but did not affect glucagon responses.

On the other hand, previous studies had shown that diabetes remission was achieved in
over 80% of participants by dietary, hypocaloric intervention. Thus, in Study 3 we inves-
tigated glucagon change in patients with T2DM by 3-month VLCD to achieve 15kg weight
loss and we found that diabetes remission is associated with a highly significant reduction

in fasting and postprandial glucagon release which has not been addressed before.

4.2 Interpretation of results

The stimulation of glucagon release by individual AA was previously characterized in dogs
and humans (36, 37, 52, 53). In study 1, we observed an excessive and more rapid se-
cretion of glucagon to MMTs in T2DM patients, which differed markedly from that of
healthy subjects. In T2DM, glucagon levels rose maximally within 15 — 30 min and
showed a monophasic persistent increase compared to a much slower increase and a
biphasic course in the healthy group. The overshooting and biphasic response glucagon
response to MMTs might be attributable to protein-curd, which consisted of 20% of whey
and 80% of casein. Whey protein is a soluble protein, which is easily digestible and
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causes a rapid increase in AA levels (54), while casein is precipitated by gastric acid and
resorbed more slowly which induced slowly rise of AA levels (55).The smaller first peak
would be induced by the rapid uptake of whey protein combined with the suppression of
glucagon release by glucose. The second one, larger increase would then be caused by
the greater amount of casein. The lack of inhibition of glucagon by sugar combined with
the stimulation by the protein would not quantitatively explain this response in our studies.
The response may be related to the hyperglycemia-induced alteration of Karp-channel
function as suggested recently (32) which would be enhanced by an interaction of protein
and glucose. However, an additive dysregulation of intra-islet somatostatin, GABA or ser-
otonergic mechanisms proposed to mediate the inhibition of glucagon in intact islets can-
not be excluded (56-58).

In Study 2, glucagon responses to different dosage of pure proteins showed modestly
greater increases to 10 or 30 g of whey and casein in patients with T2DM vs controls.
Although responses were enhanced in T2DM patients, this was observed with 10 and 30
g of protein and the enhancement was modest and borderline significant.

Meanwhile, we investigated the potential roles of incretins for the enhanced glucagon
response seen in T2DM. We combined 30g of protein with either SAC or ISO to elicit
opposite incretin responses under physiological conditions. It is well established that sub-
jects with T2DM show a diminished suppression of glucagon after an OGTT and it was
suggested that GIP contributes to this phenomenon, raising the question whether this
explains the exaggerated glucagon responses observed here (34, 59). By the administra-
tion of the different disaccharides, we induced varying responses of incretins to establish
whether a difference in incretin levels would also cause a difference in postprandial glu-
cagon secretion. While a significant difference in GIP and GLP-1 levels was obtained, we
could not see a significant variation in glucagon levels neither in healthy nor in T2DM

participants.

El and Campbell proposed that the effect of GIP on glucagon is altered in T2DM. There
is no stimulation of glucagon during hyperglycemia in healthy subjects while in T2DM,
infusion of GIP continued to stimulate glucagon regardless of glucose levels (19). How-
ever, this effect does not explain the meal-induced hypersecretion of glucagon since we
did not observe differences between SAC vs ISO despite different incretin levels. How-

ever, the greater GIP release with SAC as compared to ISO did not result in greater
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glucagon responses from our study. We propose that there is probably no dose-related
glucagon response to GIP in humans. Either basal stimulation by GIP is sufficient for the
glucagon response or GIP is not involved in glucagon release in healthy humans. More-
over, there is no indication for a role of GIP in the exaggerated protein response in T2DM.

In Study 3, we found that in patients with T2DM who achieved 15kg weight loss by 3-
month VLCD intervention, diabetes remission was achieved. This was determined by
weight loss induced improvements in insulin sensitivity, insulin secretion and a reduction
of hyperglucagonemia. The reduction of glucagon levels may be sufficient to reduce in-
sulin requirements in the presence of improved insulin sensitivity and may therefore not
require changes of B-cell function. Our investigation highlights that diabetes remission by
weight loss may be associated with substantial changes of glucagon secretion in individ-

uals with elevated baseline levels.

4.3 Embedding the results into the current state of research

While glucagon has traditionally been considered an obstacle to diabetes management,
and the dysregulation of glucagon signaling is a well-known factor in the development of
T2DM, recent research has shown that it may also have potential therapeutic benefits.
For instance, GLP-1/GIP receptor dual agonists and GLP-1/GIP/glucagon receptor tri-
agonists have been shown to have potent glucose-lowering effects, reduce body weight,
and improve cardiovascular risk factors in people with T2DM. These medications may
have potential in the treatment of obesity and non-alcoholic fatty liver disease (NAFLD).
However, they are still in the early stages of development and more research is needed

to fully understand their safety and efficacy.

Meanwhile, there is a growing interest in the potential role of high protein diets in reducing
liver fat, which is a major risk factor for the development of NAFLD. While the mechanisms
underlying the effects of higher protein diets on liver fat are not fully understood, recent
research suggests that glucagon may play a key role. Glucagon is established to stimu-
late the breakdown of liver glycogen and promotes the production of glucose by the liver.
In addition, glucagon has been shown to increase the oxidation of fatty acids in the liver
and promote the breakdown of triglycerides, which may contribute to the reduction of liver
fat seen with high protein diets.
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Our previous studies have found that high protein diet remarkably reduced liver fat con-
tent and improve liver function, glucose was improved after knockout of glucagon receptor
(GCGR) in mice as well treat humans with acute and prolonged pharmacological receptor
antagonisms (GRASs), although accompanied with hepatic side effects as increase in
transaminases, liver fat accumulation and dyslipidemia, and the underlying mechanisms
are not well understood. While it is not clear whether the effects of higher protein diets on
liver fat are specifically induced by glucagon, there is evidence to suggest that glucagon
may be involved. For example, a recent study found that the administration of glucagon
increased the rate of fatty acid oxidation in the liver, which is consistent with the proposed
mechanism of action of higher protein diets. In our study, we observed that patients
showed hyper-response to protein intake compared to healthy controls. Further studies
are needed to better understand the underlying mechanisms and to determine the optimal

dietary strategies for the prevention and treatment of NAFLD and T2DM.

4.4 Strengths and weaknesses of the study(s)

1. Limitations of the study apply to relatively small number of participants tested and
the age group. 28 subjects in Study 1 and 17 subjects in Study 2, which were
divided into two groups — healthy controls and T2DM. There were methodological
limits to the statistical evaluation due to relatively small numbers; therefore, the
results may show weaknesses or less significant difference with regard to reliability.

2. It was not a consecutive cross-over design with the combination of Study 1 and
Study 2 as one study was based on the previous one. Furthermore, due to the
COVID-19 pandemic, it was almost impossible to achieve that each participant
completed 9 clinical visits in total, so the results we concluded might not be robust.

3. There was only one study group with VLCD intervention in Study 3, thus there are
might be some confounding factors on diabetes remission (our primary study ob-
jective) could not be concluded in the case of weight loss in only one experimental
group. Meanwhile, the only comparisons could only be performed before and after
intervention, not during the intervention.

4. Another limitation is the partially low heterogeneity of the study groups — control
and T2DM. In order to correct for interpersonal variability, subjects with unremark-
able carbohydrate metabolism were matched to the T2DM population with respect

to defined parameters, including BMI. While the T2DM patients showed a very
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good glycemic control and only weakly pronounced concomitant diseases, the
subjects of the control already showed first signs of the development of a disturbed
carbohydrate metabolism (insulin resistance). As a result, some of the effects pre-
sented may have been overestimated or underestimated.

5. We did not determine the circulating concentrations of AAs in all studies in partic-
ular Study 1 and 2, therefore, we could not investigate AA kinetics and compari-
sons after MMT or pure proteins. More detailed studies are indeed required in the
future, for example, looking for glucagon responses to intravenous injections of

alanine in humans.

4.5 Implications for practice and/or future research

First of all, our Study 1 observed a monophasic persistent increase in glucagon levels in
T2DM patients compared to a slower and biphasic response in healthy individuals, and
further investigation of the mechanisms underlying the exaggerated glucagon response
to meals in T2DM patients is needed. Previous study proposed an additive dysregulation
of intra-islet somatostatin, GABA, or serotonergic mechanisms to mediate the inhibition
of glucagon in intact islets. Therefore, future research could investigate the specific role
of these mechanisms in regulating glucagon release in patients with T2DM. Meanwhile,
this study combined 30 g of protein with either SAC or ISO to elicit opposite incretin re-
sponses under physiological conditions and found that although there was a significant
difference in GIP and GLP-1 levels, there was no significant variation in glucagon levels
in either healthy or T2DM participants. Future research could further explore the relation-
ship between incretin hormones and glucagon re-lease and their contribution to the ex-

aggerated glucagon response seen in T2DM patients.

The Study 2 showed that T2DM patients had modestly greater increases in glucagon
levels in response to 10 or 30 g of whey and casein compared to healthy individuals.
However, the enhancement was modest and borderline significant. Future research could
explore the impact of different proportions of whey and casein (20%: 80%; 40%: 60%;

50%: 50%) as well as other types of proteins on glucagon release in T2DM patients.

The Study 3 found that most patients with T2DM who achieved 15 kg weight loss through
a 3-month VLCD intervention achieved diabetes remission, which was deter-mined by

weight loss induced improvements in insulin sensitivity, insulin secretion, and a reduction
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of hyperglucagonemia. Therefore, future research could further investigate the impact of

weight loss on glucagon secretion and diabetes remission in patients with T2DM.
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5. Conclusions

Glucagon has received much attention recently and its role in metabolism as an important
diabetogenic hormone versus a protective hormone - improving B-cell function and re-
ducing liver fat - is highly controversial. In the Study 1, we demonstrated that the rapid
hypersecretion of glucagon after mixed meals in patients with T2DM compared to controls
is unaffected by endogenous incretins. The defective suppression of glucagon by glucose
combined with hypersecretion to protein is required for the exaggerated response.

