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1 Abbreviations

1. Abbreviati ons

BMI body mass index

GDM gestation diabetes

hGH human growth factor

IGF-I insulin-like growth factor |

MSTN myostatin gene

OGTT oral glucose tolerance test

PPSDiab A Rediction, Prevention, and Subclassification of type 2 diabetes mellituso

T2DM type 2 diabetes mellitus
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2. Il ntrodiucypen2 bBi Meéetetus (T2D

21 Prevalaemdcegener al paoohogRRPMi ol ogy

Type 2 diabetes mellitus (T2DM) is a common disease. In 2021, an estimated 8.5 million people
in Germany carried this diagnosis while the number of unreported cases was estimated at an
additional 2 million [1, 2]. Furthermore, a projection based on health insurance data, sees a
relative increase of diagnosed T2DM cases in Germany of 54% - 77% from 2015 to 2040, which
will likely include many young adults [1, 3]. The associated burden on the healthcare system,
both financially and in terms of capacity, will be significant. Not surprisingly, similar trends are

seen globally, in particular in high and middle income countries [2, 4].

In T2DM, glucose metabolism is disturbed primarily because of insulin resistance in target tis-
sues such as adipose or muscle. For compensation, the pancreatic beta cells initially often
overproduce insulin [5]. However, in the course of the disease, beta cell failure develops as a

second pathophysiologic component of T2DM in many cases.

The insidious nature of T2DM means that it can develop unnoticed and untreated over a long
period of time, all the while causing damage to beta cells and other tissues [5]. A reversible
disease initially, it will turn into a continuously progressive condition over time [5]. While lifestyle
interventions can be particularly helpful in prediabetic and early diabetic disease stages, antihy-
perglycemic medications will often be necessary in a later stage [6].

The high prevalence of T2DM, its insidious onset and severe consequences require further

efforts to develop early diagnostic and therapeutic tools for this disease.

22 Ri sk factors of T2DM

The development of T2DM usually involves metabolic and/or hormonal changes, as well as
changes in the body composition. However, it is difficult to determine what initiates the patho-
physiological process in the first place [7]. Factors that promote T2DM are very diverse. Family
history is a common initial indicator, as well as age and physical fitness, and in most T2DM
cases, features of the metabolic syndrome are present [8, 9]. Patients with an underlying meta-
bolic syndrome usually have ectopic fat accumulation, dyslipidemia, and metabolic inflammation
[7,10]. Thestudylandscape of T2DM stil]l | argely covers pati
[11-15]. Increasingly, however, young, lean individuals are being diagnosed with T2DM. These
patients especially illustrate the crucial need for better prevention and early detection of T2DM

or prediabetes.
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23 Prevention and early detecti

T2DM is diagnosed either by means of an oral glucose tolerance test (OGTT) or by determining

on of

long-term (HbAlc) and fasting glucose. The most reliable method -t he fgol d-istteandar do

OGTT. It is, however, time-consuming and costly, meaning that HbAlc and fasting glucose are
routinely tested first [16]. At the same time, without an OGTT, early stages of T2DM and predia-
betes can be missed [17]. These forms of the disease often manifest without symptoms and
thus, remain unnoticed for a long time. Conversely, if they were to be detected at an early
stage, effective preventive measures could be taken [16].

To this end, health insurance companies have been increasingly providing prevention offers.
Nevertheless, these are hardly being taken advantage of by people with increased risk of dis-
ease. Lack of general knowl edge, i g nveell & missing

awareness of the possibilities for preventative action still represent frequent obstacles [18].

This underscores the need to identify risk groups more specifically and create better prevention

awareness.

regardi

24 Womepost gestati omakpecalbecesi sk

for T2DM

One sex-specific risk factor connected to T2DM is gestational diabetes (GDM), which can occur
in women during pregnancy. Although this type of diabetes usually resolves post-partum and is
therefore only temporary, women post GDM have a substantially higher risk of subsequently
developing T2DM than women after a normoglycemic pregnancy [19]. This observation is one
of the reasons, why GDM screening became part of the routine medical examination for all

pregnant women in Germany in 2011 [20, 21].

