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Deutsche Zusammenfassung

Hintergrund: Typ 2 Diabetes, Adipositas und Nicht-alkoholische Fettlebererkrankung sind mit
Insulinresistenz und Storungen des Energiestoffwechsels von Skelettmuskel und Leber assoziiert.
Stérungen des Energiestoffwechsels betreffen im besonderen Veranderungen der mitochondrialen
Funktionalitat, das heilt: der oxidativen Phosphorylierung, des Gehalts und/oder der Umsatzrate der
Mitochondrien. Diese Verdnderungen sind jedoch nicht immer angeboren, sondern kénnen auch eine
Anpassung an vermehrte Verfligbarkeit von Glukose, Lipiden oder speziellen Aminosduren
widerspiegeln. Die Rolle von Hyperglykdmie und Dyslipidamie bei Typ 1 und Typ 2 Diabetes sowie von
Storungen des Stoffwechsels verzweigtkettiger Aminosauren fir den Energiestoffwechsel war bis vor
kurzem unklar. Ebenso waren die Effekte von Verbesserung der Hyperglykimie mittels
antihyperglykdmischer Medikamente und Modulation des parasympathischen Nervensystems oder
von Gewichtsreduktion mittels bariatrischer Chirurgie auf die Mitochondrienfunktion weitgehend
unbekannt. Die vorliegenden Untersuchungen priiften daher folgende Hypothesen: (i) Verbesserung
der Glykdmie mittels nicht-invasiver elektrischer Vagusstimulation oder Hemmung des Natrium-
abhangigen Glukosetransporters-2 (SGLT2) senken die Speicherung von Triglyzeriden in der Leber, (ii)
erhohte Verfligbarkeit von Glukose aber auch von Metaboliten des Aminosdurenstoffwechsels
reduziert die mitochondriale Aktivitdit in der Leber, (iii) bariatrische Chirurgie verbessert die
Insulinsensitivitdat durch Abnahme der Lipidverfiigbarkeit, Zunahme der mitochondrialen Kapazitat des

Skelettmuskels und Modulation des Wachstumshormon-Systems.

Methoden: Die Hypothesen wurden in klinisch-experimentellen Studien an Menschen geprift. Mittels
hyperinsulindmisch-euglykamischer  Clamps und  stabil-markierter ~ Glukose wurde die
Insulinsensitivitdit von  Muskel und Leber bestimmt. In  Muskelbiopsien wurden
Substratkonzentrationen, Lipidom, Transkriptom und Methylom analysiert. In Muskel- und
Leberbiopsien wurde die oxidative Phosphorylierung mittels hochauflésender Respirometrie sowie die
Freisetzung von freien Sauerstoffradikalen und die Lipidperoxidation ex vivo gemessen. Mittels
Magnetresonanzbildgebung und -spektroskopie wurden Triglyzeridgehalt sowie ATP-Gehalt der Leber

nicht-invasiv in vivo quantifiziert.

Ergebnisse: Eine antihyperglykdmische Therapie mit dem SGLT2-Hemmer Empagliflozin reduziert
effektiv die Triglyceridspeicherung in der Leber, was mit Verbesserung des Harnsaurespiegels und des
Adiponektins in Zusammenhang steht. Die elektrische Stimulation mittels Cerbomed Nemos®
moduliert nicht den viszeralen parasympathetischen Tonus und ist daher nicht in der Lage
metabolische Effekte hervorzurufen. Entsprechend bleiben die hepatischen Konzentrationen an ATP
und Triglyzeriden Uber eine verlangerte Fastenperiode konstant. Die Hyperglykamie und der oxidative

Stress tragen zur Verminderung des ATP-Gehalts der Leber bei Typ 1 Diabetes sowie zur Reduktion der
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oxidativen Kapazitat bei nicht-alkoholischer Fettleberentziindung (NASH) und Typ 2 Diabetes bei. Es
finden sich keine Unterschiede der hepatischen ATP-Konzentration bei genetischen Stérungen der
Mitochondrienfunktion im Rahmen von Organazidamien, trotz Haufung von Merkmalen des
metabolischen Syndroms bei diesen Kindern und Jugendlichen. Nach bariatrischer Operation
verhindert eine voriibergehend erhohte Lipidverfiigbarkeit trotz rascher Gewichtsreduktion durch
Mechanismen der Lipotoxizitat die rasche Steigerung der Insulinsensitivitat. Spater zeigt sich jedoch
eine deutliche Verbesserung der peripheren Insulinsensitivitat, die mit spezifischen Expressions- und
Methylierungs-Veranderungen im Skelettmuskel, aber nicht mit der Wiederherstellung der

Wachstumshormons-Achse einhergeht.

Zusammenfassung: Storungen der hepatischen mitochondrialen Funktion sind relevante Kennzeichen
von NASH, aber auch von Typ 2 und Typ 1 Diabetes und sind als Friihzeichen einer Leberschadigung
anzusehen. AulRerdem sind die metabolischen Effekte von SGLT2-Hemmern und bariatrischer
Chirurgie nicht nur durch die Gewichtsabnahme erkldarbar, sondern auch durch dynamische
Veranderungen der Lipidverfiigbarkeit und der Funktion des Fettgewebes bedingt. Die Modifikation
des hepatischen Energiestoffwechsels und der Fettgewebsfunktion stellt somit auch einen neuen

Ansatz zur Therapie von metabolischen Erkrankungen dar.

Diese kumulative Habilitationsschrift beruht auf 7 begutachteten Originalarbeiten, die als Erstautorin

oder Ko-Erstautorin publiziert wurden (Anlagen 1-7).



1. Introduction

1.1. Type 2 diabetes and insulin resistance

Hyperglycemia resulting from impaired insulin action and/or abnormal insulin secretion is a common
feature of diabetes mellitus, which together with obesity represent the most frequent metabolic
disorders [1]. Diabetes mellitus relates to increased risk of dysfunction and failure of multiple systems
and organs, most important of which are the eyes, the kidneys, the cardiovascular and the nervous

system.

Type 2 diabetes is the most common form of diabetes that affects the majority of people with diabetes
[2]. It is characterized by insulin resistance (IR), which is marked by sustained hyperinsulinemia both in
pre-and postprandial conditions. As insulin secretion decreases, blood glucose levels rise until they
reach the threshold for type 2 diabetes diagnosis [3]. While some individuals may have impaired B-cell
function as the primary defect, most affected humans exhibit IR before any alterations in insulin
secretion occur. It has been shown that certain genetic variants may contribute to the risk of type 2
diabetes especially through promoting B-cell failure [4], but their impact is small and not practical for
widespread genetic screening [5]. Therefore, identifying and addressing modifiable factors that
contribute to IR is crucial in preventing type 2 diabetes and developing new treatments. Furthermore,
multiple circulating metabolites serve as mediators of interorgan crosstalk regulating insulin sensitivity

and energy metabolism and might represent future therapeutic targets (Figure 1) [6].
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Figure 1. Lipid-mediated interorgan crosstalk in the development of insulin resistance. Illustration by

S. Gancheva adapted from Gancheva et al. [6]

Excess caloric intake and unrestrained adipose tissue lipolysis raise systemic availability of free fatty
acids (FFA), acetate and glycerol. These metabolites can cause hyperglycemia as substrates of hepatic
gluconeogenesis and steatosis via lipogenesis with triglyceride (TG) storage and very low density
lipoproteins (VLDL) production. In addition, intracellular lipid mediators such as diacylglycerols (DAG)
and ceramides (CER) can further impair insulin-mediated inhibition of hepatic gluconeogenesis and
glycogenolysis thereby also contributing to elevated endogenous glucose production (EGP) [7]. In
skeletal muscle, increased FFA availability gives rise to intracellular lipid mediators (in humans mainly
DAG), which cause diminished insulin-stimulated glucose transport/ phosphorylation with

subsequently lower glycogen synthesis.
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Prediabetes and type 2 diabetes are closely linked to cardiovascular diseases and an increased risk of
certain cancers as well as to microvascular complications such as retinopathy, nephropathy and
neuropathy [8, 9]. Even newly diagnosed people with type 2 diabetes may present with comorbidities
due to long-term undetected insulin resistance and hyperglycemia prior to diabetes diagnose [10, 11].
While the metabolic syndrome has been thought to be a better predictor of diabetes complications
prognosis than insulin resistance [12], recent evidence has shown that insulin resistance alone can
increase cardiac mortality independently of type 2 diabetes [13, 14]. However, whether insulin
resistance can predict the development of diabetes complications and how it affects individualized
treatment approaches remains unclear. Recent studies reveal that humans with diabetes and insulin
resistance are particularly susceptible for complications such as nephropathy, cardiovascular disease,
erectile dysfunction and non-alcoholic fatty liver disease (NAFLD) [15, 16]. The relationship between
hyperglycemia and comorbidities is complex, but intensive glycemic control early on in type 2 diabetes
can have long-term protective effects [17, 18]. Further evidence suggests that mitochondrial
impairment together with increased reactive oxygen species may lead to irreversible cell damage and
apoptosis in diabetes [19, 20]. Therefore, novel therapies targeting mitochondrial function or insulin

sensitivity may prove as valuable treatment options.

1.1 Liver lipid accumulation and insulin resistance

Non-alcoholic fatty liver disease is strongly associated with insulin resistance and is considered as the
hepatic complication of type 2 diabetes and obesity. An individual is diagnosed with NAFLD if they have
at least 5 % infiltration of hepatocytes with lipids, or a magnetic resonance imaging proton density fat
fraction (MRI-PDFF) of 5 % or higher, or magnetic resonance spectroscopy liver lipid content of more
than 5.56 %, as evaluated through either imaging or liver biopsy [21, 22]. However, this diagnosis only
applies to individuals who consume minimal or no alcohol and do not have any secondary causes of
hepatic steatosis (such as metabolic liver diseases or drug use). NAFLD encompasses a spectrum of
conditions ranging from simple steatosis or nonalcoholic fatty liver (NAFL) to the inflammatory form
non-alcoholic steatohepatitis (NASH), which can further progress to hepatic fibrosis, cirrhosis and
hepatocellular carcinoma [23, 24]. To diagnose NASH, a histological assessment is necessary in the
presence of suspected NAFLD. Typically, NASH is characterized by the presence of steatosis, lobular
inflammation, and ballooning with or without perisinusoidal fibrosis [25]. Recently, a new fatty liver
disease nomenclature has been proposed from the leading international expert organizations in order
to better reflect the etiology and pathophysiology of the underlying conditions and to reduce
stigmatization [26]. According to this new nomenclature NAFLD should be replaced by metabolic
dysfunction-associated steatotic liver disease (MASLD) and NASH - with metabolic dysfunction-

associated steatohepatitis (MASH). However, as of today, this is not uniformly accepted by all experts
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in the field. The articles underlying this work have been published before this new nomenclature has

been suggested, so that NAFLD and NASH will be used throughout the text.
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Figure 2. Hepatic insulin resistance and lipid accumulation. Illustration by S. Gancheva adapted from

Gancheva et al. [6]

The metabolic mechanisms that contribute to the development of NAFLD reflect an imbalance in
energy metabolism in the liver [27]. This occurs due to excessive energy intake (primarily in the form
of carbohydrates and fat) relative to the liver's ability to oxidize this energy to CO; or export it as VLDL
(Figure 2). Increased lipid availability not only increases the hepatocellular TG storage and VLDL
production, but also the levels of activated FFA (FA-CoA) and in turn raises concentrations of DAG as
well as CER, which may also derive from other sources. DAG activates PKCg, which results in inhibitory

insulin receptor Thr160-

phosphorylation, leading to diminished insulin-mediated stimulation of net
glycogen synthesis and inhibition of gluconeogenesis [28]. Specific ceramides and other sphingolipids
have been shown to be elevated only in obese individuals with NASH, but not in those with or without
steatosis [29, 30]. Interestingly, some sphingolipids correlate with markers of hepatic oxidative stress
and inflammatory pathways, suggesting an important role of these lipid metabolites for NAFLD

progression [30]. In addition, elevated lipid availability may induce transient mitochondrial adaptation

12



to increased ROS generation, which over time exhausts the antioxidant capacity and aggravates

inflammation and insulin resistance in NAFLD [31].