In the second study, glucagon responses to different dosages of pure proteins showed
modestly greater increases in T2DM patients compared to healthy controls, but the en-
hancement was modest and borderline significant. The study also investigated the poten-
tial role of incretins in the enhanced glucagon response in T2DM but did not observe

significant differences in glucagon levels despite different incretin levels.

In the third study, patients with T2DM who achieved a 15 kg weight loss through a 3-
month VLCD intervention showed diabetes remission and a reduction in glucagon levels.
The reduction in glucagon levels may be sufficient to reduce insulin requirements with
improved insulin sensitivity and may not require changes in 3-cell function. The study
highlights that diabetes remission by weight loss may be associated with substantial
changes in glucagon secretion in individuals with elevated baseline levels. The results
suggest that elevated glucagon secretion in T2DM may represent a rescue mechanism
attempting to reestablish metabolic balance, and future trials may exploit the differences
in the effects of different types of protein on glucagon release to assess the beneficial or

deleterious effects on T2DM.



Reference list 31

Reference list

1. Jiang G, Zhang BB. Glucagon and regulation of glucose metabolism. Am J Physiol
Endocrinol Metab. 2003;284(4):E671-8.

2. Habegger KM, Heppner KM, Geary N, Bartness TJ, DiMarchi R, Tschop MH. The
metabolic actions of glucagon revisited. Nat Rev Endocrinol. 2010;6(12):689-97.

3. Sokal JE. Effect of glucagon on gluconeogenesis by the isolated perfused rat liver.
Endocrinology. 1966;78(3):538-48.

4. Unger RH, Orci L. The essential role of glucagon in the pathogenesis of diabetes
mellitus. Lancet. 1975;1(7897):14-6.

5. Gerich JE, Lorenzi M, Karam JH, Schneider V, Forsham PH. Abnormal pancreatic
glucagon secretion and postprandial hyperglycemia in diabetes mellitus. JAMA.
1975;234(2):159-5.

6. Scheen AJ, Paquot N, Lefebvre PJ. Investigational glucagon receptor antagonists
in Phase | and Il clinical trials for diabetes. Expert Opin Investig Drugs. 2017;26(12):1373-
89.

7. Kelly RP, Garhyan P, Raddad E, Fu H, Lim CN, Prince MJ, Pinaire JA, Loh MT,
Deeg MA. Short-term administration of the glucagon receptor antagonist LY2409021 low-
ers blood glucose in healthy people and in those with type 2 diabetes. Diabetes Obes
Metab. 2015;17(4):414-22.

8. Guzman CB, Zhang XM, Liu R, Regev A, Shankar S, Garhyan P, Pillai SG, Kazda
C, Chalasani N, Hardy TA. Treatment with LY2409021, a glucagon receptor antagonist,
increases liver fat in patients with type 2 diabetes. Diabetes Obes Metab.
2017;19(11):1521-8.

9. Wewer Albrechtsen NJ, Pedersen J, Galsgaard KD, Winther-Sorensen M, Suppli
MP, Janah L, Gromada J, Vilstrup H, Knop FK, Holst JJ. The Liver-alpha-Cell Axis and
Type 2 Diabetes. Endocr Rev. 2019;40(5):1353-66.

10. Stahel P, Lee SJ, Sud SK, Floh A, Dash S. Intranasal glucagon acutely increases
energy expenditure without inducing hyperglycaemia in overweight/obese adults. Diabe-
tes Obes Metab. 2019;21(6):1357-64.

11. Finan B, Capozzi ME, Campbell JE. Repositioning Glucagon Action in the Physi-
ology and Pharmacology of Diabetes. Diabetes. 2020;69(4):532-41.

12.  Prip-Buus C, Pegorier JP, Duee PH, Kohl C, Girard J. Evidence that the sensitivity
of carnitine palmitoyltransferase | to inhibition by malonyl-CoA is an important site of reg-
ulation of hepatic fatty acid oxidation in the fetal and newborn rabbit. Perinatal develop-
ment and effects of pancreatic hormones in cultured rabbit hepatocytes. Biochem J.
1990;269(2):409-15.

13. Perry RJ, Zhang D, Guerra MT, Brill AL, Goedeke L, Nasiri AR, Rabin-Court A,
Wang YL, Peng L, Dufour S, Zhang Y, Zhang XM, Butrico GM, Toussaint K, Nozaki Y,
Cline GW, Petersen KF, Nathanson MH, Ehrlich BE, Shulman GIl.Glucagon stimulates
gluconeogenesis by INSP3R1-mediated hepatic lipolysis. Nature. 2020;579(7798):279-
83.



Reference list 32

14. Lund A, Bagger JI, Christensen M, Knop FK, Vilsboll T. Glucagon and type 2 dia-
betes: the return of the alpha cell. Curr Diab Rep. 2014;14(12):555.

15. Zhang Q, Ramracheya R, Lahmann C, Tarasov A, Bengtsson M, Braha O, Braun
M, Brereton M, Collins S, Galvanovskis J, Gonzalez A, Groschner LN, Rorsman NJ,
Salehi A, Travers ME, Walker JN, Gloyn AL, Gribble F, Johnson PRV, Reimann F, Ash-
croft FM, Rorsman P. Role of KATP channels in glucose-regulated glucagon secretion
and impaired counterregulation in type 2 diabetes. Cell Metab. 2013;18(6):871-82.

16. Seino Y, Fukushima M, Yabe D. GIP and GLP-1, the two incretin hormones: Sim-
ilarities and differences. J Diabetes Investig. 2010;1(1-2):8-23.

17.  Holst JJ. The incretin system in healthy humans: The role of GIP and GLP-1. Me-
tabolism. 2019;96:46-55.

18. Nauck MA, Quast DR, Wefers J, Pfeiffer AFH. The evolving story of incretins (GIP
and GLP-1) in metabolic and cardiovascular disease: A pathophysiological update. Dia-
betes Obes Metab. 2021;23 Suppl 3:5-29.

19. EIK, Campbell JE. The role of GIP in alpha-cells and glucagon secretion. Peptides.
2020;125:170213.

20. Christensen M, Vedtofte L, Holst JJ, Vilsboll T, Knop FK. Glucose-dependent in-
sulinotropic polypeptide: a bifunctional glucose-dependent regulator of glucagon and in-
sulin secretion in humans. Diabetes. 2011;60(12):3103-9.

21. Meier JJ, Gallwitz B, Siepmann N, Holst JJ, Deacon CF, Schmidt WE, Nauck MA.
Gastric inhibitory polypeptide (GIP) dose-dependently stimulates glucagon secretion in
healthy human subjects at euglycaemia. Diabetologia. 2003;46(6):798-801.

22. Mentis N, Vardarli I, Kothe LD, Holst JJ, Deacon CF, Theodorakis M, Meier JJ,
Nauck MA. GIP does not potentiate the antidiabetic effects of GLP-1 in hyperglycemic
patients with type 2 diabetes. Diabetes. 2011;60(4):1270-6.

23.  Gelling RW, Vuguin PM, Du XQ, Cui L, Romer J, Pederson RA, Leiser M, Sgren-
sen H, Holst JJ, Fledelius C, Johansen PB, Fleischer N, McIintosh CHS, Nishimura E,
Charron MJ. Pancreatic beta-cell overexpression of the glucagon receptor gene results
in enhanced beta-cell function and mass. Am J Physiol Endocrinol Metab.
2009;297(3):E695-707.

24. Campbell JE, Newgard CB. Mechanisms controlling pancreatic islet cell function
in insulin secretion. Nat Rev Mol Cell Biol. 2021;22(2):142-58.

25.  Omar B, Sorhede-Winzell M, Ahren B. Conditional glucagon receptor overexpres-
sion has multi-faceted consequences for Dbeta-cell function. Metabolism.
2014;63(12):1568-76.

26. Keyhani-Nejad F, Kemper M, Schueler R, Pivovarova O, Rudovich N, Pfeiffer AF.
Effects of Palatinose and Sucrose Intake on Glucose Metabolism and Incretin Secretion
in Subjects With Type 2 Diabetes. Diabetes Care. 2016;39(3):e38-9.

27. Pfeiffer AFH, Keyhani-Nejad F. High Glycemic Index Metabolic Damage - a Pivotal
Role of GIP and GLP-1. Trends Endocrinol Metab. 2018;29(5):289-99.



Reference list 33

28. Bagger JI, Knop FK, Lund A, Holst JJ, Vilsboll T. Glucagon responses to increasing
oral loads of glucose and corresponding isoglycaemic intravenous glucose infusions in
patients with type 2 diabetes and healthy individuals. Diabetologia. 2014;57(8):1720-5.

29. Yabe D, Kuroe A, Watanabe K, lwasaki M, Hamasaki A, Hamamoto Y, Harada N,
Yamane S, Lee S, Murotani K, Deacon CF, Holst JJ, Hirano T, Inagaki N, Kurose T, Seino
Y. Early phase glucagon and insulin secretory abnormalities, but not incretin secretion,
are similarly responsible for hyperglycemia after ingestion of nutrients. J Diabetes Com-
plications. 2015;29(3):413-21.

30. Faerch K, Vistisen D, Pacini G, Torekov SS, Johansen NB, Witte DR, Jonsson A,
Pedersen O, Hansen T, Lauritzen T, Jargensen ME, Ahrén B, Holst JJ. Insulin Resistance
Is Accompanied by Increased Fasting Glucagon and Delayed Glucagon Suppression in
Individuals With Normal and Impaired Glucose Regulation. Diabetes. 2016;65(11):3473-
81.

31. Horie I, Haraguchi A, Ito A, Nozaki A, Natsuda S, Akazawa S, Mori Y, Ando T,
Higashijima A, Hasegawa Y, Yoshida A, Miura K, Masuzaki H, Kawakami A, Abiru N.
Impaired early-phase suppression of glucagon secretion after glucose load is associated
with insulin requirement during pregnancy in gestational diabetes. J Diabetes Investig.
2020;11(1):232-40.