For research purposes, women post GDM represent a unique population and as such an im-
portant addition to the study landscape. Studying this high-risk population offers the possibility
of better understanding the development of T2DM in order to adapt diagnostic possibilities, and

to establish further preventive measures.
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3. ThePSDisabudoyhor t

The prospective, monocentric observational
of T2DMO (wWRAPskbead o Munich in 2011 and tries to understand the metabolic spe-
cifics of women post GDM and what predisposes them to T2DM later in life. To this end, two
groups of women were included in the study in a 2:1 ratio: on the one hand, women diagnosed
with GDM in the index pregnancy (the most recent pregnancy), on the other hand women with a
normoglycemic index pregnancy [7].

Overall, 304 women participated in the baseline visit, which took place 3-16 months after the
index pregnancy. These women were further invited to annual follow-up examinations.

The overall aim is to monitor the metabolic health of these subjects up until 10 years after the
index pregnancy. For this purpose, a variety of relevant data is collected. This includes the re-
sults of an OGTT, blood parameters, anthropometric data, body composition, information on
family medical history, as well as several other examinations, thus, enabling the study of a

deeply phenotyped cohort.

As we now know from the recently published 5-year analysis of the study, 6% of women post
GDM in this cohort already developed T2DM five years after their index pregnancy [20]. This
was less than previously assumed, based on pre-2011 risk-based GDM screening data [22-24].
However, 55% of women post GDM already showed prediabetic features five years after their

index pregnancy [20].

study

A
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4. Ai ms of this thesis

41 Myostatcomnectiitdhn muscl e and adi

Decreased physical fitness, obesity, and metabolic syndrome are often interrelated. All of these
features are associated with an impaired glucose metabolism, insulin resistance, and i c | a
T2DM. Furthermore, they promote a dysregulated cross-talk between different tissue types,

such as muscle and adipose tissue [25].

Previously, my research group could show that in our PPSDiab cohort women post GDM had a
lower physical fitness than women after a normoglycemic pregnancy. Interestingly, this was
independent of the w o me BBlIs We deduced from this, that reduced fitness itself was one of

the contributing factors for the increased risk of T2DM in women post GDM [26].

Since physical fitness is also related to muscle mass [27, 28], it seemed interesting to further
investigate muscle mass factors in the PPSDiab cohort in addition to fithess parameters. One of
the factors we selected for our investigation was myostatin. This myokine is a negative regulator
of muscle cell proliferation and growth [29]. It is also related to adipose tissue function [30].
These observations make myostatin an interesting candidate within the muscle adipose tissue
crosstalk.

With regards to muscle mass, previous literature has shown in both mouse models and human
studies, that higher myostatin concentrations are associated with lower muscle mass and vice
versa [29, 31-34]. In human studies however, so far mostly extreme phenotypes have been
examined, for example cases with a loss-of-function mutation in the myostatin gene (MSTN)
[34].

Meanwhile, concerning adipose tissue and insulin signaling, mouse models have shown that
diet-induced obesity can be inhibited in MSTNnull mice. These animals additionally showed
lower insulin resistance, thus linking, for the first time, myostatin, obesity, and insulin signaling
[35, 36]. When recombinant MSTN was administered to MSTNnull mice, insulin resistance was
induced [37]. This contrasts with results from human studies, in which associations between
myostatin and insulin signaling have revealed to be inconsistent. Some reported about an asso-
ciation of higher myostatin levels in plasma and serum with insulin resistance and also metabol-
ic syndrome, but others did not see any associations [36, 38-40]. However, healthier, lean phe-

notypes tend to be underrepresented in these studies.

Given that the cohort of the PPSDiab study includes women in a broad range of metabolic
states, we could interrogate signaling between muscle and adipose tissue under many different
conditions. The specific research question was, if plasma myostatin is associated with specific

metabolic changes and with impaired glucose metabolism.

S

S

pos

co
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42 Leptin, hGHipraemdli dlilGdct es a-nd scr eel
dagnosed T2DM

Young and lean people are increasingly being diagnosed with T2DM. In these patients in partic-
ular, the prediabetic state is not detected early, due to the fact that there is no initially obvious
T2DM risk - unliket he ficl assi c 0 that bccusprethexdntext & dimetabolic

syndrome.