In addition to insulin resistance, other factors that contribute to the development of NAFLD include a
high-fat, high-sugar diet, sedentary lifestyle, and obesity. These factors can increase circulating levels
of free fatty acids and promote hepatic triglyceride accumulation. Chronic inflammation also plays a
role in the pathogenesis of NAFLD, as it can promote insulin resistance and further contribute to lipid
accumulation in the liver [32, 33]. Overall, the development of NAFLD is multifactorial and involves
complex interactions between genetic, metabolic, and environmental factors. The early onset of
metabolic syndrome and prediabetes is often associated with skeletal muscle insulin resistance, which
can contribute to the development of NAFLD by promoting increased hepatic de novo lipogenesis (DNL)
and hypertriglyceridemia [34, 35]. When glucose is diverted away from skeletal muscle glycogen
synthesis and towards the liver for DNL, it can lead to the accumulation of triglycerides in the liver [36].
The development of hepatic insulin resistance with impaired insulin activation of glycogen synthase,
can also redirect glucose towards lipogenic pathways, thereby exacerbating the development of NAFLD
[37]. Whether hyperglycemia in diabetes mellitus contributes to NAFLD progression via mechanisms

of oxidative stress and/or advanced glycation end products accumulation remains unclear.
1.1.1 Approaches to reduce liver lipid content

Weight loss has been shown to be effective in treating NAFLD, although it is difficult to achieve [38].
While certain medications, including glucagon-like peptide 1 receptor agonists and thiazolidinediones,
have demonstrated beneficial effects for people with T2D and NAFLD, there is currently no widely
accepted pharmacological treatment option [38, 39]. Sodium-glucose cotransporter 2 inhibitors
(SGLT2is) not only improve glycemia, but also have beneficial effects on body weight and blood
pressure, as well as cardiovascular and renal outcomes [40, 41]. Studies have suggested that SGLT2is
may also alleviate NAFLD, with canagliflozin and dapagliflozin showing a trend towards decreased liver
lipid content compared to placebo [42-44]. Canagliflozin's reduction in body weight and HbAlc levels
may underlie the observed decrease in hepatocellular lipid content (HCL) [44, 45]. On the other hand,
empagliflozin (EMPA) may improve NAFLD independently of body weight and glycemia [46, 47]. It is
important to note that SGLT2is have demonstrated a positive effect on inflammation, oxidative stress,
and dysregulated hormone secretion in preclinical studies [40]. The effect of SGLT2is alone or in
combination with other antihyperglycemic treatments on NAFLD and its progression remain of high
relevance for the clinical practice and need to be tested in randomized controlled clinical trials as they

hold promise as future NAFLD treatment options.

Studies have shown that insulin signaling in the central nervous system plays a crucial role in regulating
peripheral energy and glucose homeostasis in rodents and dogs (Figure 3) [48, 49]. Furthermore, the

13



vagus nerve mediates brain-liver crosstalk, as brain insulin effects are eliminated when hepatic
vagotomy is performed [50]. Additionally, it has been suggested that brain insulin's ability to suppress
hepatic gluconeogenesis via hepatic IL-6/STAT3 activation depends on the hepatic vagal branches [51].
Although research suggests that the vagus nerve could play a significant role in regulating glucose

homeostasis, its relevance in humans remains unclear.
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Figure 3. Central insulin effects on hepatic glucose and energy metabolism. lllustration by S. Gancheva

created with BioRender.com

Studies using the intranasal delivery of insulin to the brain have provided evidence supporting the idea
of central regulation of whole-body glucose uptake and adipose tissue lipolysis [52, 53]. We have
previously shown that intranasal insulin improves hepatic energy metabolism and reduces liver lipid
content in lean, healthy individuals but not in those with type 2 diabetes (Figure 3) [54]. However, the
mechanism underlying this brain-liver crosstalk remains unclear. Studies have demonstrated that
parasympathetic tone, as measured by heart rate variability, is correlated with changes in whole-body
insulin sensitivity following intranasal insulin administration in humans [55], indicating that vagal
outputs may also mediate peripheral insulin sensitization. Transcutaneous auricular vagus nerve
stimulation (taVNS) applied to the external ear of humans can activate the central projections of the
auricular branch of the vagus nerve without invasive procedures [56]. This technique induces an
increase in the activity of the nucleus tractus solitarii (NTS), as observed through functional magnetic
resonance imaging [56]. Another taVNS study found reduced sympathetic outflow, as assessed through
microneurography and increased heart rate variability which point towards reduced sympathetic tone
after taVNS stimulation [57]. Moreover, taVNS appears to lower sympathetic tone through the
induction of caudal ventrolateral medulla activity, which inhibits rostral ventrolateral medulla and thus
reduces sympathetic output. This suggests that taVNS may act on the sympathetic nervous system

independent of vagal activation. Of note, brain insulin action on adipose tissue lipolysis has been
14



suggested to be mediated by sympathetic outputs in rodent models (Figure 3) [58]. Thereby the
peripheral effects of central insulin might be mimicked by modulation of the
sympathetic/parasympathetic tone. VNS is currently used as an adjunctive therapy for medically
refractory epilepsy [59], but it has also shown potential as a treatment option for major depressive
disorder [60] and Alzheimer's disease [61]. Although the metabolic effects of vagal stimulation are not
fully understood, some studies have shown increased energy expenditure [62] and reduced
postprandial insulin secretion [63] in humans. Studies on Zucker diabetic fatty rats suggest that taVNS
has the potential to prevent hyperglycemia [64]. Nevertheless, it is currently unclear whether hepatic

glucose and lipid metabolism can be modulated by non-invasive taVNS in humans.

1.2 Role of mitochondrial function for insulin resistance

Mitochondria are intracellular organelles that are actively involved in a variety of critical metabolic
processes, including the oxidative catabolism of substrates through the tricarboxylic acid cycle and
fatty acid B-oxidation, the production of energy in the form of ATP through oxidative phosphorylation,
and the generation of reactive oxygen species (Figure 4) [65]. These organelles are also vital for
maintaining processes such as cellular growth, programmed cell death, and intracellular signaling while
playing a key role in the regulation of nitric oxide and calcium homeostasis. Because of the diverse
range of functions carried out by mitochondria, assessing the extent of potential impairments to their

function can be challenging and depends on the specific criteria used for evaluation.
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Figure 4. Hepatic mitochondrial function and lipid metabolism. lllustration by S. Gancheva created with
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Insulin resistance is a crucial characteristic of T2D that is associated with various alterations in
mitochondrial function and content in insulin-responsive tissues [7]. Besides obesity, genetic pre-
disposition and aging play important roles in insulin resistance and mitochondrial function [66, 67].
Impaired mitochondrial functionality is present in first-degree relatives of individuals with T2D who
are also insulin resistant [68]. Notably, healthy elderly individuals with normal weight exhibit lower
insulin sensitivity, higher triglyceride content in the skeletal muscles and liver, along with reduced
mitochondrial TCA cycle flux and ATP synthesis, which were measured by combined **C/3'P MRS [69].

This points to the key role of insulin resistance and aging for mitochondrial alterations.

There is a correlation between insulin resistance in skeletal muscle and changes in mitochondrial
dynamics, flexibility, content, and decreased responsiveness of mitochondrial ATP production in
response to high-dose insulin infusion [70, 71]. As insulin resistance worsens, there is a reduction in
electron transport chain (ETC) activity, as evidenced by a significant decrease in skeletal muscle
complex | activity and protein content [72]. A study of respiratory capacity in insulin-resistant human
skeletal muscle revealed a 25% reduction in vivo (PCr recovery post-exercise) and ex vivo (basal and
maximal ADP-stimulated respiration) compared to controls, independent of differences in
mitochondrial content [73]. In addition, individuals with overweight and T2D exhibit up to a 40%
reduction in mitochondrial content in skeletal muscle when compared to lean healthy participants,
which is due to decrease in intermyofibrillar mitochondrial population [72]. Mitochondrial content and
function have been shown to improve after bariatric surgery [74, 75]. Of note, dissociation between
muscle mitochondrial function and insulin sensitivity with aging [76] as well as between mitochondrial
substrate preference and insulin sensitivity [77] have been described previously. Whether muscle
mitochondrial function and content are changed in parallel to improved insulin sensitivity following

bariatric surgery as well as the time course of the respective changes remain unclear.

1.2.1 Hepatic mitochondrial function in type 1 diabetes

NAFLD is closely related to insulin resistance, which is the key characteristic of type 2 diabetes.
However, recent research has also revealed a link between NAFLD and type 1 diabetes, as this
association results in similar negative outcomes as those observed in people with type 2 diabetes [78,
79]. Furthermore, the role of insulin resistance in the development of type 1 diabetes has become
increasingly important [80, 81]. Insulin resistance was initially attributed to long-term glucose toxicity,
but it is now believed that mitochondrial function may also be impaired, as evidenced by lower muscle
ATP synthase flux in type 1 diabetes individuals [82]. Notably, there is an inverse correlation between
muscle ATP synthesis and HCL [83], suggesting a close connection between liver and muscle energy

metabolism.
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Figure 5. Insulin sensitivity (A), hepatic lipid content (B), ATP (C) and inorganic phosphate (D)
concentrations in people with type 2 diabetes (T2DM), age-matched healthy controls (mCON) and
young healthy controls (yCON). lllustration from Szendroedi et al [84] with the permission of Wolters

Kluwer Health.

In overt type 2 diabetes, hepatic concentrations of energy-rich substrates such as inorganic phosphate
(Pi) and ATP are decreased and are associated with increased lipid accumulation and insulin resistance
in the liver (Figure 5) [84]. Furthermore, hepatic flux through ATP synthase has also been shown to be
reduced in T2D [85]. However, in the NOD mouse, which is a model of human type 1 diabetes, hepatic
respiratory capacity was transiently elevated paralleled by an increase in lipid peroxide production
[86]. Human studies have shown evidence of enhanced hepatic energy metabolism in people with
obesity and hepatic steatosis [31, 87]. Therefore, it remains unclear whether hepatic energy
homeostasis is altered in the context of type 1 diabetes-related NAFLD and which factors contribute

to the abnormalities.

Insulin resistance and obesity have been found to increase over time in individuals with T1D [88], and
the mechanisms described in T2D-related NAFLD development may also be relevant to T1D [81, 89].
As humans with T1D rely on external subcutaneous insulin administration, one factor that can affect

the pathophysiology of NAFLD in these individuals is the altered dynamic of insulin delivery and
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clearance. In people with NAFLD, hyperinsulinemia appears to be more closely linked to impaired
insulin clearance than increased insulin secretion [90]. A recent study explored the metabolic factors
associated with NAFLD in T1D and found that poor glycemic control (HbAlc >7%) doubled the risk of
developing NAFLD [91]. In addition, NAFLD prevalence was higher in people who were overweight
compared to overall NAFLD prevalence. In normal-weight individuals with type 1 diabetes NAFLD
prevalence relates directly with the insulin dose, pointing at the critical role of exogenous insulin and

obesity for NAFLD development.