32. Knudsen JG, Hamilton A, Ramracheya R, Tarasov Al, Brereton M, Haythorne E,
Chibalina MV, Spégel P, Mulder H, Zhang Q, Ashcroft FM, Adam J, Rorsman P. Dysreg-
ulation of Glucagon Secretion by Hyperglycemia-Induced Sodium-Dependent Reduction
of ATP Production. Cell Metab. 2019;29(2):430-42 e4.

33. Keyhani-Nejad F, Barbosa Yanez RL, Kemper M, Schueler R, Pivovarova-Ramich
O, Rudovich N, Pfeiffer AFH. Endogenously released GIP reduces and GLP-1 increases
hepatic insulin extraction. Peptides. 2020;125:170231.

34. Lund A, Vilsboll T, Bagger JI, Holst JJ, Knop FK. The separate and combined im-
pact of the intestinal hormones, GIP, GLP-1, and GLP-2, on glucagon secretion in type 2
diabetes. Am J Physiol Endocrinol Metab. 2011;300(6):E1038-46.

35. Ang T, Bruce CR, Kowalski GM. Postprandial Aminogenic Insulin and Glucagon
Secretion Can Stimulate Glucose Flux in Humans. Diabetes. 2019;68(5):939-46.

36. Rocha DM, Faloona GR, Unger RH. Glucagon-stimulating activity of 20 amino ac-
ids in dogs. J Clin Invest. 1972;51(9):2346-51.

37. Ohneda A, Parada E, Eisentraut AM, Unger RH. Characterization of response of
circulating glucagon to intraduodenal and intravenous administration of amino acids. J
Clin Invest. 1968;47(10):2305-22.

38. Meier JJ, Deacon CF, Schmidt WE, Holst JJ, Nauck MA. Suppression of glucagon
secretion is lower after oral glucose administration than during intravenous glucose ad-
ministration in human subjects. Diabetologia. 2007;50(4):806-13.

39. Winther-Sorensen M, Galsgaard KD, Santos A, Trammell SAJ, Sulek K, Kuhre RE,
Pedersen J, Andersen DB, Hassing AS, Dall M, Treebak JT, Gillum MP, Torekov SS,
Windelgv JA, Hunt JE, Kjeldsen SAS, Jepsen SL, Vasilopoulou CG, Knop FK, @rskov C,
Werge MP, Bisgaard HC, Eriksen PL, Vilstrup H, Gluud LL, Holst JJ, Wewer Albrechtsen
NJ. Glucagon acutely regulates hepatic amino acid catabolism and the effect may be
disturbed by steatosis. Mol Metab. 2020;42:101080.



Reference list 34

40. Holst JJ, Wewer Albrechtsen NJ, Pedersen J, Knop FK. Glucagon and Amino Ac-
ids Are Linked in a Mutual Feedback Cycle: The Liver-alpha-Cell Axis. Diabetes.
2017;66(2):235-40.

41. Wewer Albrechtsen NJ, Faerch K, Jensen TM, Witte DR, Pedersen J, Mahendran
Y, Jonsson AE, Galsgaard KD, Winther-Sgrensen M, Torekov SS, Lauritzen T, Pedersen
O, Knop FK, Hansen T, Jgrgensen ME, Vistisen D, Holst JJ. Evidence of a liver-alpha
cell axis in humans: hepatic insulin resistance attenuates relationship between fasting
plasma glucagon and glucagonotropic amino acids. Diabetologia. 2018;61(3):671-80.

42. Kaneto A, Kosaka K. Effects of leucine and isoleucine infused intrapancreatically
on glucagon and insulin secretion. Endocrinology. 1972;91(3):691-5.

43. Muller WA, Faloona GR, Unger RH. The effect of alanine on glucagon secretion. J
Clin Invest. 1971;50(10):2215-8.

44. Kuhara T, lkeda S, Ohneda A, Sasaki Y. Effects of intravenous infusion of 17
amino acids on the secretion of GH, glucagon, and insulin in sheep. Am J Physiol.
1991;260(1 Pt 1):E21-6.

45. Galsgaard KD, Winther-Sorensen M, Orskov C, Kissow H, Poulsen SS, Vilstrup H,
Prehn C, Adamski J, Jepsen SL, Hartmann B, Hunt J, Charron MJ, Pedersen J, Wewer
Albrechtsen NJ, Holst JJ. Disruption of glucagon receptor signaling causes hyperamino-
acidemia exposing a possible liver-alpha-cell axis. Am J Physiol Endocrinol Metab.
2018;314(1):E93-E103.

46. Capozzi ME, Svendsen B, Encisco SE, Lewandowski SL, Martin MD, Lin H, Jaffe
JL, Coch RW, Haldeman JM, MacDonald PE, Merrins MJ, D'Alessio DA, Campbell JE.
beta Cell tone is defined by proglucagon peptides through cAMP signaling. JCI Insight.
2019;4(5).

47. Knerr PJ, Mowery SA, Finan B, Perez-Tilve D, Tschop MH, DiMarchi RD. Selection
and progression of unimolecular agonists at the GIP, GLP-1, and glucagon receptors as
drug candidates. Peptides. 2020;125:170225.

48. Nesti L, Mengozzi A, Trico D. Impact of Nutrient Type and Sequence on Glucose
Tolerance: Physiological Insights and Therapeutic Implications. Front Endocrinol (Lau-
sanne). 2019;10:144.

49. Markova M, Pivovarova O, Hornemann S, Sucher S, Frahnow T, Wegner K, Ma-
chann J, Petzke KJ, Hierholzer J, Lichtinghagen R, Herder C, Carstensen-Kirberg M, Ro-
den M, Rudovich N, Klaus S, Thomann R, Schneeweiss R, Rohn S, Pfeiffer AF. Isocaloric
Diets High in Animal or Plant Protein Reduce Liver Fat and Inflammation in Individuals
With Type 2 Diabetes. Gastroenterology. 2017;152(3):571-85 e8.

50. Zhang J, Pivovarova-Ramich O, Kabisch S, Markova M, Hornemann S, Sucher S,
Rohn S, Machann J, Pfeiffer AFH. High Protein Diets Improve Liver Fat and Insulin Sen-
sitivity by Prandial but Not Fasting Glucagon Secretion in Type 2 Diabetes. Front Nutr.
2022 May 19;9:808346.

51. Holst JJ, Wewer Albrechtsen NJ. Methods and Guidelines for Measurement of
Glucagon in Plasma. Int J Mol Sci. 2019;20(21).



Reference list 35

52. Muller WA, Faloona GR, Aguilar-Parada E, Unger RH. Abnormal alpha-cell func-
tion in diabetes. Response to carbohydrate and protein ingestion. N Engl J Med.
1970;283(3):109-15.

53. Mallette LE, Exton JH, Park. Effects of glucagon on amino acid transport and utili-
zation in the perfused rat liver. J Biol Chem. 1969;244(20):5724-8.

54. Boirie Y, Dangin M, Gachon P, Vasson MP, Maubois JL, Beaufrere B. Slow and
fast dietary proteins differently modulate postprandial protein accretion. Proc Natl Acad
Sci U S A. 1997;94(26):14930-5.

55. Markova M, Hornemann S, Sucher S, Wegner K, Pivovarova O, Rudovich N,
Thomann R, Schneeweiss R, Rohn S, Pfeiffer AFH. Rate of appearance of amino acids
after a meal regulates insulin and glucagon secretion in patients with type 2 diabetes: a
randomized clinical trial. Am J Clin Nutr. 2018;108(2):279-91.

56. Vergari E, Knudsen JG, Ramracheya R, Salehi A, Zhang Q, Adam J, Asterholm
IW, Benrick A, Briant AJB, Chibalina MV, Gribble FM, Hamilton A, Hastoy B, Reimann F,
Rorsman NJG, Spiliotis I, Tarasov A, Wu YL, Ashcroft FM, Patrik Rorsman P. Insulin
inhibits glucagon release by SGLT2-induced stimulation of somatostatin secretion. Nat
Commun. 2019;10(1):139.

57. WendtA, Birnir B, Buschard K, Gromada J, Salehi A, Sewing S, Rorsman P, Braun
M. Glucose inhibition of glucagon secretion from rat alpha-cells is mediated by GABA
released from neighboring beta-cells. Diabetes. 2004;53(4):1038-45.

58. Almaca J, Molina J, Menegaz D, Pronin AN, Tamayo A, Slepak V, Berggren PO,
Caicedo A. Human Beta Cells Produce and Release Serotonin to Inhibit Glucagon Se-
cretion from Alpha Cells. Cell Rep. 2016;17(12):3281-91.

59. Holst JJ, Christensen M, Lund A, de Heer J, Svendsen B, Kielgast U, Knop FK.
Regulation of glucagon secretion by incretins. Diabetes Obes Metab. 2011;13 Suppl 1:89-
94.



36

Statutory Declaration

“l, Jiudan Zhang, by personally signing this document in lieu of an oath, hereby affirm that
| prepared the submitted dissertation on the topic [Glucagon responses and regulation in
people with or without Type 2 Diabetes (T2DM)]; [Glucagonreaktionen und regulierung
bei Menschen mit oder ohne Typ-2-Diabetes (T2DM)], independently and without the
support of third parties, and that | used no other sources and aids than those stated.

All parts which are based on the publications or presentations of other authors, either in
letter or in spirit, are specified as such in accordance with the citing guidelines. The sec-
tions on methodology (in particular regarding practical work, laboratory regulations, sta-
tistical processing) and results (in particular regarding figures, charts and tables) are ex-

clusively my responsibility.

Furthermore, | declare that | have correctly marked all of the data, the analyses, and the
conclusions generated from data obtained in collaboration with other persons, and that |
have correctly marked my own contribution and the contributions of other persons (cf.
declaration of contribution). | have correctly marked all texts or parts of texts that were
generated in collaboration with other persons. All tables and graphs in the thesis as well

as the publications were generated by myself independently.