One major objective of the PPSDiab study is the identification and better understanding of just
such less obvious risk phenotypes. Within this project, we described two T2DM subtypes, one

associated with metabolic syndrome and the other without [41].

To better delineate these two phenotypes, we now wanted to examine several hormones and
molecules from diverse signaling pathways that are associated with glucose metabolism. We
were interested in leptin [42, 43], adiponectin [44, 45], FGF21 [46], fetuin-a [7, 47], resistin [11],
myostatin [40], hGH [48, 49], IGF-I [50], and the proinsulin/insulin ratio [51].

In the following, the molecules most relevant for this thesis are presented in further detail.
Leptin

Leptin is an adipokine that, as a hormone, is initially involved in the control of appetite and sa-
tiety sensations and has an effect on glucose metabolism by increasing insulin sensitivity [52,
53]. Although its primary function is the control of the amount of adipose tissue, it has been
shown in the past that elevated leptin levels are also associated with obesity, poorer fithess,
and insulin resistance [7, 8, 26]. Furthermore, leptin appears to be related to inflammatory pro-
cesses in the body as well as being elevated in people with diabetes [54, 55]. These opposing
properties have been described in the pastasiil epti n resi stance?o, meaning

is saturated or impaired and therefore, its beneficial effect eliminated [42, 43, 56].
hGH

An interesting antagonist of insulin is the growth factor (GH). Hyperinsulinemia, for example,
reduces GH secretion, at the same time GH has anti-insulin effects [57, 58]. In humans, lower
human growth factor (hGH) levels usually occur in obesity and in conditions related to increased
insulin resistance [49, 57]. The extent to which abnormalities exist in lean people with increased

risk of prediabetes as well as T2DM, however, remains unknown.

The lowest point of hGH suppression during an OGTT (the hGH nadir) was previously exam-
ined in our PPSDiab cohort, revealing that hGH secretion was not only suppressed during the
OGTT, but that a lower nadir was in fact correlated with a higher BMI [49].

IGF-I

Insulin-like growth factor | (IGF-I) is related to insulin resistance, and its synthesis is stimulated
by GH. The role of IGF-I in metabolism is not yet fully understood. Though IGF-I values lie in the
normal range in insulin resistance, interestingly, these values manifest at both the low and high

extremes within this normal range [50].
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Different observations regarding IGF-I and obesity have been made in the past. However, the
consensus is increasingly that IGF-I is lower in obesity than in normal weight individuals [59-61].

Due to its interaction with GH, IGF-I appears to be of particular interest for our analyses.
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5. Concl usi on

51 Myosthaassioati on with adipose
i nfl ammatory parameters

Our results suggest a role for myostatin in the altered muscle adipose tissue crosstalk in meta-
bolic syndrome and the linked metabolic inflammation in premenopausal women.

Overall, the crosstalk between myokines and adipokines is complex. For example, the same
factor can have both pro- and anti-inflammatory functions. This depends, for instance, on the
activation status or the cell maturity of the interacting immune cells [62]. With respect to myo-
statin, determining causality remains difficult. On the one hand, inflammatory responses in adi-
pose tissue may be promoted by higher myostatin secretion from muscle [63]. On the other
hand, inflammation may be triggered by the visceral fat itself [12], in turn activating signaling
pathways that regulate myostatin secretion [64]. Either way, chronic inflammation of adipose

tissue represents an important link between obesity and both insulin resistance and T2DM [15].

Aerobic exercise has been shown to decrease myostatin levels as well as to improve insulin
sensitivity [36]. However, it is conceivable that the increased myostatin levels of obesity and
metabolic inflammation impair the effect of exercise interventions on the improvement of glu-
cose metabolism, due to the negative effect of myostatin on muscle mass. Indeed, less muscle
mass could lead to the decrease in muscular glucose uptake and this in turn, to impaired insulin
sensitivity [65, 66]. However, we demonstrated that, in our study cohort, morphological muscle
parameters are less able to provide information on insulin sensitivity than functional muscle
parameters [67]. At this point, it is important to emphasize that our cohort represents a compar-
atively healthy group of individuals lacking particularly extreme phenotypes. A possible explana-
tion for our results may be that the association between insulin sensitivity and myostatin with
muscle mass may, in fact, be more relevant within those more extreme phenotypes, which are

not represented in our data.