Elevated blood glucose levels resulting from poor glycemic control can increase the expression of
GLUT-2, a glucose transporter present in hepatocytes. This leads to insulin resistance and
hyperinsulinemia with hyperglycemia, which prompts an increase in hepatic lipogenesis [92]. The
availability of lipogenic substrates (such as glucose) is increased through the rise in GLUT-2, and the
lipogenic effect of insulin on de novo lipogenesis also contributes to this upregulation. While glycogen
synthesis is augmented due to the high blood glucose levels and insulin activity, prolonged exposure
to hyperglycemia can saturate glycogen synthesis pathways, causing glucose to be redirected towards
lipogenic pathways [93], which favors the development of NAFLD. Whether this also contributes to
alterations in hepatic energy metabolism and changes in hepatic ATP content in type 1 diabetes

remains unclear.
1.2.2 Hepatic mitochondrial function in NAFLD

Hepatic mitochondria play a key role in energy production through the oxidation of various substrates
including amino acids, pyruvate, and fatty acids. The tight coupling between substrate oxidation and
ATP synthesis through oxidative phosphorylation (OXPHQOS) is precisely regulated by different factors
present within and outside hepatocytes (Figure 4). Hepatic mitochondria exhibit alterations in obesity
and T2D, which reflect their essential role for liver function, substrate metabolism and cellular signaling
[94]. Studies examining hepatic mitochondrial function in individuals with T2D have yielded varying
results partly due to the use of different methods and experimental conditions as well as the inclusion
of different T2D groups. Hepatic ATP content and synthesis measured in vivo with MRS were found to
be lower in elderly individuals with long-standing T2D [84, 85]. At 5 years after T2D diagnosis, hepatic
inorganic phosphate, but not ATP, appears to decrease alongside an increase in visceral adipose tissue
(VAT) and liver lipid content [88]. Another study using 3C-ketoisocaproate revealed that reduced
mitochondrial function in individuals with non-alcoholic fatty liver disease was inversely associated
with age, obesity and diabetes status [95]. On the contrary, a high-resolution respirometry study
showed no changes in OXPHOS capacity and citrate synthase activity among individuals with normal
weight, obesity and T2D [96]. However, the similarity in liver lipid droplet area and density among all

groups indicates that this cohort represents specific phenotypes since the vast majority of individuals
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with overt T2D has elevated liver lipid content. Recent cluster analyses have identified endotypes of
diabetes mellitus, distinguishing between those with severe insulin-deficiency and severe insulin-
resistance from more moderate obesity-related or age-related diabetes [15]. In this analysis, the
severe insulin-resistant diabetes endotype was not only associated with the highest liver lipid content
at diagnosis, but also with greater risk of liver fibrosis and higher frequency of the rs738409(G) single
nucleotide polymorphism in the PNPLA3 (patatin-like phospholipase domain containing 3) gene [97].
In overall, the specific alterations of hepatic mitochondrial functionality in diabetes appear complex
and further investigation of the role of insulin resistance, hyperglycemia and oxidative stress for these

changes is warranted.
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Figure 6. Hepatic oxidative capacity in different stages of NAFLD. Illustration by S. Gancheva created

with BioRender.com

Hepatic energy metabolism alterations have been described in obesity and NAFLD from direct and
indirect assessments of hepatic mitochondrial function in humans. In vivo 3P MRS studies have shown
that hepatic ATP content in individuals with obesity and NAFLD are similar to those of lean individuals
in the fasting state, but a 6-fold higher postprandial ATP increase is observed in the obese individuals
compared to lean controls [84, 87]. Oxygen fluxes in whole-liver tissue and mitochondria isolated from
intraoperative liver samples of individuals with obesity and various stages of biopsy-proven
nonalcoholic fatty liver disease, including nonalcoholic steatohepatitis revealed substantially greater
OXPHOS capacity and respiratory control in obesity with and without simple steatosis but not in NASH
when compared to lean individuals without NAFLD (Figure 6) [31]. The elevated OXPHOS capacity

paralleled by low intrahepatic triglyceride levels supports the concept of an adaptation of hepatic
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mitochondria to rising lipid availability, which helps to protect the liver from lipotoxicity and steatosis
in the settings of obesity. A further study in lean people without steatosis revealed an increase in
hepatic ATP content by 16 % measured in vivo by 3!P magnetic resonance spectroscopy after an oral
fat load, which additionally supports the concept of hepatic mitochondrial adaptation to higher lipid
influx [98]. Of note, hepatic OXPHOS capacity was ~40-51% lower in NASH than in obese individuals
with/without steatosis and ~10% lower than in lean non-steatotic humans, while proton leak across
inner mitochondrial membrane, H,0, production and oxidative DNA damage were increased [31]. The
elevation of ROS levels could promote mitochondrial fission and hinder mitophagy, resulting in a
buildup of damaged mitochondria within hepatocytes, which cannot be recycled properly. This
scenario may lead to the release of mitokines and cytochrome c-related apoptosis, as indicated by
previous studies [99]. To what extent hyperglycemia and hepatic fibrosis contribute to the reduction
of hepatic OXPHOS capacity in NASH remains unclear. Additional studies are required to assess the
potential role of lipotoxins in mediating mitochondrial damage and the progression of NAFLD as well
as their potential utility as biomarkers in NASH. Considering that T2D is not only linked to increased
insulin resistance and lipotoxicity but also to an accelerated progression of NAFLD, it is reasonable to
propose that T2D is associated with more pronounced hepatic mitochondrial abnormalities. However,

further studies are needed to confirm this hypothesis and elucidate the specific mechanisms involved.

1.2.3 Hepatic mitochondrial function in organic acidemias

Metabolic disease-related liver conditions occur mainly in individuals with obesity and T2D but are also
present in those with rare diseases such as lipodystrophies and inborn errors of metabolism, such as
organic acidemias. Organic acidemias (OAs) are metabolic disorders resulting from deficiencies in
mitochondrial enzymes or co-factors participating in branched-chain amino acid (BCAA) catabolism
[100]. Accumulation of specific metabolites such as propionic acid, isovaleric acid, and methylmalonic
acid in OAs have been shown to induce toxic effects [101, 102]. Isolated methylmalonic acidemia
(MMA) arises from a deficiency of the enzyme methylmalonyl-CoA mutase, defects in the transport or
synthesis of its cofactor adenosylcobalamin or a deficiency of the enzyme methylmalonyl-CoA
epimerase. In cases of MMA and propionic acidemia (PA), excess propionyl-CoA production blocks the
activity of TCA cycle and urea cycle [103]. In addition, isovaleric and methylmalonic acid accumulation
also can impair mitochondrial function and structure. As a result of defect branched-chain amino acid
catabolism, lack of substrates for TCA cycle may further damage mitochondrial functionality [104].
Many of the insights into mitochondrial abnormalities in organic acidemias stem from preclinical and
postmortem studies, while in vivo assessments of mitochondrial function are scarce. As anaplerotic
and/or antioxidant therapy targeting normalization of mitochondrial function and oxidative stress hold
promise as treatment strategies for these humans [105], further investigation of the specific

alterations of mitochondrial functionality is necessary.
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1.2.4 Bariatric surgery effects on skeletal muscle mitochondrial function and insulin resistance

Bariatric or metabolic surgery leads to pronounced weight loss and has emerged as promising
treatment option for people with type 2 diabetes as it appears superior to current best medical
treatment [106]. While bariatric surgery has been shown to improve whole-body insulin sensitivity in
the long term, the early metabolic effects and underlying mechanisms remain unclear [107, 108].
Skeletal muscle plays a key role in whole-body insulin sensitivity, and insulin-resistant individuals
present with reduced muscle mitochondrial capacity [109]. Recent research has demonstrated that
diet-induced weight loss swiftly enhances hepatic, but not muscle insulin resistance in humans [110].
The impact of metabolic surgery on mitochondria is variable and may also affect lipolysis and
intracellular lipid intermediates [74], but the precise time course of changes remains unclear.
Furthermore, current data on DNA methylation changes in skeletal muscle following gastric bypass
surgery is conflicting [111, 112] and it remains uncertain whether epigenetic changes happen early on

or later after metabolic surgery, and how this might relate to gene expression.

Weight loss can not only improve insulin sensitivity but also normalize growth hormone (GH) secretion
[113]. Bariatric surgery has been shown effective in altering gastrointestinal hormones controlling
energy homeostasis and increasing circulating GH concentrations [114]. However, cross-sectional
studies on its impact on insulin-like growth factor 1 (IGF-1) have yielded conflicting results [115-118].
IGF-1 plays a role in regulating both GH and insulin secretion to promote physiological carbohydrate
and lipid metabolism. However, the contribution of IGF-1 in improving tissue-specific insulin sensitivity
after bariatric surgery remains uncertain. The GH-IGF-1 axis involves complex regulation that includes
hypothalamic neuropeptides, ghrelin, insulin, free fatty acids, nutritional factors, and IGF-1 binding
proteins (IGFBPs) [119]. Leptin, an indicator of fat mass and a key signal of long-term energy
availability, inhibits GH secretion and can regulate IGF-1 secretion. Recent studies have shown that
leptin substitution in children with leptin deficiency increases IGF-1 levels [120]. The enhancement of
insulin sensitivity following metabolic surgery has been shown to reinstate leptin sensitivity, through
a molecular process facilitated by fatty acid modulation of muscle malonyl-Co-A synthesis [121]. This
highlights a direct correlation between the availability of lipids after bariatric surgery and leptin levels.
Nonetheless, a conclusive relation between the growth hormone system and insulin sensitivity after

bariatric surgery as well as the underlying mediators have yet to be determined.
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2. Hypotheses
2.1. Interventions to reduce liver lipid content
2.1.1. Liver lipid content is lowered by antihyperglycemic treatment with SGLT2 inhibitor
empagliflozin in people with T2D
2.1.2. Liver lipid content is lowered by non-invasive vagus nerve stimulation in healthy
humans
2.2. Increased substrate availability and hepatic energy metabolism
2.2.1. Hepatic ATP concentrations are reduced in T1D and relate to hyperglycemia
2.2.2. Hepatic mitochondrial oxidative capacity is reduced in NASH with T2D and relates to
hyperglycemia and oxidative stress
2.2.3. Hepatic ATP content is reduced in branched-chain amino acid metabolism disorders
and relates to insulin resistance
2.3. Muscle insulin sensitivity improvement after bariatric surgery-induced weight loss in people
with obesity:
2.3.1. is paralleled by reduction in lipid availability and increase in muscle mitochondrial
function

2.3.2. relates to the restoration of the growth hormone-IGF1-axis
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3. Results

We addressed the above-mentioned hypotheses in clinical-experimental studies in humans. The main
findings are briefly summarized in the following sections. The full texts are attached to this

document.

Effects of antihyperglycemic treatment with empagliflozin and vagus stimulation on hepatic lipid

content and energy metabolism

3.1. Empagliflozin reduces hepatic lipid content in people with well-controlled type 2 diabetes
(study 1)
3.2. Non-invasive vagus nerve stimulation does not affect hepatic lipid content and energy

metabolism in healthy humans (study 2)
Alterations of hepatic mitochondrial function in diabetes, NAFLD and organic acidemias

3.3. Lower hepatic ATP concentrations in humans with type 1 diabetes relate to variants in genes
controlling oxidative metabolism, but not with insulin sensitivity (study 3)

3.4. Loss of adaptation of hepatic oxidative capacity in humans with type 2 diabetes and non-
alcoholic steatohepatitis (study 4)

3.5. Genetic alteration in mitochondrial function in organic acidemias does not relate to changes

in hepatic ATP concentrations (study 5)
Mitochondrial function and insulin sensitivity after bariatric surgery

3.6. Epigenetic and mitochondrial changes in skeletal muscle underlie the improvement of insulin
sensitivity after bariatric surgery (study 6)
3.7. Bariatric surgery-induced restoration of the growth hormone system relates to improved

adipose tissue insulin sensitivity (study 7)

23



3.1 Empagliflozin reduces hepatic lipid content in well-controlled people with type 2 diabetes

Background: Humans with T2D are at increased risk of developing NAFLD with faster progression from
steatosis to non-alcoholic steatohepatitis, fibrosis and cirrhosis [39]. Currently, no approved
pharmacological treatment for NAFLD is available, but substantial weight loss has been shown to
improve NAFLD. The sodium-glucose cotransporter 2 inhibitor empagliflozin not only improves
glycemia, but also leads to weight loss and improves cardiovascular [40] and renal [41] outcomes.
Whether empagliflozin reduces liver lipid content in recent-onset and metabolically well-controlled

humans with T2D remains unknown.

Methods: Humans with known T2D duration of 39 + 27 months (n = 84, HbAlc 6.6 + 0.5% [49 * 10
mmol/mol]) were randomly assigned to 24 weeks of treatment with 25 mg daily empagliflozin or
placebo. The change in liver lipid content from 0 (baseline) to 24 weeks between groups was measured
with magnetic resonance methods. Tissue-specific insulin sensitivity was assessed by hyperinsulinemic
euglycemic clamps using isotope dilution technique. In addition, hepatokines FGF21, CK18 M30 and
CK18 M65 as well as the adipokine adiponectin were assessed using ELISAs. Statistical comparison was

done by ANCOVA with adjustment for baseline values, age, sex, and BMI.