My contributions to any publications to this dissertation correspond to those stated in the
below joint declaration made together with the supervisor. All publications created within
the scope of the dissertation comply with the guidelines of the ICMJE (International Com-
mittee of Medical Journal Editors; http://www.icmje.org) on authorship. In addition, | de-
clare that | shall comply with the regulations of Charité — Universitatsmedizin Berlin on
ensuring good scientific practice.

| declare that | have not yet submitted this dissertation in identical or similar form to an-

other Faculty.

The significance of this statutory declaration and the consequences of a false statutory
declaration under criminal law (Sections 156, 161 of the German Criminal Code) are

known to me.”

Date Signature



37

Declaration of your own contribution to the publications

[, Jiudan Zhang, was born in Anhui China, contributed the following publications:

Jiudan Zhang, Olga Pivovarova-Ramich, Stefan Kabisch, Mariya Markova, Silke Horne-
mann, Stephanie Sucher, Sascha Rohn, Jirgen Machann, Andreas F.H Pfeiffer, High
Protein Diets Improve Liver Fat and Insulin Sensitivity by Prandial but Not Fasting Gluca-
gon Secretion in Type 2 Diabetes. Front Nutr. 2022 May 19;9:808346. doi:
10.3389/fnut.2022.808346. eCollection 2022.

Database remediation:

Study data were collected by study physicians, study nurses and directly by the patients.
Data were then transferred directly into the electronic database. | independently per-
formed the structuring, expansion and error correction of these databases.

Evaluation and Analysis:

| independently performed the statistical analysis. It was performed with SPSS software
packages for Windows (IBM, version 28.0, Chicago, IL, USA), R Software and R Studio
(Germany). All graphs were generated by Graphpad Prism 9 (Graphpad California, USA).
For this purpose, the distribution of all data was checked. Possible outliners were ana-
lyzed and, when it was necessary, excluded from the analysis. For further statistical anal-
ysis, the normal distribution and variance homogeneity of the metric data were first ana-
lyzed (Kolmogorov-Smirnov test for normality, Levene's test for variance homogeneity).
For normally distributed data, comparisons within and between control group and T2DM
group was analyzed with Student t-tests (Paired or Unpaired). Non-normally distributed
variables were transformed to achieve normal distribution or analyzed by nonparametric
tests (Wilcoxon or Mann-Whitney U test). For the analysis of the difference between time
courses (0-180 min) a repeated measures ANOVA (rmANOVA) was performed using the
Greenhouse-Geisser correction if sphericity was not given. A model with one between-
subject factor and two within-subject factors was used. Pearson correlation or Spearman
correlation analysis was used for normal distributed and non-normally distributed varia-
bles, respectively to determine the correlations between different hormone responses to
MMT and pure Whey or Casein. Areas under the curve (AUC) and incremental areas
under the curve (IAUC) were calculated by SPSS using the trapezoid rule. Statistical sig-

nificance is defined as p < 0.05.



38

Manuscript Writing:

| independently undertook the writing of the article. Continuous further development took
place through the supervision and criticism of my supervisors: Dr.Stefan Kabisch, and
Prof. Andreas F.H Pfeiffer. The concept and the protocol of the study was initiated by
Prof.Pfeiffer. All data from the patients were collected with Dr.Kabisch, study nurses and
myself. All data was statistically evaluated and visualized (all tables and graphs) by me

independently.

Data analysis and critical interpretation were written in the first draft of the manuscript by
me and revised by all other authors. Up to the final version, it required repeated updates

of the primary data set and renewed statistical evaluations.

[Jiudan Zhang] contributed the following to the below listed publications:

Publication 1: [Jiudan Zhang, Olga Pivovarova-Ramich, Stefan Kabisch, Mariya Markova, Silke
Hornemann, Stephanie Sucher, Sascha Rohn, Jirgen Machann, Andreas F H Pfeiffer], [High
Protein Diets Improve Liver Fat and Insulin Sensitivity by Prandial but Not Fasting Glucagon Se-

cretion in Type 2 Diabetes], [Frontiers Nutrition], [2022]

Contribution: Jiudan Zhang performed the statistical analysis of this completed project, generated
all the figures and tables for this publication based on my statistical evaluation independently, and

wrote the manuscript.

Signature, date and stamp of first supervising university professor / lecturer

Signature of doctoral candidate



39

& frontiers | Frontiersin

ORIGINAL RESEARCH
published: 19 May
2022doi:

OPEN ACCESS

Edited by:
Tyler A. Churchward-Venne,
McGill University, Canada

Reviewed by:

Patrick Tso,

University of Cincinnati, United States
Hidetaka Hamasaki,

Hamasaki Clinic, Japan

Errol Marliss,

McGill University, Canada

*Correspondence:
Jiudan Zhang
jiludan.zhang@charite.de
Andreas F. H. Pfeiffer
andreas.pfeiffer@charite.de

Specialty section:

This article was submitted to
Nutrition and Metabolism,

a section of the journal
Frontiers in Nutrition

Received: 03 November 2021
Accepted: 27 April 2022
Published: 19 May 2022

Citation:

Zhang J, Pivovarova-Ramich O,
Kabisch S, Markova M,
Hornemann S, Sucher S, Rohn S,
Machann J and Pfeiffer AFH (2022)
High Protein Diets Improve Liver Fat
and Insulin Sensitivity by Prandial but
Not Fasting Glucagon Secretion

in Type 2 Diabetes.

Front. Nutr. 9:808346.

doi: 10.3389/fnut.2022.808346

®

Check for
updaltas

10.3389/fnut.2022.80834
6

High Protein Diets Improve Liver
Fatand Insulin Sensitivity by
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Secretion in Type 2 Diabetes
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Diagnostic and Interventional Radiology, University Hospital, Tibingen, Germany, 7 Institute for Diabetes Research and
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Glucagon (GCGN) plays a key role in glucose and amino acid (AA) metabolism
by increasing hepatic glucose output. AA strongly stimulate GCGN secretion which
regulates hepatic AA degradation by ureagenesis. Although increased fasting GCGN
levels cause hyperglycemia GCGN has beneficial actions by stimulating hepatic lipolysis
and improving insulin sensitivity through alanine induced activation of AMPK. Indeed,
stimulating prandial GCGN secretion by isocaloric high protein diets (HPDs) strongly
reduces intrahepatic lipids (IHLs) and improves glucose metabolism in type 2 diabetes
mellitus (T2DM). Therefore, the role of GCGN and circulating AAs in metabolic
improvements in 31 patients with T2DM consuming HPD was investigated. Six weeks
HPD strongly coordinated GCGN and AA levels with IHL and insulin sensitivity as shown
by significant correlations compared to baseline. Reduction of IHL during the intervention
by 42% significantly improved insulin sensitivity [homeostatic model assessment for
insulin resistance (HOMA-IR) or hyperinsulinemic euglycemic clamps] but not fasting
GCGN or AA levels. By contrast, GCGN secretion in mixed meal tolerance tests
(MMTTSs) decreased depending on IHL reduction together with a selective reduction of
GCGN-regulated alanine levels indicating greater GCGN sensitivity. HPD aligned glucose
metabolism with GCGN actions. Meal stimulated, but not fasting GCGN, was related to
reduced liver fat and improved insulin sensitivity. This supports the concept of GCGN-
induced hepatic lipolysis and alanine- and ureagenesis-induced activation of AMPK by
HPD.

Keywords: glucagon, insulin sensitivity, liver fat content, alanine, type 2 diabetes, non-alcoholic fatty liver disease
(NAFLD), high protein diet
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e Because-alpha-cell-GCGN-stimulated-insulin-secretion-is largely

INTRODUCTION

Glucagon (GCGN) increases glucose production in the liver,
stimulates insulin release from beta cells and contributes to
maintaining normal levels of glucose in a close interplay with
insulin in healthy subjects (1, 2). Hyperglucagonemia was
proposed as an early driver of hyperglycemia and as an initial step
in the pathogenesis of type 2 diabetes mellitus (T2DM) (3, 4)
although the causes of hyperglucagonemia remain controversial
(5). Insulin resistance of the alpha-cell was proposed to impair
the inhibition of glucagon secretion by insulin and may thereby
increase GCGN levels (3). Glucagon release is directly and
acutely stimulated by amino acids (AA)

(6) and drives their hepatic degradation in the urea cycle (7, 8),
which generates a liver-alpha-cell feedback loop. Non-alcoholic
fatty liver disease (NAFLD) is a frequent consequence of obesity
and associated with increased levels of AA (9) which was
proposed to result from fatty liver-induced hepatic resistance
to the GCGN-induced degradation of AA. The ensuing hyper-
aminoacidemia may in turn stimulate GCGN-release and induce
fasting and postprandial hyperglucagonemia in obesity and
diabetes mellitus. The increase of fasting GCGN is thought to
increase glucose production and to induce hyperinsulinemia
which will further aggravate NAFLD and insulin resistance (10).
The product of GCGN and alanine was recently proposed as an
indicator of hepatic GCGN resistance and was associated with
hepatic fat content (11). Fatty liver is closely linked to insulin
resistance and increased levels of AAs, such that the overlap
and interdependence of both phenomena make it difficult to
separate the causes.

Although GCGN antagonists reduced blood glucose levels in
T2DM patients they increased hepatic transaminases, induced
fatty liver and dyslipidemia (5, 12-14). This raised awareness of
the positive actions of GCGN such as the induction of lipolysis
and lipid oxidation, inhibition of appetite and increase in energy
expenditure (5, 15, 16). Moreover, recent work unraveled an
important role of intra-islet GCGN release from alpha cells in
maintaining beta cell responses (5, 17, 18). This work was backed
by the development of GCGN agonists in peptide polyagonists
combining GCGN, GLP-1, and/or GIP to treat T2DM (5). As
AAs are potent inducers of GCGN secretion, high protein diets
(HPDs) might be used to increase GCGN release and thereby
profit from its benefits (16). Indeed, we recently tested HPDs
without restriction of calorie intake in patients with T2DM and
observed improvements of insulin sensitivity, hepatic fat content,
circulating fatty acids, uric acid, and markers of inflammation and
redox metabolism (19-23).