Taken together, as suggested previously by Hittel and colleagues [36], we believe that myo-
statin could function as a biomarker for metabolic inflammation and may predict individual ther-
apeutic outcomes of exercise interventions. Further mechanistic investigations of human myo-

statin signaling may also be warranted.

t

S S|
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52 Leptin,anhGHiGIH fferences in di
phenotypes

In previous work, we proposed two human risk phenotypes for T2DM, one related and one un-
related to metabolic syndrome [41]. In one of my first-author publications, we further determined
some of the hormonal underpinnings of these two phenotypes. Specifically, we demonstrated as
a novel finding that plasma leptin values were elevated not only in the risk phenotype associat-
ed with metabolic syndrome, but also the other without, i.e. in the absence of obesity. It remains
unclear, whether increased leptin levels contribute to the prevailing insulin resistance in this risk
group, or whether insulin resistance leads to hyperleptinemia. Both possibilities have already

been described for T2DM associated with metabolic syndrome [42, 56].

We also demonstrated as a novel finding that plasma IGF-I was elevated in the risk phenotype
unrelated to metabolic syndrome. Dysfunction of hGH/IGF-I signaling therefore probably is in-
volved in both risk phenotypes for T2DM. In the one unrelated to metabolic syndrome, autonom-
ic oversecretion of IGF-I may occur, suppress hGH secretion and detrimentally affect glucose

metabolism [68].

Thus, dysregulation of leptin and hGH/IGF-I signaling is likely contributing to the pathophysiolo-
gy of both risk phenotypes for T2DM. This information provides starting points for further mech-
anistic evaluations, in particular of the risk phenotype unrelated to metabolic syndrome, which is

still incompletely understood.

St

n
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6. Outl ook

The high prevalence and predicted increase of T2DM globally, as well as the heterogeneous
characteristics of this disease highlight the importance of new risk markers, early detection pos-
sibilities, and a subtype-specific pathophysiologic understanding. In my thesis, | specifically
determined parameters that may be involved in the altered muscle adipose tissue crosstalk in
metabolic syndrome on the one hand, and parameters that appear relevant in the T2DM risk
phenotype unrelated to metabolic syndrome on the other hand. Further work can extend these
observations in a mechanistic direction. Thereby, preventive and therapeutic interventions that

are targeted to specific pathophysiologies can be developed.
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ABSTRACT

Background The myokine myostatin regulates muscle mass
and has been linked to insulin resistance and metabolic syn-
drome. However, data on its role in humansis still limited. We,
therefore, investigated the associations of serum myostatin
with muscle mass, physical fitness, and components of the
metabolic syndromein a cohort of premenopausal women.
Methods We undertook a cross-sectionalanalysis of 233
women from the monocenter study PPSDiab, conducted in
Munich, Germany. Participants hadrecently completeda preg-
nancy with or without gestational diabetes. Our analysis in-
cluded medical history, anthropometrics, oral glucose toler-
ance testing, laboratory chemistry, cardiopulmonary exercise
testing, and magnetic resonance imaging (n =142) of visceral
fat volume, left quadriceps muscle mass, and muscle fat con-
tent. Serum myostatin was quantified by a competitive en -
zyme-linkedimmunosorbent assay.

Results We observed positive correlations of serum myostatin
with body massindex(p =0.235;p =0.0003), body fat percent-
age (p =0.166; p=0.011), waist circumference (p =0.206;
p=0.002), intraabdominal fat volume (p =0.182; p=0.030) and
high-sensitivity C-reactive protein (p =0.175; p=0.008). These
correlations were reproduced in linear regressionanalyses with
adjustment for age and time after delivery. We saw no correla-
tions with muscle mass, physical fitness, insulin sensitivity,
triglycerides, HDL cholesterol, and blood pressure.
Conclusions Our observation of elevated serum myostatin in
women with a higher body fat percentage, visceral obesity, and
elevated c-reactiveprotein suggeststhat this myokine contrib-
utes to the altered muscle-adiposetissue crosstalk in meta—
bolic syndrome. Elevated myostatin may advance this patho-
physiologic process and could also impair the efficacy of
exerciseinterventions. Further mechanistic studies, therefore,
seemwarranted.
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