Results: At 24 week a placebo-corrected absolute change of -1.8 % (95% Cl -3.4, -0.2; P = 0.02) and
relative change in liver lipid content of -22 % (-36, -7; P = 0.009) was found with empagliflozin
treatment, corresponding to a 2.3-fold higher reduction in liver lipids (Figure 7). Empagliflozin
treatment resulted in placebo-corrected weight loss of -2.5 kg (95% Cl -3.7, -1.4; P < 0.001) from
baseline to 24 weeks, while no placebo-corrected change in tissue-specific insulin sensitivity was
found. Serum uric acid decreased and high-molecular-weight adiponectin increased with empagliflozin

treatment from 0 to 24 weeks, while FGF21 did not differ between groups.
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Figure 7. Changes in liver lipid content, body weight and HbA1c after empagliflozin treatment. Adapted
from Kahl et al. [122] American Diabetes Association. Copyright and all rights reserved. Material from

this publication has been used with the permission of American Diabetes Association.

Conclusions: Effective reduction of hepatic lipid accumulation can be achieved with empagliflozin
treatment in humans with well-controlled T2D and short known disease duration. However, no major
effect on muscle, hepatic and adipose tissue insulin sensitivity is found in the settings of moderate
weight loss and minor changes in glycemia. Of note, empagliflozin also decreases circulating uric acid
and raises adiponectin levels, which are known to associate with body weight, metabolic syndrome
features and NAFLD. Empagliflozin could therefore contribute to the early treatment of nonalcoholic

fatty liver disease in T2D.

Limitations: The good metabolic control and short disease duration of the participants possibly lead
to an underestimation of the efficacy of empagliflozin on liver lipid content, as high HbAlc and longer
diabetes duration relate to increased NAFLD incidence. Thereby the results are not applicable to
humans with uncontrolled hyperglycemia, long standing T2D or advanced forms of metabolic liver
disease. No liver biopsies were obtained in this study due to ethical considerations, which did not allow
a pathomechanistic investigation of possible underlying liver glucose and lipid metabolism changes.
Furthermore, predominantly male participants were included in the study and reductions in liver lipid
were found in males, but not in females without significant interaction of sex and treatment, so that
sex-dependent differences in the metabolic effects on hepatic steatosis cannot be excluded and need

further examination.
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Advantages: The study provides proof-of-concept that empagliflozin effectively decreases liver lipid
content, while reducing body weight and increasing adiponectin. Thereby empagliflozin might serve as
a partner for future combined NAFLD treatment strategies in T2D, which simultaneously address the

different mechanisms underlying metabolic liver disease.
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3.2 Non-invasive vagus nerve stimulation does not affect hepatic lipid content and energy

metabolism in healthy humans

Background: Insulin signaling in the brain is a key regulator of peripheral metabolism and brain insulin-
induced suppression of endogenous glucose production has been suggested to be mediated by the
vagus nerve. Transcutaneous auricular vagus nerve stimulation (taVNS) reduces sympathetic outflow
and might increase the nucleus tractus solitarii activity, which is an important central vagus nerve
projection. Intranasal insulin application, which mimics brain insulin delivery in humans, has been
shown to improve hepatic energy metabolism and reduce liver lipid content in healthy humans [54].
Whether these effects could be mediated by the parasympathetic nervous system remains unclear.
While rodent data demonstrated amelioration of hyperglycemia in diabetes models via vagus

stimulation, these findings have not been translated to humans yet.

Methods: The effects of 14-min taVNS via Cerbomed Nemos® on glucose metabolism, lipids, and
hepatic energy homeostasis were studied in fasted healthy humans (n = 10, age 51 + 6 yrs, BMI 25.5 +
2.7 kg/m?). Sham stimulation was performed as a control condition. As a readout of sympathetic and
parasympathetic nerve activity, heart rate variability (HRV) and serum pancreatic polypeptide were
measured before, during and after taVNS or sham stimulation. Isotopic dilution with [6,6-2H,]glucose
was used to assess endogenous glucose production while hepatic concentrations of triglycerides (HCL),
adenosine triphosphate (ATP), and inorganic phosphate (Pi) were quantified from *H/3P magnetic

resonance spectroscopy at baseline and at 180 min after the stimulation.

Results: No differences were found in circulating glucose, free fatty acids, insulin, glucagon, or
pancreatic polypeptide after tVNS compared to sham stimulation. Rates of endogenous glucose
production, hepatic HCL, ATP, and Pi were also comparable (Figure 8). Prolonged fasting over 13 h did
not cause changes in hepatic HCL, ATP, and Pi. HRV was not altered towards sympathetic or

parasympathetic predominance after taVNS.
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Figure 8. Time course of endogenous glucose production, liver lipid content and energy metabolism
after taVNS and sham stimulation. Adapted from Gancheva et al. [123] by adding color to original

graphs under the CC BY-NC-ND license

Conclusion: No change in parasympathetic tone to the pancreas and the heart was found after non-
invasive vagus stimulation using Cerbomed Nemos® compared to sham procedure. Thereby no
changes were observed in hepatic glucose and energy metabolism, suggesting that this technique is
unable to mimic intranasal insulin- effects and modulate hepatic energy homeostasis in humans.
Hepatic energy rich substrates as well as lipid content remain stable over prolonged fasting in the face
of fasting-related alterations of circulating metabolites such as increase in free fatty acids and decrease
in endogenous glucose production over time. Promising findings from rodent studies using taVNS to
improve glucose metabolism could not be translated to humans and cutaneous electrical stimulation

with Cerbomed Nemos® does not seem to have potential as a future treatment in type 2 diabetes.
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Limitations: The non-invasively applied taVNS did not alter parasympathetic output and thereby
metabolic effects could not be analyzed. While the study shows that the Cerbomed Nemos®
stimulation with the described parameters and duration does not affect human metabolism, it could
not be excluded that other vagal stimulation techniques, such as cervical vagus branch stimulation,
might be effective. Thereby an important limitation of the paper is the use of a single specific non-
invasive technique to modulate parasympathetic tone, while other more invasive approaches might

be able to affect peripheral metabolism.

Advantages: The study benefits from the simultaneous close monitoring of peripheral nervous system
activity together with metabolic changes using in vivo non-invasive techniques. Despite revealing
negative results, the study provides important insights into the possibilities for metabolic control based

on modulation of the nervous system.
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3.3 Lower hepatic ATP concentrations in humans with type 1 diabetes relate to variants in genes

controlling oxidative metabolism

Background: Nonalcoholic fatty liver disease closely relates to insulin resistance, obesity, and type 2
diabetes. Type 1 diabetes has also been linked to insulin resistance and fatty liver disease [81, 124]. In
addition, muscle mitochondrial function as measured from muscle ATP synthase flux is impaired in
type 1 diabetes [82]. In a mouse model of human type 1 diabetes hepatic respiratory capacity is
increased and relates to oxidative stress [86]. Still, the role of insulin resistance, liver lipid content and

hyperglycemia for hepatic energy metabolism in type 1 diabetes remains unclear.

Methods: To assess early abnormalities in hepatic energy metabolism 55 humans were included in this
study. They were recently diagnosed with type 1 diabetes and underwent hyperinsulinemic-
normoglycemic clamps with [6,6-2H;]glucose to measure whole-body and hepatic insulin sensitivity.
Multinuclei magnetic resonance spectroscopy (3'P/*H-MRS) was used to quantify absolute
concentrations of hepatic ATP, inorganic phosphate (Pi) as well as hepatocellular lipid content. The

control group consisted of humans with normal glucose tolerance (n = 57).

Results: Humans with type 1 diabetes exhibited 44 % lower whole-body insulin sensitivity than the
age- and BMI-matched control group. While hepatic Pi and HCL were comparable in humans with type
1 diabetes and healthy humans, hepatic ATP was 15% lower in humans with type 1 diabetes (2.3 £ 0.6
vs. 2.7 £ 0.6 mmol/L, P < 0.001) (Figure 9). A negative association was found between hepatic ATP and
glycemia as well as oxidized LDL across all participants. Hepatic ATP concentrations were 21 and 13 %
lower in carriers of the PPARG G allele (rs1801282) and noncarriers of PPARGC1A A allele (rs8192678),

respectively.
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Figure 9. Hepatic glucose, lipid and energy metabolism in type 1 diabetes. Adapted from Gancheva et
al. [125] American Diabetes Association. Copyright and all rights reserved. Material from this

publication has been used with the permission of American Diabetes Association.

Conclusions: Hepatic energy metabolism is already impaired in recent onset well-controlled type 1
diabetes independent of hepatic steatosis and insulin sensitivity. Variants in genes controlling oxidative
metabolism contribute to lower hepatic ATP in the absence of NAFLD, suggesting that alterations in
hepatic mitochondrial function manifest early in the course of the disease and may precede diabetes-
related liver diseases. While previous studies demonstrated reduced hepatic ATP and Pi concentrations
as well as lower flux through ATP synthase in T2D, this work suggests abnormal liver energy

homeostasis could be associated with common hallmarks of type 1 and 2 diabetes such as
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hyperglycemia or muscle and hepatic insulin resistance. The data underlines the relevance of liver

mitochondrial function as an early metabolic marker of liver disease in diabetes.

Limitations: The cross-sectional design of the study does not allow to draw conclusions on the role of
type 1 diabetes for NAFLD pathogenesis. Of note, no liver biopsies were available here for assessment
of hepatic mitochondrial capacity in order to relate the findings to previously described alterations in
hepatic mitochondrial function in humans with obesity with or without NAFLD. In addition, whether
diminished production or increased consumption of ATP was responsible for the observed alterations
could not be differentiated by this study, but increased rates of energy consuming processes like
unrestrained hepatic gluconeogenesis in the settings of portal hypoinsulinemia might contribute to the

reduction of hepatic energy status.

Advantages: The study benefits from the combination of in-depth metabolic characterization using in
vivo techniques such as multinuclei MRS and hyperisnulinemic-euglycemic clamps with genotyping in

a unique cohort of humans with newly-diagnosed type 1 diabetes.
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3.4 Loss of adaptation of hepatic oxidative capacity in people with type 2 diabetes and non-alcoholic

steatohepatitis

Background: Non-alcoholic fatty liver disease tightly relates to type 2 diabetes as the majority of
humans with T2D exhibit NAFLD and prevalence of NASH in T2D, in particular, is very high. People with
type 2 diabetes are at higher risk of progression of simple steatosis to steatohepatitis, fibrosis, and
cirrhosis. Altered mitochondrial function might be involved in NAFLD progression as hepatic energy
metabolism in T2D exhibits perturbations, including reduced hepatic ATP concentrations, and lower
flux through ATP synthase [84, 85]. Hepatic mitochondrial function of individuals with obesity adapts
by upregulation of mitochondrial capacity, which may be lost during the progression of NAFLD [31].
Whether T2D plays a role for the loss of adaptation of hepatic mitochondrial function in states of
severe obesity and insulin resistance as well as the possible contribution of oxidative stress and

advanced glycation endproducts in this process remain unclear.

Methods: Humans with obesity with histologically proven NASH without (n = 30; BMI 52 + 9 kg/m?) or
with type 2 diabetes (n = 15; 51 *+ 7 kg/m?) were studied. Healthy participants without liver disease (n
=14; 25 + 2 kg/m?) served as controls. Hyperinsulinemic-euglycemic clamps with [6,6-2H,]glucose were
performed to assess insulin sensitivity. Hepatic mitochondrial capacity was measured by high-
resolution respirometry in intraoperative liver biopsies. Hepatic protein expression of markers of

mitochondrial content and dynamics as well as mitophagy were quantified.