This raises the question, whether (a) fatty liver is quantitatively
linked to fasting glucagon secretion and hepatic GCGN resistance
in T2DM as reflected by elevated fasting AAand the GCGN-
alanine index and (b), whether a reduction of liver fat would
improve the hepatic GCGN resistance in people with T2DM
as might be expected if NAFLDis a primary cause of
hyperglucagonemia. As NAFLD is also closely linked to
insulin resistance, the reduction of liver fat should improve
alpha-cell insulin sensitivity and may thereby reduce fasting and
postprandial GCGN release.

mediated by GLP-1 receptors, GCGN-resistance might not alter
the response to protein- and AA intake-induced insulin secretion
in mixed meal tolerance tests (MMTTS).

A second aspect arises from potential beneficial effectsof
GCGN in obesity and T2DM: GCGN specifically drives
intrahepatic lipolysis and lipid oxidation through a recently
discovered inositol  trisphosphate-receptor-1 ~ (INSP3-R1)
dependent signal pathway and thereby is a powerful stimulus
to reduce liver fat (24). Preclinical studies moreover suggest a
centrally mediated inhibition of hepatic lipogenesis by GCGN
(16). Indeed, isocaloric HPDs which strongly stimulate GCGN
release, have been used to reduce liver fat in patients with T2DM
by over 40% which most likely was mediated by the increase
in GCGN-induced hepatic lipolysis (19, 20). This raises the
question whether GCGN resistance of the liver would impair the
action of GCGN and thereby serve as a marker of the prospective
effectiveness of HPD for the reduction of liver fat in people
with NASH/NAFLD.

This analysis was performed to assess the interplay of
intrahepatic lipids (IHLs) with plasma levels of GCGN and
hepatic GCGN-resistance in study participants with T2DM before
and after extensive loss of liver fat achieved by the intake of HPDs
(30%E of protein) for 6 weeks. We assessed whether thereis (a) a
correlation of IHL with insulin sensitivity and GCGN resistance
determined by the GCGN-alanine index at baseline and after the
intervention, (b) whether an extensive reduction of IHL by
isocaloric HPD affects insulin or GCGN sensitivity, (c) whether
GCGN sensitivity at baseline determines the effect of theHPD on
loss of IHL, and whether (d) GCGN sensitivity affects the
secretion of insulin induced by a mixed meal, i.e., whether the
ultra-short loop feedback between alpha- and beta-cells changes.

MATERIALS AND METHODS

The analysis is based on the “LeguAN” intervention trialin
subjects (18-80 years) with T2DM, which was registeredat
ClinicalTrials.gov (NCTO02402985). Participants with orally
treated T2DM, matched for age, sex, body mass index (BMI),
glycated hemoglobin Alc (HbAlc), and anti-diabetic
medications, were randomized using computer algorithm to
6 weeks of isocaloric diets which contained 30% of energyintake
(%E) as protein, 40%E as carbohydrates, and 30%E asfat (20).
All participants received individually adapted dietary instructions
and meal plans by an experienced dietician and Master in
Nutrition (SS) and were partially supplied with foods during the
6 weeks. The overall composition of SAFA (10%E), MUFA
(10%E), and PUFA (10%E) was kept similar as much aspossible
and dietary intake was calculated with the computer program
PRODI as described in detail in the supplements ofrefs (19,
20). The study participants completed MMTTs before and at the
end of the study which consisted of breakfast (MMTT1) and
lunch (MMTT2) with detailed profiles of insulin, GCGN, glucose,
and AA over 360 min. The original study compared plant vs.
animal protein rich diets which showed similar improvements of
IHL, insulin sensitivity, fasting glucose,
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HbAlc, visceral adipose tissue (VAT), inflammatory, liver, and
redox markers ref (19-23). The groups were therefore combined
in the current analysis. The separation into two groups with
changes of liver fat above vs. below the median comprised
animal/plant protein of 7/8 in the higher and 9/7 in the lower liver
fat change groups. Changes of protein intakes, blood urea
nitrogen (BUN) and urinary nitrogen excretion relative to
changes in IHL, GCGN, and homeostatic model assessment for
insulin resistance (HOMA-IR) are shown in Supplementary
Figures 2-4. The free fatty acid (FFA) in serum showed a decrease
of all saturated fatty acids (C14-C22), no change of linoleic
acid and a small increase of alpha-linoleic acid as reported
previously (20). All subjects signed informed consent prior to
participation. A total of 31 subjects were included who performed
proton magnetic resonance spectroscopy (*H-MRS) of the liver

and MRI for VAT on a 1.5 T whole body imager (Magnetom

A p-value < 0.05 was considered statistically significant. All
statistical calculations were performed using SPSS 26.0 (IBM,
United States). All graphs were generated by GraphPad prism 8
(CA, United States).

RESULTS

We studied 31 study participants with orally treated T2DM whose
characteristics are shown in Table 1. The intrahepatic lipidcontent
(IHL) was 15.4 9.8% determined by H-MRS and correlated
highly with insulin sensitivity measured as HOMA-IR(p = 0.554,
p = 0.001) (Figure 1A) and with fasting GCGN levels (p = 0.454,
p = 0.012) (Figure 1B). VAT, determined by MRI,

Avanto, Siemens Healthcare, Erlangen, Germany) at baseline and
after 6-weeks of high-protein dietary intervention (19-21). Body
composition (fat mass and lean mass) was determinedby Air
Displacement Plethysmography (BOD POD, COSMED, Italy).
Routine parameters were measured in serum using ABX Pentra
400 (Horiba, Japan). Insulin and glucagon in serum samples were
measures by ELISA (Mercodia, Sweden). Plasma AA levels were
determined by liquid chromatography tandem mass spectrometry
analysis.

Calculations

Index of whole-body insulin resistance (HOMA-IR) was
calculated as: fasting insulin (mU/L)x fasting glucose in
(mmol/L)/22.5 (25). Matsuda index was calculated according to
Matsuda and DeFronzo (26).

The GCGN-alanine index and the GCGN-AA-index were
calculated as fasting glucagon  fasting alanine or other AA,
respectively, according to the previous publication (12). The
glucose disposal rate (M-value) was calculated from the
infusion rate of exogenous glucose during steady state of the
hyperinsulinemic euglycemic clamp (HEC) as previously
described.

Statistical Analysis

For statistical analysis, all variables are described as meas SD.
Normal distribution was evaluated by Shapiro-Wilk-test.
According to the normal or non-normal distribution, statistical
comparison of variables at baseline and after 6-weeks high
protein intervention between two groups was performed by
independent t-test or Mann-Whitney U-test; Paired t-testor
Wilcoxon signed rank test was used within groups. The repeated
measures ANOVA was used to analyze differences at different
time-points.

For correlation analysis, non-normally distributed data
(GCGN-AA index, IHL, and HOMA-IR) were logarithmically
transformed to approximate a linear distribution. Spearman’snon-
parametric rank or Pearson correlations were conducted
depending on the normality of data distribution. Areas under
the curve (AUC) and incremental areas under the curve (IAUC)
were calculated by GraphPad prism 8 (CA, United States) using
the trapezoid rule.

TABLE 1 | Parameters at baseline (Week 0) and after the HPD intervention of all
study participants (Week 6).

Parameter (n = 31) Week 0 Week 6 p-Value
Age (years) 64.6 + 6.0

Gender (male/female) 19 m/12 f

Liver fat content (MR-S; %) 154 +9.8 8.8+ 8.1 <0.001***
Body weight (kg) 89.4 + 14.2 87.4 + 14.0 <0.001%**
BMI (kg/m?) 30.6 + 3.7 29.9 +35 <0.001***
Waist circumference (cm) 102.9 + 10.9 100.6 + 10.7 <0.01**
Fasting glucose (mmol/L) 96+ 1.5 88+ 15 <0.001***
Fasting insulin (mU/L) 8.4 + 4.7 79+54 0.16
Fasting glucagon (pmol/L) 8.2+35 8.4+ 3.7 0.63
Fasting C-P (Ug/L) 1.9+0.38 1.9+0.9 0.40
Insulin/glucagon ratio 1.1+0.72 0.89 + 0.42 0.056
C-P/glucagon ratio 0.27 + 0.17 0.23 + 0.08 0.23
iAUC glucagon (pmol/L) 992.1 + 577.4 829.3 = 502.3 0.313
HbAlc 6.8 + 0.70 6.4 + 0.69 <0.001***
HOMA-IR 35+19 3.1+20 <0.05*
Matsuda index 45+ 3.1 5.0+29 <0.05*
M-value 49+21 55+19 <0.01**
AST (UIL) 252 + 8.7 21.8+6.1 <0.01*
ALT (UIL) 28.2+9.9 26,5+ 8.4 0.13
AST/ALT ratio 0.87 +0.21 0.84 + 0.19 0.54
GGT (U/L) 44.1 = 26.2 30.8 + 15.9 <0.001%**
TG (mmoliL) 1.7 + 0.59 1.6 + 0.66 0.22
TC (mmol/L) 5.3 +0.97 4.62 + 0.95 <0.01**
LDL-C (mmol/L) 3.4 +0.89 2.9+0.85 <0.01**
HDL-C (mmol/L) 1.1 +0.26 0.96 + 0.17 <0.01**
CREA (Umol/L) 81.3 + 16.2 77.5 + 16.7 <0.05*
BUN (mmol/L) 6.0 = 0.95 78 +1.8 <0.001***
eGFR (mL/min/1.73 m?) 78.6 + 15.2 82.6 = 15.2 <0.05*
Urine urea (mmol/24 h) 403.0 + 134.2 564.0 + 200.2 <0.001*+*
VAT (L) 6.0+21 58+ 1.9 <0.01*
Fat mass (%) 358+ 7.3 33.9+7.0 <0.05*
Lean mass (%) 64.0 + 7.3 66.2 + 7.0 <0.05*

BMI, body mass index; C-P, C-peptide; iAUC, incremental area under curve;

HbAlc, glycated hemoglobin Alc; HOMA-IR, homeostatic model assessment for
insulin resistance; AST, aspartate aminotransferase; ALT, alanine aminotransferase;
GGT, gamma-glutamyl transferase; TG, triglycerides; TC, total cholesterol; CREA,
creatinine; BUN, blood urea nitrogen; eGFR, estimated glomerular filtration rate;
VAT, visceral adipose tissue. *p < 0.05; **p < 0.01; **p < 0.001.
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FIGURE 1 | Correlations between (A) IHL (%) and insulin sensitivity (HOMA-IR); (B) IHL (%) and GCGN; (C) HOMA-IR and GCGN; (D) visceral adipose tissue (VAT)
and HOMA-IR; (E) VAT and GCGN; (F) correlations between fasting insulin and GCGN before (Week 0, blue) and after high protein intake intervention in the entire
study group (Week 6, red). *p < 0.05; **p < 0.01; ***p < 0.001.

did not correlate with GCGN (p = 0.17, p = 0.36) (Figure 1E).
The intervention resulted in markedly reduced liver fat content by
6.6%, slightly but significantly reduced VAT and significant
improvements of HbALc, fasting glucose, and insulin sensitivity
(HOMA-IR, Matsuda index, and M-value) (Table 1) (19, 20). The
levels of fasting GCGN did not change significantly (Table 1).

Correlation of Glucagon, Glucagon—
Alanine Index, and Insulin Sensitivity
With Intrahepatic Lipid andVisceral

Adipose Tissue

Glucagon levels correlated with IHL and insulin sensitivity before
and after the intervention (Figures 1B,C) and with VAT after
the intervention (p = 0.52, p = 0.004) (Figure 1D). In order
to assess hepatic GCGN sensitivity, we calculated the GCGN—
alanine index as proposed (12) which correlated modestly with
IHL at baseline (p = 0.369, p < 0.05). Insulin sensitivity calculated
by HOMA-IR correlated trendwise and non-significantly with the
GCGN-alanine index at baseline (p = 0.352, p = 0.057) (Figure
2A). Remarkably, the correlations of the GCGN-alanineindex
became highly significant upon the high protein intake for6 weeks
for IHL (p = 0.652, p < 0.001) (Figure 2B) and for insulinsensitivity
(p=0.644,p < 0.001) (Figure 2A). Similarly, increasedcorrelations
were observed between GCGN-alanine index and BCAA,
glutamine, or histidine as well as between total AAs andwith IHL
or HOMA-IR (Supplementary Table 3). The intakeof the high-
protein diet thus greatly increased the alignment of GCGN and
AA as reflected by their increasing correlation with liver fat and
insulin sensitivity.

Improvements of Insulin Sensitivity Upon
Reduction of Liver Fat Are Dissociated
From Changes of the Glucagon—Alanine

Index

Glucagon is likely a key player in the protein-induced reduction
of liver fat by high protein intake (24). The reductions of liver fat
in our study showed large differences between individuals. We
therefore hypothesized that these differences might be related to
hepatic GCGN resistance resulting in impaired GCGN-induced
hepatic lipolysis and induction of ureagenesis.

We therefore analyzed the participants according to changes
above or below the median of liver fat change. This resulted
in a significant difference of liver fat reduction between the
groups although baseline levels of IHL did not differ significantly
(Table 2). The lesser liver fat reduction group shifted from 17.4
to 12.7% IHL and thus maintained a high liver fat content even
after the relative reduction by 27%. The greater liver fat reduction
group decreased IHL by 65% from 13.3 to 4.6 3.8% and thus —in
average — below the defined threshold of fatty liver of 5.56% IHL.
The modest reduction of weight and waist circumference was
around 2 kg and 2 cm, respectively, identical in both groupsas
were modest reductions of visceral and total adipose tissue and
modest increases in muscle mass (Table 2).

Fasting glucose decreased significantly in both groups while
fasting insulin decreased significantly in the greater liver fat
reduction group only. Fasting GCGN did not change significantly
in either group. Insulin sensitivity expressed by HOMA-IR,
Matsuda index, or M-value improved significantly in the group
with greater IHL reduction but not in the lesser IHL-reduction
group resulting in a significant difference between the groups.

Frontiers in Nutrition | www.frontiersin.org

May 2022 | Volume 9 | Article 808346



43

Zhang et al.

Glucagon and Fatty Liver Disease

>

GCGN-Alanine index

HOMA-IR

4

GCGN-Alanine index

-~ Week 0
—+ Week 6
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the entire study group (Week 6, red). *p < 0.05; **p < 0.001.

TABLE 2 | Parameters at baseline (Week 0) and after HPD intervention (Week 6) of study participants with lower (below median) and higher (above median) reduction of
intrahepatic lipid content (IHL).

Parameter Lower liver fat reduction (n = 16) Higher liver fat reduction (n = 15) pweek 6 vs
below median above median week 0
Week 0 Week 6 P Week 0 Week 6 p
Age (years) 63.0 £ 5.7 66.3 + 6.0
Gender (male/female) 8m/8f 11 m/af
Liver fat content (MR-S; %) 17.4 £10.7 127+ 9.2 <0.001*** 13.3+86 46+38 <0.001*** <0.05*
Body weight (kg) 89.0 + 14.0 86.7 + 13.6 <0.001** 89.6 + 15.6 86.8 + 154 <0.001*** 0.96
BMI (kg/m?) 31.0+4.1 30.2+ 4.0 <0.001** 30.2+3.3 29.5 + 3.1 <0.001*** 0.96
Waist circumference (cm) 102.5 + 10.4 100.7 + 10.3 0.07 1032 +11.8 100.6 = 11.5 <0.01* 0.54
Fasting glucose (mmol/L) 93+1.0 88+ 1.1 <0.05* 10.0+1.8 89+18 <0.01* 0.12
Fasting insulin {(mU/L) 84+49 89+64 0.28 83+46 6.9 +4.1 <0.05" <0.05*
Fasting glucagon (pmol/L) 82+32 9.2+40 0.24 87+45 76+34 0.51 0.18
Fasting C-P (ug/L) 19+09 19+1.0 0.59 1.8+08 1.7+08 0.07 0.11
AUC insulin (MMT1) 8915.3 + 6880.0 9039.2 + 7201.4 0.75 10163.1 +6425.7 8503.3 + 4852.5 <0.05* <0.05*
AUC insulin (MMT2) 6322.0 + 4262.6 5923.3 + 3508.7 0.14 6062.9 + 4109.5 4926.7 + 2844.5 0.06 0.35
AUC glucagon (MMT1) 2917.4 + 869.5 3051.3 + 1018.9 0.35 2925.1 +1004.8 2672.3 + 1046.9 <0.05" 0.08
AUC glucagon (MMT2) 2988.1 + 829.9 2755.9 + 831.8 0.08 2651.7 + 1089.3 2439.4 + 1181.6 0.08 0.98
HbA1c 6.7 £ 0.54 6.3 +0.47 <0.01™ 7.0+ 0.81 6.6 +£0.84 <0.05" 0.80
HOMA-IR 34+19 34+24 0.77 36+20 26+15 <0.01** <0.05*
Matsuda index 48+ 37 47 +29 0.72 42+25 54 +30 <0.01* <0.05*
M-value 50+24 53+20 0.28 48+18 58+1.7 <0.01* 0.1
AST (U/L) 26.4 £ 9.7 21.8+5.8 <0.05* 240477 21.7+65 0.16 0.34
ALT (U/L) 299+ 127 278+9.4 0.156 264 +£5.5 251+72 0.48 0.42
AST/ALT ratio 0.88 +0.24 0.82 +0.16 0.61 0.87 £ 0.18 0.86 + 0.22 0.81 0.67
GGT (UL 48.4 =236 36.0+17.9 <0.001™* 39.5 +28.7 252+ 115 <0.05* 0.81
TG (mmol/L) 1.7 £ 0.54 1.8+0.74 0.33 1.7 £ 0.66 1.4 +0.52 <0.05* <0.05*
TC (mmol/L) 52+0.88 48+1.0 <0.01™ 54+141 4.5+ 0.88 <0.001*** <0.05*
LDL-¢ {(mmol/L) 3.3+0.86 3.0+ 091 <0.05* 3.5+0.94 29+0.82 <0.01* 0.58
HDL-c (mmol/L) 1.1+027 0.95 +0.14 <0.01™* 1.2+027 0.96 + 0.21 <0.001*** 0.18
Creatinine (mol/L) 826+ 175 799 + 185 0.41 799 + 15.2 749 +£ 147 <0.05* 0.49
BUN (mmol/L) 6.0+ 1.0 78+17 <0.01™ 5.9+ 0.94 78+19 <0.01* 0.38
eGFR (mL/min/1.73 m?) 77.1 £ 161 80.2 + 159 0.38 80.3 + 14.6 85.1 + 14.6 <0.05* 0.61
Urine urea (mmol/day) 377.6 £ 79.3 507.6 + 158.5 <0.01™* 430.4 +£ 175.0 624.7 + 2279 <0.01* <0.05*
VAT (L) 6.0+22 56+21 <0.01* 59+241 55+1.9 0.12 0.92
Fat mass (%) 36.4 £ 9.0 34.8+89 <0.01* 356.2+49 32.6+3.8 0.1 0.52
Lean mass (%) 63.6 + 9.0 65.2 + 8.9 <0.01™ 64.8 +4.9 67.4 3.8 0.1 0.52

BMI, body mass index; C-P, C-peptide; HbATc, glycated hemoglobin Alc; HOMA-IR, homeostatic model assessment for insulin resistance; AST, aspartate
aminotransferase; ALT, alanine aminotransferase; GGT, gamma-glutamyl transferase; TG, triglycerides; TC, total cholesterol; CREA, creatinine; BUN, blood urea nitrogen;
eGFR, estimated glomerular filtration rate. “p < 0.05; *p < 0.01; ***p < 0.001.
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By contrast, the GCGN resistance indices calculated for
alanine or AA did neither change significantly within, nor differ
between the groups (Supplementary Tables 1, 2, Figure 3).
However, the reduction of liver fat showed a borderline

correlation with the change of GCGN (p = 0.344, p = 0.077) but
not with the change of the GCGN-alanine index.