Results: Participants with NASH and T2D had similar liver lipid content, lobular inflammation, and
fibrosis as humans without T2D, while hepatic insulin sensitivity was lower than in CON. Age-adjusted
hepatic oxidative capacity in liver tissue was 59 % higher in people with NASH without T2D than in
controls, whereas humans with T2D presented with 33 % lower complex Il-linked oxidative capacity
than humans without T2D and higher H,0; production than healthy humans (Figure 10). Humans with
T2D also exhibited evidence of lower hepatic mitochondrial fusion (MFN2), while mitophagy (PINK1,
PARKIN) was not altered. Among the NASH groups oxidative capacity correlated negatively with
hepatic insulin resistance, glycemia and systemic lipid peroxidation. Humans with NASH with hepatic

fibrosis score 21 had reduced oxidative capacity and antioxidant defense than those without fibrosis.
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Figure 10. Hepatic mitochondrial function in NASH with and without T2D. lllustration created by S.

Gancheva.

Conclusions: Hepatic mitochondrial oxidative capacity is increased in non-diabetic humans with NASH
independent of hepatic mitochondrial content in agreement with previous findings of upregulated
oxidative capacity in obesity and hepatic steatosis [31]. The negative relation between fasting blood
glucose and hepatic oxidative capacity supports a role of glucotoxicity and hyperglycemia for
impairment of hepatic energy metabolism in NAFLD as seen previously in type 1 diabetes [125].
Hepatic fibrosis is key to liver disease progression and the present findings further corroborate the
relevance of hepatic mitochondria in the development of NAFLD as well as in metabolic liver injury.
Thereby loss of hepatic mitochondrial adaptation may favor metabolic liver disease and is possibly

linked to its progression [126].

Limitations: An important limitation of the study is the limited number of control participants from
which intraoperative samples could be obtained due to ethical considerations. Furthermore, there is
currently a lack of uniformly accepted gold standards for measuring hepatic mitochondrial mass in
human studies. Thereby we used surrogates such as citrate synthase activity and mitochondrial DNA,

which revealed similar results in the participants with and without type 2 diabetes.

Advantages: Main strength of the study is the direct assessment of hepatic mitochondrial function in
intraoperative liver biopsy samples from individuals with NASH with or without diabetes as well as the
inclusion of lean healthy humans in this analysis, which enabled us to reveal differences in
mitochondrial function, that might have otherwise remained unrecognized in the case of control group

of humans with overweight/obesity.
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3.5 Genetic alteration of mitochondrial function in organic acidemias does not relate to changes in

hepatic ATP concentrations

Background: Deficiencies of mitochondrial enzymes or co-factors involved in branched-chain amino
acid catabolism lead to development of organic acidemias, in which metabolite accumulation alters
mitochondrial morphology and functionality. States of insulin resistance such as obesity and type 2
diabetes have also been linked to abnormal mitochondrial function along with oxidative stress and
ectopic lipid storage [7]. In addition, substrates such as free fatty acids and branched chain amino acids
can reduce insulin sensitivity by interfering with signaling pathways in liver and skeletal muscle [6].
Thereby we studied whether genetically impaired mitochondrial function caused by altered branched-
chain amino acid catabolism relates to abnormal tissue specific energy metabolism, insulin resistance

and ectopic lipid storage.

Methods: This case-control study included 31 children and young adults with propionic acidemia,
methylmalonic acidemia or isovaleric acidemia. They were compared with 30 healthy young humans.
In-depth phenotypind with frequent sampling oral glucose tolerance tests, in vivo 3P/*H magnetic

resonance spectroscopy of liver and skeletal muscle were employed.

Results: Abdominal adiposity, IR, fasting hyperglycaemia and hypertriglyceridemia as well as increased
liver lipid accumulation were found in the participants with propionic acidemia, despite dietary energy
intake within recommendations for age and sex. Humans with methylmalonic acidemia were
characterized by hepatomegaly and mildly lower skeletal muscle ATP content. In skeletal muscle of
children and adolescents with propionic acidemia, slightly decreased inorganic phosphate levels were
detected. Of note, hepatic ATP and inorganic phosphate concentrations were comparable between all
humans with organic acidemias and controls. No abnormalities were detected in the isovaleric

acidemia group.

Conclusions: Genetic defects in branched-chain amino acid catabolism in propionic acidemia, but not
in methylmalonic or isovaleric acidemia, relate to a metabolic syndrome-like phenotype with
abdominal adiposity potentially resulting from ectopic lipid storage [127]. These findings suggest
additional disease burden in propionic acidemia, which points to the need for further screening for
cardiometabolic risk factor clustering in these humans. Similar hepatic ATP content between organic
acidemia groups and controls suggests that impairment of electron transport chain activity may only
be evident in tissues depending primarily on oxidative phosphorylation such as the brain, the heart
and skeletal muscle, but not the liver. Thereby hepatic energy metabolism might remain unaltered,
but toxicity of specific metabolites might be responsible for hepatomegaly and other hepatic

abnormalities in humans with organic acidemias.
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Limitations: A major limitation of the study is the lack of some variables in the control group due to
ethical considerations related to blood drawing in minors. For that reason data from healthy children
was used from a different cohort at a different site and time. In addition, important markers of
oxidative stress and leucocyte mitochondrial oxidative capacity were not available in the control
participants, which limits our insights into energy metabolism alteration and its relation to reactive
oxygen species production in the cohort. Differences in physical activity and in energy intake as well as

puberty onset also introduce some variation and limit the generalizability of the results.

Advantages: The study benefits from the inclusion of a unique cohort of children and adolescents with
rare metabolic diseases as well as a control group of healthy children, who are deeply metabolically
characterized using non-invasive in vivo techniques such as multinuclei MRS. This is the first report of

hepatic and skeletal muscle absolute ATP concentrations in humans with organic acidemias.
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3.6 Epigenetic and metabolic changes in skeletal muscle underlying the improvement of insulin

sensitivity after bariatric surgery

Background: Insulin sensitivity improves on the long term after surgically-induced weight loss, but the
underlying mechanisms remain unclear. Individuals with obesity are characterized by insulin
resistance, which relates to altered mitochondrial function in skeletal muscle [109] and liver [72].
Whether epigenetic mechanisms play a role remains also unclear. Metabolic surgery might affect
mitochondrial function and result in epigenetic alterations, but the specific time course of changes and

their relation to improvement in insulin sensitivity remain unknown.

Methods: We monitored skeletal muscle glucose and energy metabolism in individuals with obesity
before and over 52 weeks after metabolic surgery as compared to lean healthy humans at baseline.
Comprehensive phenotyping included clamp tests and skeletal muscle biopsies to assess mitochondrial

function, transcriptome, epigenome and ultrastructure analysis.

Results: Initial weight loss in the settings of adipose tissue insulin resistance with unrestrained lipolysis
causes transient elevation of circulating free fatty acids and muscle lipid intermediates, which is
paralleled by diacylglycerol activation of muscle protein kinase 0. These changes along with a reduction
in muscle mitochondrial mass and oxidative capacity prevent from a rapid increase in muscle insulin
sensitivity. On the long term, changes in skeletal muscle expression of genes involved in calcium/lipid
metabolism and mitochondrial function associate with specific epigenetic modifications, which

continuously lead to the restoration of muscle metabolism at 1 year after surgery.
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Figure 11. Dynamic adaptation of muscle metabolism after bariatric surgery. lllustration by S.

Gancheva created with BioRender.com

Conclusion: Transient unfavorable metabolic changes shortly after surgery include rise in endogenous
free fatty acids inducing insulin resistance via intramyocellular accumulation of specific DAG species
and PKCB activation [128], which has previously been demonstrated only in lipid infusion studies. This
suggests a key role for the DAG-PKC pathway in the early metabolic changes after surgery, while 1 year

after operation restored muscle mitochondrial function, reduced lipid availability and inflammatory
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activity contribute to improved insulin sensitivity. Time-dependent alterations in muscle transcriptome
and methylome provide evidence for specific epigenetic changes related to modified expression of
important metabolic genes, additionally contributing to higher insulin sensitivity and improved lipid
metabolism on the long term. Thereby dynamic changes in insulin sensitivity after bariatric surgery are
possibly mediated by distinct mechanisms including lipotoxic insulin resistance and metabolic

reprogramming of gene expression by epigenetic mechanisms.

Limitations: An important limitation of the study is the cross sectional design, which does not allow to
draw conclusions on causality. Diet and eating behavior were not assessed in this study and their
possible contribution to the metabolic changes and confounding effects could not be accounted for.
In addition, body composition was not assessed, so the changes in lean and fat mass, which are key for

the improvement in insulin sensitivity, could not be taken into account.

Advantages: The study provides detailed description of time-dependent changes in muscle
metabolism, lipidome, transcriptome and methylome, thereby allowing assessment of complex
interrelated biological processes linked to the profound weight loss after bariatric surgery. The
combination of different techniques for direct evaluation of mitochondrial function and content
deliver consistent results and provide detailed insights into the essential role of muscle mitochondria

after metabolic surgery.
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3.7 Bariatric surgery-induced restoration of the growth hormone system relates to improved adipose

tissue insulin sensitivity

Background: Metabolic surgery induced weight loss improves insulin sensitivity and even leads to
remission of type 2 diabetes, while also increasing growth hormone concentrations [129] by yet
unknown mechanisms. Insulin-like growth factor 1 regulates insulin and growth hormone secretion,
but its role for tissue-specific improvement in insulin sensitivity after bariatric surgery remains unclear.
Leptin, which reflects fat mass, has also been implicated in the complex regulation of the growth
hormone system and might be directly linked to lipid availability decrease after bariatrc surgery [121].
Here we investigated how metabolic surgery-induced changes in leptin, lipids and insulin sensitivity

relate to the postoperative changes in the human growth hormone system.

Methods: People with obesity (n=79, BMI 50.8+6.3 kg/m?) were examined before, 2, 12, 24 and 52
weeks after metabolic surgery. Lean healthy humans (n=24, BMI 24.3+3.1 kg/m?) served as controls.
Hyperinsulinemic-euglycemic clamps with [6,6-2H;]glucose were used to assess tissue-specific insulin
sensitivity. For the quantification of fasting leptin, growth hormone, insulin-like growth factor 1 (IGF-

1) and IGF-binding proteins (IGFBP1, IGFBP3) ELISA kits were used.

Results: Glycemia and leptinemia were higher in individuals with obesity at baseline compared with
controls. Participants with obesity also exhibited pronounced peripheral, adipose tissue and hepatic
insulin resistance. Fasting growth hormone and IGFBP1 were lower, while IGF1 was comparable
between groups. Weight loss of 33 % was found in people with obesity at 52 weeks which was
paralleled by doubled peripheral insulin sensitivity and continuous increases in growth hormone, IGF-
1 and IGFBP1 (Figure 12) as well as decreases in leptin. Regression analysis revealed negative link
between rise in growth hormone and reductions in free fatty acids, adipose tissue insulin resistance
and insulinemia, while no association with changes in body weight, peripheral insulin sensitivity,
glycemia or leptinemia was found. The increase in IGF-1 related with lower high-sensitive C-reactive

protein.
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Figure 12. Changes in growth hormone, IGF1, IGFBP1 and IGFBP3 as well as relation to changes in CRP

and FFA after bariatric surgery. Adapted from Gancheva et al. [130] under a Creative Commons

Attribution 4.0 International License

Conclusion: Restoration of the growth hormone system after bariatric surgery relates to improved
adipose tissue insulin resistance, suggesting an important role for adipose tissue function for the
regulation of the growth hormone-IGF1-axis in metabolic disorders. Improved growth hormone levels
independent of type 2 diabetes status or glycemia point to early metabolic alterations in insulin
sensitivity and adipose tissue rather than overt diabetes and hyperglycemia as important determinants
of somatotropic function. Persisting increased leptin levels at 1 year after surgery might explain the

dissociation from improvement in the growth hormone system.

Limitations: The design of the study does not allow to draw conclusions on causal relationships so that
insights into pathophysiological mechanisms could not be obtained here. As growth hormone release
is pulsatile, a single fasting measurement does not fully reflect growth hormone secretion.
Unfortunately, growth hormone profiles of growth hormone releasing hormone tests were not
performed in this study. Also, important aspects of adipose tissue function such as adipose tissue

inflammation, oxidative capacity or glucose uptake were not available in this study.