Notably, the correlations of the GCGN-AA indices with IHL
and insulin sensitivity became highly significant for virtually all
AA from baseline to follow-up, indicating a close alignment
of GCGN-regulated AA-metabolism with IHL and insulin
sensitivity (Supplementary Table 2). Thus, the reduction of liver fat
is linked to a reduction of insulin resistance but not of GCGN
resistance estimated by the GCGN-alanine index even upon
extensive reductions of liver fat. However, the role of the GCGN—
AA-hepatic axis appears to become enhanced which we interpret

to reflect beneficial actions of GCGN.

Does Glucagon Resistance Impair the

High Protein Diet-Induced Loss of Liver
Fat?

We then asked whether hepatic GCGN resistance may relate to
impaired degradation of IHL by GCGN in response to HPD
and therefore compared participants above with those belowthe
median of the GCGN-alanine index regarding responses of IHL
to high-protein diet. Indeed, the GCGN-alanine index in the
upper half was associated with higher liver fat comparedto
the lower half both at baseline (20.9 %2 vs. 11.9  94%;

p < 0.05) and after 6 weeks (11.4 +7.3vs. 4.1 +3.9%; p < 0.01).
However, the absolute magnitude of liver fat reduction did not
differ between the groups (6.8 53 vs. 6.6 5.1%;p > 0.05) and
we did not find an indication that a higher GCGN-alanine index
impairs the HPD-induced reduction of liver fat (Table 3 and
Supplementary Figure 1).

Does Glucagon Play a Role for

Circulating Free Fatty Acids?

We previously reported that HPDs reduced circulating saturated
FFAs which associated with the changes in IHL (19). Inview
of the regulation of hepatic lipid metabolism by GCGNwe
assessed associations between circulating GCGN and FFA.

TABLE 4 | Correlations between GCGN and FFA and DNL-index before (Week 0)
and after (Week 6) HPD intervention.

Parameters (n = 31) Week 0 Week 6
C14:0 p=0.253 p=0.417
p=0.186 p < 0.05*
C15.0 p=-0.071 p =0.094
p=0.713 p=0.626
C17.0 p=0.315 p=0.272
p =0.096 p=0.153
C16:0 p=0.388 p=0.524
p < 0.05* p < 0.01*
C18.0 p=0.522 p=0.489
p < 0.01* p < 0.01*
DNLindex = 16:0/18:2n6 p=0.531 p = 0.456
p < 0.01** p < 0.05*

C14:0: myristic acid; C16:0: palmitic acid; C18:0: stearic acid; C15:0:
pentadecanoic acid; C17:0: heptadecanoic acid; DNLindex: de novo lipogenesis
index. *p < 0.05; **p < 0.01.

Indeed, GCGN correlated significantly with palmitic and stearic
acid and the de novo lipogenesis index, both before and after
the intervention supporting a role of GCGN in the regulation of
lipogenesis. This would be expected due to the AMPK induced
inhibition of ACC (Table 4 and Supplementary Table 7). In
agreement, there was no correlation with odd numbered FFA or
unsaturated FFA or indices of desaturase or elongase activities
(Supplementary Table 7).

Assessment of Beta-Cell Stimulation by
High Protein Diet — Does the Glucagon

Response Play a Role?

Capozzi and coworkers recently proposed that GCGN-induced
insulin secretion contributes to lowering of blood glucose
concentrations particularly in mixed meals (17, 18). Wewondered
whether changes of AAs and GCGN responses to protein
challenges occurred in response to the reductions ofliver fat by
HPD. Fasting levels of AA did not change in response to the
intervention. Fasting levels of GCGN and insulin were highly
correlated (p = 0.431, p < 0.05), and the

TABLE 3 | Parameters at baseline (Week 0) and after HPD intervention (Week 6) between lower (below median) and higher (above median)

basalGCGN-alanine index groups.

Week 0
Glucagon-alanine index

Week 6 Glucagon—
alanine index

Parameters Lower (n = 16)

below median

Higher
(n=15)
above median

Liver fat content (MRS; %) 11.9 + 9.4 20.9 +9.2
Insulin/glucagon ratio (fasting) 1.4 +0.84 0.85 + 0.48
Insulin/glucagon ratio (60 min) 52+ 37 29+16
Insulin/glucagon ratio (120 min) 46 +2.8 35+22
Insulin/glucagon ratio (180 min) 26+1.6 24+ 16

p Lower (n = 16) Higher p
below median (n=15)
above median
<0.05* 41+39 114+ 7.3 <0.01**
0.052 0.89 + 0.42 0.83 + 0.32 0.88
0.07 37+20 42+28 0.84
0.18 3.8+20 43+27 0.77
0.33 23+ 1.1 24+13 0.95
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TABLE 5 | Area under the curve-insulin and AUC-GCGN levels at baseline (Week 0) and after HPD intervention (Week 6) in MMTT 1 and MMTT 2.

Parameters MMTT 1 MMTT2
Week 0 Week 6 p Week 0 Week 6 p
AUC insulin 9482.6 + 6410.0 8722.8 + 5890.0 0.17 6233.7 + 4015.9 5394.6 + 3102.0 <0.05*
AUC glucagon 2917.4 + 899.8 2856.6 + 1007.4 0.51 2907.4 + 964.2 2656.0 + 979.8 <0.05*
AUC, area under the curve. *p < 0.05; **p < 0.01.
A B
2.5 2.5
Bl Week 0
B Week 6
5 2.0 5 2.0
2 2
8 8
g 1.5 S 1.5+
2 2
£ 1.0 5 1.0
z z
3 8
O 0.5 I I © 0.5
iy .. L] 0_0_|ll . LI 5

0.0

GCGN-Taurine:

GCGN-Alanine:

GCGN-Valine =

GCGN-Taurine:

GCGN-Alanine

GCGN-Valine =

GCGN-Methionine =

GCGN-Tryptophane =4
GCGN-Tyrosine =

GCGN-Histidine =4

GCGN-Serine =

GCGN-Arginine =

GCGN-Asparagine =

GCGN-Leucine:

GCGN-Isoeucine =

GCGN-Methionine =4

GCGN-Tryptophane =4

GCGN-Tyrosine—

GCGN-Histidine =

GCGN-Serine=—

GCGN-Arginine =4

GCGN-Phenylalanine =
GCGN-Asparagine =4

GCGN-Leucine=

GCON-Isoeucine —Tamtt

GCGN-Phenylalanine =

FIGURE 3 | Glucagon-alanine index between (A) lower IHL reduction groups; (B) higher IHL reduction group before (Week 0, blue) and after the intervention (Week

6, red)
A MMTT1 B MMTT2
6000- 6000 o Week 0
= p=0.675 = -o- Week 6
E o @ p<0.001*** £
S . 8
< 4000~ < 4000
£ £
g g
& 2000- & 2000+
2] o
=2 =2
< <
L T = . 0 T T T 1
0 10000 20000 30000 0 5000 10000 15000 20000

AUC insulin(mU/L*240min)

FIGURE 4 | Correlations between AUC (*240 min) insulin and AUC (*240 min) GCGN in MMTT 1 (A) and MMTT 2 (B) before (Week 0, blue) and after the intervention

(Week 6, red). *p < 0.05; **p < 0.01; ***p < 0.001.

AUC insulin(mu/L*240min)

correlation increased markedly after the intervention (p = 0.639,
p < 0.001) (Figure 1F).

We therefore tested whether the AA and GCGN responses
to intake of 30 g protein/mixed meal were related to the liver
fat content by analyzing identical successive breakfast (MMTTL1)
and lunch (MMTT2) before and after the intervention. The
reduction of IHL resulted in reduced overall responses of insulin
and GCGN in the MMTTs (Table 5 and Figure 4). This was
accompanied by significantly and selectively reduced increases
of alanine but not of other AAs (Figure 5). We then performed
the same calculations for the groups above and

below the median with greater and lesser liver fat reduction.
Indeed, the reductions of insulin-, GCGN-AUC in the meal tests
were only observed in the greater liver fat reduction group while
alanine-AUC was reduced in both groups (Table 2 and Figures
6A,B).

The insulin/GCGN ratios were, moreover, significantly higher
in participants with a fasting and postprandial GCGN-alanine
index below compared to above the median at baselineindicating
relatively less GCGN release (Table 3). Remarkably,
the insulin/GCGN ratio decreased markedly from 1.42 + 0.84 to

0.89 + 0.42 at 0 min and also over the meal test in the lower
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GCGN-alanine index group (with lower liver fat) indicatinga
greater relative secretion of GCGN. By contrast, the higher
GCGN-alanine index group showed no significant change.

The ratios did not differ significantly between the higherand
lesser IHL-reduction group before or after the intervention
although the insulin/GCGN-ratio also decreased numerically in
the greater liver fat reduction group (Supplementary Table 4).

DISCUSSION

The role of GCGN in the dysregulation of glucose and lipid
metabolism is debated at present (5, 10, 15). GCGN is consistently
elevated in people with fatty liver and T2DM and contributes
to hyperglycemia as shown with GCGN antagonists (27, 28).

However, GCGN antagonists increased dyslipidemia, IHL and
liver enzymes (13). Glucagon selectively induces hepatic lipolysis
and enhances insulin secretion within pancreatic islets (17, 24).
Our findings confirm (A) a positive correlation of fasting
GCGN with hepatic fat content and insulin sensitivity in subjects
with T2DM, obesity, and fatty liver. We report (B) that extensive,
but not moderate, reductions of IHL after 6 weeks HPD induce
the expected improvement in insulin sensitivity but do not alter
fasting levels of GCGN. However, (C) postprandial stimulation
of GCGN is reduced in parallel to reductions of insulin due to
the better insulin sensitivity. However, the insulin/GCGN ratio
in MMTTSs decreased in participants with a greater reduction of
liver fat and extensive metabolic improvements. Thus, the fasting
and postprandial levels of GCGN relative to insulin increased
indicating that higher GCGN responses were associated with
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metabolic improvements. Moreover, (D) a selective reduction
of the postprandial response of alanine was observed whichmay
indicate enhanced hepatic GCGN sensitivity which strongly
regulates alanine metabolism (see below). Therefore, increasing
GCGN by HPD indeed allows metabolic improvements which
suggests that the beneficial actions of GCGN outweigh the
negative role in glucose production and parallel the positive
results of GCGN co-agonists.