Advantages: Time-dependent hormonal and adipokine changes are described here in relation to
specific metabolic alterations in order to provide detailed insights into a complex regulatory system,

in which adipose tissue function plays a previously under-recognized role.
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4. Conclusions
4.1. Effects of empagliflozin, prolonged fasting and transcutaneous vagus nerve stimulation on

liver lipid content

As no accepted pharmacological treatment for NAFLD is currently available, the study of the effects of
new antihyperglycemic treatments or novel nervous system based approaches on liver lipid content is
of high relevance. Study 1 [122] and study 2 [123] contribute to our understanding on the effects of

such novel treatment strategies.

[ y ”"7," :
./ vagusnerve |
~ stimulation 14 min ™

prolonged
fasting3 h \
/.‘i]FFAg

" IMAG
y empagliflozin
:’DAG. ; 24w
76 llplolysisﬁ
inflammation ). /. giponectinf}

oxidative stress,[],
K uric acid ﬂ,

Figure 13. Effects of empagliflozin, prolonged fasting and transcutaneous auricular vagus nerve
stimulation of hepatic lipid and energy metabolism. lllustration by S. Gancheva created with

BioRender.com

Empagliflozin has been found to substantially decrease liver lipid content in comparison to placebo in
study 1 [122] (Figure 13), but has no impact on tissue-specific insulin sensitivity. Additional analyses
have shown an increase in high molecular weight adiponectin levels. The increase in adiponectin might
reduce liver lipid content by activating hepatic B-oxidation as shown previously [131]. Empagliflozin
treatment also resulted in a decrease in serum uric acid levels which might underlie the observed liver
lipid content reduction via improvement in adipose tissue function. Indeed, high levels of uric acid are
known to trigger inflammation in adipose tissue, insulin resistance, and reduced levels of adiponectin
[132]. It is noteworthy that elevated uric acid levels and decreased adiponectin levels have been linked
to body weight and metabolic syndrome features that include type 2 diabetes and non-alcoholic fatty

liver disease [133].
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Empagliflozin effects were observed in metabolically well-controlled people with type 2 diabetes who
experienced moderate weight loss and minor changes in glycemia despite their short disease duration.
SGLT2 inhibitors represent a promising treatment option for type 2 diabetes with additional clinical
efficacy on cardiovascular and renal outcomes, which are gaining importance in the medical practice
[41]. Thereby the described empagliflozin effects on liver lipid content point at its further potential to
induce beneficial metabolic effects. Of note, other substances of the SGLT2 inhibitors class have also
been demonstrated to potentially lower liver lipid content [42-44]. Study 1 [122] reveals that
empagliflozin results in a nominal decrease in liver lipid content that is greater than dapagliflozin, but
slightly less than canagliflozin in terms of change from baseline. However, the current lack of dosage
and head-to-head comparative studies precludes drawing definitive conclusions on drug-specific
effects. The dietary counseling provided to all groups, based on guidelines, may have contributed to
higher rates of liver lipid content improvement observed in the placebo groups of study 1 [122] and

one previous study [44], but not in other non-alcoholic fatty liver disease trials [42, 43].

The underlying mechanisms of empagliflozin induced liver lipid content reduction are not completely
understood [46, 47], but body weight loss as well as improvement in insulin sensitivity and glucotoxicity
have been suggested to play a role. However, it is known that glucosuria elicits an adaptive increase in
energy intake that causes less body weight loss than expected [134]. Indeed, reduction in HCL was
paralleled by a decrease in body weight (Figure 7). Notably, previous studies have suggested that a
substantial reduction in HCL would only be possible with a 5 % weight loss or more, but it has been
demonstrated that even minor weight loss of up to 5 % can result in a 33 % decline in liver lipid content
[135]. Although only 27 % of the empagliflozin group achieved a body weight reduction of at least 5 %,
the 34 % decrease in HCL emphasizes the significance of minor weight loss in the effects of SGLT2

inhibitors on HCL.

Of note, measures of adipose tissue (insulin-stimulated FFA suppression) or hepatic (insulin-stimulated
EGP suppression) insulin sensitivity were not different between empagliflozin and placebo and no
placebo-corrected effect of empagliflozin on skeletal muscle insulin sensitivity was found. In line, the
decrease in HCL did not relate to an improvement in hepatic insulin sensitivity, so that changes in
insulin sensitivity likely cannot explain the observed effects. Improvement in hepatic insulin sensitivity
has previously been related to lower HbAlc and glycemia [44]. Accordingly, the current study found
no changes in HbA1lc levels, further supporting the hypothesis of dissociation between HCL and hepatic

insulin sensitivity under SGLT2 inhibitor treatment.

Non-pharmacological treatment strategies targeting NAFLD have been studied intensively [27, 135].
Brain insulin action has been shown to acutely modulate hepatic lipid content and energy metabolism
in healthy humans (Figure 3) [54]. The effects of central insulin sighaling might be mediated via the
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parasympathetic nervous system and the vagal nerve has been suggested to play a role [51].
Transcutaneous auricular vagus nerve stimulation represents a non-invasive tool for activation of the
parasympathetic nervous system to potentially study its effects on peripheral metabolism [56].
However, study 2 [123] did not demonstrate any effect of non-invasive vagus nerve stimulation on
liver lipid content and hepatic energy rich substrates (Figure 13). The absence of any impact of taVNS
on pancreatic polypeptide secretion implies that there were no alterations in parasympathetic outflow

to the visceral organs, which could potentially account for the lack of metabolic effects.

Study 2 [123] found that taVNS did not result in any substantial changes in systemic glucose, insulin, c-
peptide, glucagon, free fatty acids, or triglyceride concentrations. This is consistent with the effects
observed after intranasal insulin administration under fasting conditions, where any changes were
attributed to spillover into the circulation rather than central insulin effects [54]. The lack of effects on
substrate and hormone levels following taVNS suggests a similarity between the effects of taVNS and
intranasal insulin. Moreover, the study found no difference in endogenous glucose production after
taVNS, further supporting this notion (Figure 13). In overall, study 2 found no effect of taVNS on the
parasympathetic tone to the abdominal viscera, so that even if brain insulin effects would be mediated
by the vagus nerve, this non-invasive stimulation technique would not allow to study them. However,
invasive vagus stimulation using cervical implanted devices has been shown to modulate postprandial
glucose metabolism in people with rheumatoid arthritis [63], so that it could not be excluded that
direct electric pulses to the vagal nerve might be able to alter glucose metabolism. In overall, whether
other stimulation parameters or vagus stimulation techniques such as neck vagus stimulation with
gammaCore or VNS Therapy System implantation will be able to modulate the parasympathetic tone

to the viscera and thereby affect glucose and energy metabolism remains to be studied.

Notably, study 2 [123] demonstrated constant hepatic ATP concentrations with prolonged fasting
without any changes in hepatic glucose metabolism (Figure 13). This finding suggests that a switch
towards lipid oxidation in the preprandial state with gradual reduction in endogenous glucose
production does not relate to changes in hepatic energy status which remains unaltered and possibly
reflects its independence on mild short term changes in substrate availability in healthy humans.
Reduction in energy consuming gluconeogenesis resulting in lower EGP rates might be balanced out
here by an increase in energy producing B-oxidation from increased lipid availability in the settings of
higher free fatty acids, which would eventually lead to constant hepatic energy status. In contrast,
substantial change in lipid availability after oral fat load affects hepatic energy metabolism by acutely
increasing hepatic lipid content and ATP concentrations. Thereby hepatic energy status adapts

dynamically in accordance with the physiological conditions and changes in substrate availability in
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healthy humans, while in type 2 diabetes this regulation might be impaired and pharmacological

interventions prove to be effective in reducing liver lipid content.

Key messages

o Empagliflozin effectively lowers liver lipid accumulation in well-controlled individuals with
type 2 diabetes, which might be linked to improved adipose tissue function

o Empagliflozin might belong to future combined treatments strategies for NAFLD in T2D

e taVNS does not change endogenous glucose production, liver lipid and energy metabolism
and is thereby unable to mimic bran insulin effects on liver homeostasis.

e taVNS does not exert metabolic effects possibly due to absent modulation of the autonomic
tone to the visceral organs after stimulation.

e These findings add on to the ongoing discussion on the mechanism of central regulation of

liver carbohydrate and fat metabolism, which is derived from rodent studies.
4.2. Alterations of hepatic energy metabolism in metabolic disease

Findings of reduced hepatic energy metabolism in well-controlled newly diagnosed people with type
1 diabetes (study 3, [125]) (Figure 14) as well as in humans with NASH and type 2 diabetes (study 4,
[126]) (Figure 15) complement our understanding of liver alterations in metabolic disease and its
relation to hepatic steatosis and insulin resistance. Unaltered hepatic energy status in children and
adolescents with organic acidemias (study 5, [127]) (Figure 14) points toward a previously
unrecognized specific hepatic adaptation in states of increased availability of branched-chain amino

acid metabolism intermediates, independent of hepatic lipid accumulation and insulin resistance.

hepatic insulin | hyperglycemia
3.2- resistance ; variants in
hepatic lipid : OXPHOS genes

content ; \
2.4- \ :

1.64

Hepatic yATP [mmol/I]

0.0~

'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
M
T
'
'
'

yCON mCON T20 | mCON T1D mCON OAs

Figure 14. Alterations in hepatic energy metabolism in type 1 and type 2 diabetes as well as in organic

acidemias. lllustration by S. Gancheva created with BioRender.com
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Of note, study 3 [125] demonstrated lower hepatic ATP in type 1 diabetes in the early course of the
disease, when hepatic insulin resistance and hepatic steatosis are absent. These findings are of high
relevance in the light of evidence of higher risk for liver-related adverse outcomes in type 1 diabetes
as seen in type 2 diabetes [79, 80]. Previously, decreased hepatic ATP levels has been described in
obesity [136] and alcoholic hepatitis [137] as well as during post-surgical recovery in liver cirrhosis
[138]. An early metabolic shift from oxidative phosphorylation to glycolysis in liver injury points at the
critical role of hepatic mitochondria in liver adaptation to disease state [139]. In both human and
mouse models, glycemia, lipid availability, and oxidative stress have been identified as primary factors
affecting hepatic mitochondrial function [72, 140]. Alterations in hepatic energy metabolism have also
been associated with changes in oxidative stress, which can be both a cause and a consequence of
these alterations. Previous studies, which used 3P/*H MRS to investigate hepatic energy metabolism,
found reduced concentrations of hepatic ATP and Pi, as well as decreased flux through ATP synthase
in individuals with type 2 diabetes [84, 85]. Study 3 [125] found that hepatic ATP content is reduced in
individuals with type 1 diabetes, suggesting that abnormal liver energy homeostasis is also a
characteristic of early-stage type 1 diabetes and could therefore be associated with common hallmarks
like hyperglycemia or muscle and hepatic insulin resistance. Major determinants of hepatic absolute
ATP concentrations and hepatic ATP synthase flux in people with type 2 diabetes are insulin resistance
and liver lipid content [84, 85]. Thereby, hepatic absolute ATP content likely indicates ATP synthase
flux, so that reduced hepatic ATP synthesis in individuals with type 1 diabetes could be inferred here.
In non-obese people with type 1 diabetes, insulin-stimulated flux through muscle ATP synthase is also
reduced and correlates with long-term glycemic control measured by HbA1c [82]. Study 3 [125] found
that hepatic ATP is negatively associated with fasting glycemia but only before adjusting for diabetes

status, age, sex, and BMI, indicating that other factors might influence hepatic energy status.

Compelling evidence supports the concept of hepatic mitochondrial adaptation and flexibility at early
stages of NAFLD [87, 94, 141]. However, previous studies also reported declining hepatic respiratory
capacity alongside increased oxidative stress in nonalcoholic steatohepatitis [31]. People with type 1
diabetes have higher systemic levels of oxidative stress and lipid peroxidation, along with reduced
antioxidant capacity [142]. Such conditions could contribute to impaired mitochondrial function and
reduced hepatic ATP content. However, Study 3 [125] found no significant differences between
individuals with and without type 1 diabetes in terms of lipid peroxidation assessed from TBARS, DNA
oxidative damage as measured by 8-hydroxydeoxyguanosine, protein carbonyl products, or
antioxidant defense assessed by glutathione. Possible explanation of this dissociation could be the

excellent glucometabolic control and short disease duration of the participants.
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Specific variants in genes that control metabolism have also been related to abnormalities in glucose
and energy homeostasis. One such common polymorphism, Pro12Ala (rs1801282), in the PPARG gene,
has been linked to a decreased risk of type 2 diabetes and links genetically type 2 and type 1 diabetes
[143]. Another gene involved in energy metabolism, PPARGC1A, encodes for the PPARy coactivator-
1la, which regulates oxidative phosphorylation. The variant allele Gly482Ser in the PPARGC1A gene has
been associated with an increased risk of obesity and oxidative stress [144]. Surprisingly, study 3 [125]
found that individuals carrying the Ala allele (PPARG rs1801282) and those without the Ser allele
(PPARGC1A rs8192678) had reduced hepatic ATP concentrations (Figure 9). This finding is unexpected,
as hepatic energy metabolism is typically increased in obesity and insulin resistance [31, 87]. As
participants with type 1 diabetes were non-obese and had normal hepatic insulin sensitivity, the
presence of these protective gene variants may explain the absence of any increase in hepatic ATP

concentrations.

Accumulation of intermediate metabolites of branched-chain amino acids metabolism might interfere
with hepatic energy metabolism and lead to profound alterations in liver lipid and glucose metabolism,
resulting in adverse outcomes in people with organic acidemias. As an example, a deficient
mitochondrial catabolism process in propionic acidemia causes an accumulation of metabolites related
to propionyl-CoA, leading to potential hyperammonemia by inhibiting N-acetylglutamate synthetase
and energy metabolism [145]. This results in mitochondrial abnormalities such as reduced
mitochondrial content and oxidative phosphorylation, as previously demonstrated in skeletal muscle
of humans with PA [146]. However in study 5 [127], children and adolescents with PA exhibited no
changes in hepatic energy metabolism suggesting no evidence of altered mitochondrial function
through non-invasive in vivo MRS measurements (Figure 14). Of note, unaltered hepatic ATP
concentrations were found in the settings of increased liver lipid content and insulin resistance in PA
participants compared to matched controls, which is in contrast with findings of reduced hepatic ATP
content and higher liver lipid content in people with type 2 diabetes [84]. These findings point towards
an adaptation in hepatic energy metabolism with dissociation of hepatic energy status from hepatic
insulin resistance and lipid accumulation in young humans with PA, which remains to be further

investigated.

Participants with MMA presented with hepatomegaly, consistent with previous findings. However, the
hepatomegaly was not accompanied by hepatic steatosis and could be attributed to abnormal liver cell
regeneration, as indicated by elevated levels of alpha-fetoprotein in humans with MMA and PA [147].
While previous studies in rodents have reported abnormal mitochondrial morphology and reduced
hepatocellular activity of complex IV from ex vivo measurements [148], no changes in ATP

concentrations were observed in study 5 [127]. This difference could be due to differences in
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measurement techniques and the specific features of mitochondrial function being evaluated. In
overall, study 5 [127] found no evidence of alterations in hepatic energy metabolism in humans with
defects in branched-chain amino acid catabolism, suggesting that concentrations of hepatic energy
rich substrates are closely related to changes in lipid and glucose metabolism as seen in study 3 [125]

and 4 [126], but not to amino acid catabolism intermediates.
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Figure 15. Alterations in hepatic oxidative capacity in humans with different stages of NAFLD, with and

without type 2 diabetes and hepatic fibrosis. lllustration by S. Gancheva created with BioRender.com

Increased oxidative stress levels were found in the liver of individuals with obesity and advanced
NAFLD in the presence of type 2 diabetes but not in humans without diabetes (Figure 15). Study 4 [126]
suggests that loss of adaptation of hepatic mitochondrial function can possibly be explained by the
presence of type 2 diabetes in individuals with NASH. Of note, the decrease in hepatic oxidative
capacity was linked to higher lipid peroxidation and hyperglycemia, regardless of age, sex, and BMI, in
individuals with NASH and type 2 diabetes. Moreover, there was an increase in hepatic mitochondrial
H,0, release in these participants, which may indicate increased mitochondrial respiration, but not
necessarily elevated ROS production. Nonetheless, the levels of TBARS and 3-nitro-tyrosine did not
show any increase, suggesting that hepatic oxidative stress does not substantially contribute to altered

mitochondrial function in these conditions.

Reduced mitochondrial functionality demonstrated exclusively in individuals with combined NASH and
type 2 diabetes is consistent with previous in vivo studies indicating lower hepatic ATP concentrations
in individuals with type 2 diabetes (Figure 4) [84]. In the early time course of the disease hepatocellular
lipids increase substantially, while hepatic ATP content remains constant, as demonstrated recently

[88]. Thereby hepatic mitochondria might fail to adapt to increased lipid availability in the settings of
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hyperglycemia, which further corroborates the findings of study 4 [126] and demonstrates the crucial

role of type 2 diabetes for the progression of metabolic liver disease.

Hyperglycemia in type 2 diabetes might give rise to reactive dicarbonyls such as glyoxal and
methylglyoxal which might enhance oxidative stress in hepatocytes [149]. The negative association
between fasting blood glucose and hepatic oxidative capacity in study 4 [126], even after adjusting for
age, sex, and BMI, further confirms the detrimental role of hyperglycemia and glucotoxicity for hepatic

energy metabolism in NAFLD, as previously suggested in type 1 diabetes (study 3, [125]).
Key messages

e Hepatic energy metabolism in nonobese near-normoglycemic humans with type 1 diabetes
is lower compared to healthy individuals as measured by high-sensitive non-invasive
methods of multinuclei magnetic resonance spectroscopy.

e Early changes in liver energy metabolism in the absence of NAFLD are driven by previously
unidentified factors such as variations in genes controlling oxidative metabolism suggesting
that alterations in hepatic mitochondrial function may precede diabetes-related liver
diseases.

o Genetic defects of mitochondrial function as seen in organic acidemias are not related to
altered hepatic energy metabolism as measured by multinuclei magnetic resonance
spectroscopy, suggesting adaptation of hepatic energy status to the accumulation of BCAA
intermediates.

e Direct evidence from intraoperative liver samples from comprehensively phenotyped
humans demonstrates loss of adaptation of hepatic mitochondrial capacity in NASH with

compared to NASH without T2D, which likely contributes to accelerated NAFLD progression.
4.3. Dynamic metabolic and mitochondrial changes after bariatric surgery

Study 6 [128] provides detailed insights into the time course of changes in metabolism, the lipidome,
the transcriptome and the methylome of skeletal muscle in humans with obesity. Although metabolic
surgery is known to result in remarkable weight loss and to improve whole-body insulin sensitivity,
study 6 [128] revealed that the rapid loss of approximately 7 % of body weight within two weeks does
not immediately lead to improved muscle insulin resistance (Figure 16). This is likely due to a transient
increase in adipose tissue insulin resistance as well as higher levels of circulating cytokines shortly after
operation. Increased growth hormone levels were found as early as 2 weeks after surgery in study 7
[130], so that a contribution of growth hormone-mediated stimulation of lipolysis could not be

excluded.
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Figure 16. Metabolic changes in skeletal muscle and adipose tissue 2 weeks after bariatric surgery.

Illustration by S. Gancheva created with BioRender.com

Study 6 [128] has identified a sustained increase in adipose tissue lipolysis leading to a doubling the
amount of fasting free fatty acids (Figure 16). This elevated level of FFA persists for up to six months
post-surgery, despite an improvement of insulin resistance in adipose tissue. The accumulation of 18:1
18:1 DAG species early after surgery and the resulting stimulation of PKCB is noteworthy as it
demonstrates, for the first time in humans, how changes in endogenous FFA levels can result in
activation of the DAG/PKC pathway, a phenomenon that had previously only been described under
experimental lipid infusion conditions. Collectively, these findings suggest that the DAG-PKC pathway
is the primary cause of the initial failure of metabolic surgery to improve insulin resistance in skeletal
muscle. On the long term, DAG species as well as ceramide species are decreased, while insulin
sensitivity improves substantially. Therefore, the DAG/PKC pathway, along with decreased

inflammatory activity, likely lead to the subsequent increase in insulin sensitivity after surgery.

Impaired mitochondrial function is often associated with insulin resistance, but this relationship is not
universal. Study 6 [128] not only validated the previously established observation of lower muscle
mitochondrial oxidative capacity, coupling efficiency, and fusion activity in individuals with obesity
before surgery, but it also provided evidence of the dynamic regulation of mitochondria in humans
during weight loss. Two weeks after surgery, there was a reduction in mitochondrial mass as measured

by both biochemical and ultrastructural analyses. Additionally, there were no differences observed in
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the ETC complexes I-1ll at this early time point, indicating that there may be a temporary delay in the
improvement of mitochondrial abundance. A possible reason for the decline in mitochondrial mass,
oxidative capacity, and coupling efficiency observed in the initial postoperative period is the
accumulation of intramyocellular lipids inducing lipotoxicity (Figure 16). Elevated lipid peroxidation
and a higher influx of lipids may lead to increased ROS quenching, resulting in the observed decreased
antioxidant capacity. Unlike study 6 [128], short-term caloric restriction for 60 hours or 53 days did not
have an impact on muscle mitochondrial density, indicating that the effects of weight loss on
mitochondria in humans may be specific to the intervention and short-term in nature. The sustained
impairment of mitochondrial fusion activity at the two-week mark suggests that changes in
mitochondrial functionality persist during periods of elevated lipid availability, only reversing with

improved insulin action at 52 weeks.

Two weeks after surgery a number of genes related to lipid metabolism exhibit altered expression
levels, but are not related to changes in DNA methylation, so that different regulatory mechanisms are

likely responsible for these alterations, such as activation of transcription factors.
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Figure 17. Metabolic changes in muscle and adipose tissue one year after bariatric surgery. lllustration

by S. Gancheva created with BioRender.com
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Lower muscle mitochondrial function is reverted to baseline values within 12 weeks, which is
paralleled by a decrease in plasma FFA and these values remain unchanged until the 52-week mark,
despite continuous improvement in insulin sensitivity (Figure 17). These findings suggest that insulin
sensitivity dissociates from mitochondrial function after surgical weight loss, in similarity to studies
using caloric restriction or inhibition of lipolysis [150, 151]. The improvement of peripheral insulin
sensitivity after bariatric surgery is tightly related to the dynamic changes in adipose tissue function

and thereby needs interpretation beyond weight loss.

At 52 weeks various alterations in the entire skeletal muscle methylome are seen, which are associated
with reprogramming of 75 % of the transiently altered genes, so that this mechanism might be

responsible for the normalization of the gene expression levels.

Interestingly, study 7 [130] found no association between the improvement in peripheral and hepatic
insulin sensitivity and the reversal of the GH-IGF1-axis on the long term. However, there was a direct
correlation between the increase of GH levels and an improvement in adipose tissue insulin sensitivity
and lipid availability one year after surgery (Figure 17). The dysfunction of adipose tissue is known to
be a key factor in causing whole-body insulin resistance through lipotoxicity and low-grade
inflammation and GH action is known to affect various aspects of adipocyte function such as lipolysis,
lipogenesis, adipocyte proliferation and differentiation, adipose tissue inflammation, and secretion of
adipokines. The relation between higher GH levels and improvement in adipose tissue but also skeletal
muscle insulin sensitivity could be mediated by adipocyte JAK2 as described previously [152]. A direct
IGF1 effect on muscle insulin signaling one year after surgery via PI3K/Akt activation could not be
excluded and might additionally contribute to higher insulin sensitivity. It is worth noting that the
presence of type 2 diabetes does not seem to have a significant impact on the reversal of GH-IGF-1
axis alterations (study 7, [130]). Most of the observed changes were independent of T2D status, and
there was no correlation between blood glucose levels and GH-IGF-1 changes. This indicates that early
metabolic changes in adipose tissue function and insulin sensitivity, rather than overt hyperglycemia

and diabetes, are linked to changes in the GH system.
Key messages

e Study on the sequence of effects of metabolic surgery on systemic and tissue specific
metabolism revealed early post-surgery metabolic perturbations which associate with
delayed improvements in muscle insulin sensitivity due to transiently higher lipolysis with
accumulation of specific lipids, inadequate mitochondrial function and most importantly

altered gene expression profiles.
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e One year after metabolic surgery muscle metabolism is restored in parallel to substantial
epigenetic modifications, which reprogram muscle gene expression and thereby likely
contribute to improved whole-body insulin sensitivity.

e The increases in hormones of the GH-IGF-1-axis after metabolic surgery relate to
improvement of adipose tissue function and normalization of low-grade inflammation, but
neither to whole-body insulin sensitivity nor leptin levels.

e These results point to a key role of adipose tissue for the GH-IGF-1 regulation during surgical

weight loss.
5. Outlook

Accumulating evidence points at hepatic mitochondria as key factors for alterations in hepatic
metabolism and energy production in metabolic diseases. Because of their involvement in fatty acid
oxidation, lipogenesis and gluconeogenesis hepatic mitochondria represent a major player in the
pathogenesis of non-alcoholic fatty liver disease and thereby could serve as future therapeutic target.
In the settings of greater lipid availability hepatic mitochondrial oxidative capacity adapts accordingly
thereby mitigating accumulation of excessive hepatocellular lipids. Whether this adaptation to higher
substrate influx by upregulation of oxidative capacity is reversible (e.g. by weight loss) as well as its

relation to oxidative stress remain to be elucidated.