Correlation of Glucagon or the
Glucagon—Alanine Index With

Intrahepatic Lipid and Insulin Sensitivity
Glucagon is potently stimulated by increases of AA and then
regulates not only the hepatic degradation of AA in the urea cycle
but also increases hepatic glucose production and stimulates
insulin secretion (5). This increase of glucose production is
physiologically compensated for by increased insulin releaseand
glucose disposal in healthy subjects (29) which remains
functional in people with T2DM despite of an impaired insulin
response to glucose (21).

The correlation of IHL with the GCGN-alanine index was
borderline significant at baseline and GCGN alone showed a
higher correlation with IHL than the GCGN-alanine index which
thus reflects variable alanine levels. The correlation ofthe
GCGN-alanine index with insulin sensitivity (HOMA-IRor M-
value) was non-significant at baseline while a significant
correlation with GCGN was observed. The GCGN-alanine index
did not improve the association of GCGN with insulin sensitivity
or fatty liver as might be expected if the dysregulation of fasting
alanine plays a primary role. This was also true for all other
GCGN-AA indices. As the GCGN-alanine index multiplies Ala
(or other AA) with GCGN one would expect a higher correlation
of the index than of GCGN alone if alanine contributes to the
increased GCGN levels.

Remarkably, after the HPD intervention, the correlation of
GCGN-alanine index with IHL and HOMA-IR became highly
significant. This also applied to other GCGN-AA indices. We
interpret this to reflect a greater impact of AA in the regulation of
IHL and insulin sensitivity in combination with GCGN dueto
the increased protein intake. High protein intake results inthe
oxidation of AAs in muscle which employs the alanine— glucose
(or Cahill) cycle to shuttle the amino groups to the liver for
detoxification in the urea cycle (30). GCGN was shown to
directly regulate both ALT enzymes (GPT and GPT-2) at the
transcriptional level (31) as the first step of AA detoxification
in the hepatic urea cycle. This may reflect the primary role of
GCGN in the reduction of IHL due to GCGN induced hepatic
lipolysis through the INSP3R1 mediated pathway which was
recently described and provides an important explanation for
the effect of HPD (24). The urea cycle was moreover shown to
activate AMPK due to the consumption of ATP by arginino-
succinate synthase which results in AMPK-induced inhibition
of hepatic acetyl-CoA carboxylase and thus of lipogenesis (32).
The high correlations of GCGN with saturated FFA and the
de novo lipogenesis index support the role of GCGN in the
regulation of lipid metabolism which became apparent in human

studies with GCGN antagonist-induced dyslipidemia and fatty
liver. Obviously, this also applies to HPD-induced increases of
GCGN. The reduction of the metabolically toxic saturated FFA,
in particular palmitic acid (C16:0) by HPD likely involves a
regulation of de novo lipogenesis by GCGN, possibly due to
inhibition of ACCL1 by increased AMPK activity in the liver.

Dissociation of Improvements of Fasting
Insulin- and Glucagon-Sensitivity in

Response to Reduced Intrahepatic Lipid
The associations of GCGN with increased fasting AA, insulin
resistance and fatty liver appear to support its negative rolein
the obesity and diabetes-associated metabolic dysregulation.A
stimulation of GCGN by high protein intake should therefore
further deteriorate metabolism (10). The alternative view
interprets the increase of GCGN as a defensive response inan
attempt to reset metabolism (5). Indeed, the HPD induced marked
improvements of metabolism (19, 20, 22). However, an extensive
reduction of IHL by 42% upon consumption of HPD for 6 weeks
did not alter fasting GCGN, AA-levels, or the GCGN-alanine index,
indicating that IHL is not directly related to fastingGCGN or AA
levels in people with T2DM. By contrast, the reduction of liver
fat resulted in a significant improvement of insulin sensitivity as
shown by either HOMA-IR, Matsuda index, or M-value.
Moreover, other markers of metabolism improved such as uric
acid, CRP, and blood lipids (19, 20). Therefore,the HPD
induced meal related increase most likely explains the
metabolic improvements while fasting GCGN may be of minor
importance.

The decrease in liver fat with HPDs was remarkably variable
which might be related to hepatic GCGN resistance, because
GCGN most likely drives the liver fat reduction by specifically
enhancing hepatic lipolysis and inhibiting lipogenesis (24, 32).
We therefore compared subjects above the median and below
the median of liver fat reduction. The upper 50th percentile lost
27% of IHL which resulted in 12.7% IHL after the intervention
while the lower 50th percentile lost 65% of liver fat whichled
to 4.6% IHL on average which is below the threshold definition
of fatty liver. Although all indices of insulin resistanceimproved
significantly only in the greater IHL-reduction group, there was
no significant difference in fasting GCGN, GCGN- alanine
index, or other fasting GCGN-AA indices. There were also no
significant changes in the fasting levels of AA. This shows that
changes of insulin sensitivity and GCGN sensitivity as calculated
by the GCGN-alanine index in response to metabolic
improvements can be dissociated in T2DM mellitus. Therefore,
the alpha-cell response in the fasting state appearsto be less
responsive to reductions of liver fat than other metabolic
parameters.

Improvements of Meal-Related Insulin

and Glucagon Responses

Meal related responses of GCGN are thought to be exaggerated
in T2DM although this has received little attention with regards
to responses to protein intake previously. We assessed whether
the reduction of IHL would alter the GCGN response to protein
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intake. The same protein rich MMTTs were performed before and
after the intervention such that each individual could serveas its
own control. This showed a reduction of insulin and GCGN
responses in the MMTTSs in the presence of greater reduction of
liver fat. Moreover, the levels of GCGN relativeto insulin
increased supporting a contribution of GCGN to the metabolic
improvements.

Altered Alanine Responses May Reflect

Changes of the Glucose-Alanine Cycle
Remarkably, the plasma levels of alanine in the meal challenge
tests were selectively reduced after 6 weeks of HPD, accompanied
by a pronounced reduction of IHL, while the other AA and total
AA did not change. The glucose-alanine cycle is well known to
play a key role in glucose and AA metabolism (33). Alanine
is generated by transamination from other AA used as energy
substrates in muscle and transports amino groups to the liver
which detoxifies the ammonium groups by delivery to the urea
cycle. GCGN was shown to preferentially increase hepatic alanine
uptake several-fold as compared to other AA (33). Alanine was
recently shown to directly regulate mitochondrial oxidative
metabolism in fasted humans (34). Mouse studies identified
alanine as an intracellular activator of AMPK in hepatocytes
which was dependent on ALT1 and the extraction of intermediate
metabolites of the TCA-cycle (35). Alanine supplementation
resulted in improved glucose metabolism of lean or obese mice.
The alanine metabolic pathway was shown to be reversibly
dysregulated in obese mice and humans and associated with
impairments of ureagenesis (36, 37). We interpret the selective
reduction of alanine in the MMTTs therefore as an indication
of more effective use of alanine and improved mitochondrial
oxidative function which may partially explain the improvements
of glucose metabolism. As GCGN primarily regulates hepatic
alanine uptake and metabolism, the reduced levels may indicate
an improved prandial hepatic GCGN sensitivity. Notably, insulin
resistance of protein metabolism was shown to be more
pronounced in the fasting state while postprandial responses were
close to normal (38). In analogy, postprandial GCGN actions may
adapt preferentially to metabolic improvements.

A remarkable observation was that levels of urea were higher
in subjects with greater liver fat reduction and showeda greater
increase during the HPD intervention. This may indicate that
there was a higher efficiency of GCGN to induce AA degradation
and ureagenesis which may support the lossof IHL (32) as
discussed above. In addition, GCGN was shown to specifically
induce hepatic secretion of cAMP intothe bloodstream to
regulate kidney function which is a further energy-expensive
signaling pathway (39). The improvementsof IHL and insulin
sensitivity in the entire cohort indicatea sufficiently preserved
capacity of the liver to handle AA metabolism and to profit from
its consequences in response to HPD. However, there appear to
be subgroup-specific differencesin the capacity to respond to
HPD which are not well understood at present.

An important concern regarding high protein intake is a
potential impairment of renal function due to the increased

delivery of urea (40). GCGN was shown to participate in the
adaptation of the kidney to increased protein intake (41).
However, there is no conclusive evidence that limitation of
protein intake prevents the progression of renal failure in T2D
in randomized prospective studies (42, 43). Nevertheless, high
protein intake should be avoided in patients with renalimpairment
until better evidence is available.

Limitations of the study apply to the relatively small number
of patients who displayed a well-controlled non-insulin requiring
diabetes and were characterized in considerable detail. The study
used plant or animal protein supplements which differed in AA
composition and there was a gender dysbalance in the groups
above or below the median of liver fat reduction. The patients
were Caucasian and of moderately advanced age. We did not
study direct responses to exogenous administration of GCGN
which may allow more sensitive assessment of GCGN responses.
However, the high protein MMTTSs reflect the real-life situation.

CONCLUSION

Although fasting levels of GCGN are positively correlated with
insulin resistance and IHL, increasing prandial GCGN secretion
by HPD improves IHL, insulin sensitivity, fasting glucose, and
circulating free saturated fatty acids. This associates with a
selective reduction of alanine in meal challenge tests whichis
known to be primarily regulated by GCGN. Alanine links GCGN-
stimulated glucose and AA-metabolism and might playa key
role in augmenting insulin sensitivity and in inhibitionof
lipogenesis through AMPK-dependent pathways. Moreover, the
metabolic improvements are associated with a reduction of meal
stimulated insulin and GCGN secretion but a greater GCGN
relative to insulin secretion. Together these findings suggest a
primary role of prandial GCGN in the HPD-induced metabolic
improvements which appears to be associated with an increased
GCGN sensitivity.
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