Furthermore, the assessment of various features of michochondrial functionality and mitochondrial
content remains challenging, as no gold standard technique has been universally accepted and
multiple methods, which are time-consuming, expensive and invasive, are available. Comparative
studies of the different techniques could shed light on their utility in various populations and help
establish consensus among the experts. Additionally, non-invasive methods such as the measurement
of biomarkers of mitochondrial function (e.g. extracellular vesicles or circulating cell-free
mitochondria) could enable continuous monitoring of hepatic energy metabolism in clinical trials
investigating the progression of metabolic liver disease and replace the currently used invasive

techniques.

NAFLD and its metabolic and hepatic complications represent a substantial global challenge for the
medical community, but mechanistic studies are setting the stage for the development of promising
therapeutic strategies. The excessive accumulation of hepatocellular lipids is a key step in the initiation
and progression of NAFLD and its reversal by metabolic interventions could resolve and/or prevent
hepatic inflammation, fibrosis and diabetes thereby addressing early on the metabolic dysregulation
in NAFLD. Empagliflozin reduces effectively liver lipid content independent of weight loss and in this

way it positions itself as an important partner for future combined treatment strategies for NAFLD.
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Whether the combination of empagliflozin with the GLP-1 agonist semaglutide, which has multiple
beneficial metabolic effects including substantial weight loss, leads to NASH resolution in type 2
diabetes and could serve as future first line therapy in this high-risk population remains to be clarified.
In overall, the strategic combination of multiple agents targeting distinct metabolic pathways is
essential in order not only to achieve resolution of NASH and improvement of fibrosis but also to

enable reduction in cardiovascular and renal outcomes.
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Empaglifiozin Effectively Lowers
Liver Fat Content in Well-
Controlled Type 2 Diabetes: A
Randomized, Double-Blind, Phase
4, Placebo-Controlled Trial

Diabetes Care 2020;43:298-305 | https://doi.org/10.2337/dc19-0641

OBJECTIVE

To evaluate whether the sodium-glucose cotransporter 2 inhibitor empagliflozin
(EMPA) reduces liver fat content (LFC) in recent-onset and metabolically well-
controlled type 2 diabetes (T2D).

RESEARCH DESIGN AND METHODS

Patients with T2D (n = 84) (HbA;. 6.6 = 0.5% [49 = 10 mmol/mol], known disease
duration 39 * 27 months) were randomly assigned to 24 weeks of treatment with
25 mg daily EMPA or placebo. The primary end point was the difference of the
change in LFC as measured with magnetic resonance methods from 0 (baseline) to
24 weeks between groups. Tissue-specific insulin sensitivity (secondary outcome)
was assessed by two-step clamps using an isotope dilution technique. Exploratory
analysis comprised circulating surrogate markers of insulin sensitivity and liver
function. Statistical comparison was done by ANCOVA adjusted for respective
baseline values, age, sex, and BMI.

RESULTS

EMPA treatment resulted in a placebo-corrected absolute change of —1.8% (95%
Cl —3.4, —0.2; P = 0.02) and relative change in LFC of —22% (—36, —7; P = 0.009)
from baseline to end of treatment, corresponding to a 2.3-fold greater reduction.
Weight loss occurred only with EMPA (placebo-corrected change —2.5 kg
[—3.7, —1.4]; P<0.001), while no placebo-corrected change in tissue-specific insulin
sensitivity was observed. EMPA treatment also led to placebo-corrected changes in
uric acid (—74 mol/L [—108, —42]; P < 0.001) and high-molecular-weight adipo-
nectin (36% [16, 60]; P < 0.001) levels from 0 to 24 weeks.

CONCLUSIONS

EMPA effectively reduces hepatic fat in patients with T2D with excellent glycemic
control and short known disease duration. Interestingly, EMPA also decreases
circulating uric acid and raises adiponectin levels despite unchanged insulin
sensitivity. EMPA could therefore contribute to the early treatment of nonalcoholic
fatty liver disease in T2D.
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Patients with type 2 diabetes (T2D) are
prone to develop nonalcoholic fatty liver
disease (NAFLD) (1), and NAFLD itself is
associated with a doubled risk of incident
T2D (2). NAFLD associates not only with
cardiovascular disease but also with di-
abetes-related chronic kidney disease
and retinopathy (1). Moreover, patients
with T2D are at a higher risk of progress-
ing from steatosis to nonalcoholic steato-
hepatitis (NASH), fibrosis, and cirrhosis (1).

Pronounced weight loss is effective for
the treatment of NAFLD but difficult to
achieve in many cases. Although well-
known (glucagon-like peptide 1 receptor
agonists, thiazolidinediones) and novel
(e.g., pegbelfermin, elafibranor) compounds
have demonstrated beneficial effects in
patients with T2D and NAFLD, there is no
accepted pharmacological treatment for
these patients (3).

Sodium—glucose cotransporter 2 inhibi-
tors (SGLT2is) not only improve glycemia
by increasing urinary glucose excretion
but also reduce body weight and blood
pressure (4) and improve cardiovascular
and renal outcomes (5). Some open-label
and placebo-controlled studies have re-
ported that SGLT2is may also alleviate
NAFLD (6,7), while canagliflozin and da-
pagliflozin trended toward decreased
liver fat content (LFC) compared with
placebo (8,9). Body weight loss and gly-
cated hemoglobin (HbA,.) reduction may
be mainly responsible for LFC reduction
with canagliflozin (8,10), but empagliflo-
zin (EMPA) could improve NAFLD inde-
pendently of body weight and glycemia
(7,11). Of note, SGLT2is ameliorated in-
flammation, oxidative stress, and dysreg-
ulated hormone secretion in preclinical
studies (4). The current randomized,
placebo-controlled clinical trial exam-
ined the effectiveness of EMPA on LFC
reduction in patients with recent-onset,
well-controlled T2D and explored its ef-
fects on tissue-specific insulin sensitivity.

RESEARCH DESIGN AND METHODS

Study Design

This randomized, parallel-group, double-
blind, phase 4 trial was performed at five
centers in Germany (Dusseldorf, Potsdam-
Rehbriicke, Dresden, Tibingen, and
Heidelberg) with a 1:1 allocation to
treatment arms. The lead ethics committee
of Heinrich-Heine University Disseldorf
approved all trial procedures.

Patients

The study population consisted of well-
controlled patients with T2D with short
known disease duration to exclude that
the observed effects of EMPA were
mainly driven by improvement of glyce-
mic control. The rationale for this se-
lection was the research question of
whether SGLT2is would also be effective
in early T2D, where effects on glycemia
and changes in additional antihypergly-
cemic treatment during the intervention
would be minimized. Participants were
recruited by newspaper and Internet
advertisements. Before inclusion, all pa-
tients gave written informed consent.
Principal inclusion criteria were age
18-75 years, BMI <45 kg/m? known
diabetes duration =7 years, HbA;. of
6-8%, and no previous antihyperglycemic
treatment or a 1-month washout period.
Principal exclusion criteria included uncon-
trolled hyperglycemia at screening (fasting
blood glucose [FBG] =240 mg/dL), liver
disease other than NAFLD, previous thia-
zolidinedione treatment, and use of im-
munomodaulatory, antiobesity, anti-NASH
drugs. Full inclusion and exclusion criteria
are listed in the Supplementary Data.

Randomization and Masking

All participants were randomized by a
stratified computed randomization pro-
cedure to account for age, sex, and BMI
to EMPA or placebo and were masked to
the treatment assignment. The electronic
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master randomization list was only acces-
sible to the assigned randomization list
managers, and study sites received sealed
opague envelopes for unblinding in cases
of emergency. Enroliment was performed at
the respective site. Randomization and
assignment to the double-blind study
drug was done by central pharmacy per-
sonnel, who had access to the computer-
generated randomization scheme. No
open access to the code was available
at study centers to monitors, statisticians,
or sponsors’ teams. Blinding of investiga-
tors and patients was achieved by pro-
viding EMPA and placebo tablets with
identical appearance and packaging. Un-
blinding was performed after the final
database lock.

Procedures

All procedures are summarized in the
Supplementary Data. Eligibility of pa-
tients was assessed at screening and
at the end of the 1-month washout
period (for patients with previous anti-
hyperglycemic treatment only). Partici-
pants received one individual dietary
counseling before the baseline visit ac-
cording to recommendations of the Amer-
ican Diabetes Association (12).

All baseline measures were performed
before the first intake of study medica-
tion. From screening on, FBG levels were
self-monitored daily with a glucose meter.

Enrolled patients were allocated to one
treatment arm (EMPA 25 mg once daily
or matching placebo orally; both from
Boehringer Ingelheim, Ingelheim/Rhein,
Germany) and returned to the study center
at baseline; at weeks 1, 4, 8, 12, 16, 20,
and 24 for efficacy and safety (including
adverse events) assessments; and at 2 weeks
after discontinuation of study medication.

Assessments of visceral adipose tissue
(VAT) and subcutaneous adipose tissue
(SCAT) volume and LFC, respectively, were
performed at baseline and 12 and 24 weeks.
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Effects of Empagliflozin on Liver Fat Content

LFC was assessed at each center using
volume-selective proton MRS (*H-MRS)
using a stimulated echo acquisition mode
(coefficient of variation [CV] 0.3-1.7%) as
reported previously (13) or chemical
shift—selective in-phase/opposed-phase
imaging technique in one center (14). All
measurements were performed in liver
segment 7, and LFC was calculated as fat /
(water + fat) * 100% by central reading.

SCAT (CV 1.5% [J.M., personal com-
munication]) and VAT (CV 1.1% [15])
were measured using T1-weighted axial
fast spin-echo (16) and quantified using
an automated algorithm on the basis of
fuzzy clustering and orthonormal snakes
(15). Central reading was done at the
Institute for Diabetes Research and Met-
abolic Diseases of the Helmholtz Center
Munich at University of Tubingen by a
spectroscopist blinded to patients’ treat-
ment allocation.

Two-step euglycemic insulin clamps
with [6,6-2H2]glucose (17) were done to
assess whole-body, mainly skeletal mus-
cle, insulin sensitivity (M value, Ry4) and
adipose tissue (% suppression of free
fatty acids [FFAs]) insulin sensitivity as
well as parameters related to endoge-
nous glucose production (EGP) (absolute
EGP rates, % EGP suppression) during low
and high insulinemia at baseline and
week 24. Briefly, participants fasted over-
night for at least 10 h and refrained from
any exercise and alcohol for at least 24 h
before the test. [6,6—2H2]glucose was
given as primed-continuous intravenous
infusion throughout the clamp. After
120 min, a primed (40 mU/m?/min for
8 min) insulin intravenous infusion (Insu-
man Rapid; Sanofi, Paris, France) was
given for the next 120 min at 20 muU/
m?/min (low insulin) and for the final
120 min at 40 mU/m?/min (high insulin).
A variable 20% glucose infusion enriched
with [6,6-2H2]glucose was used to main-
tain blood glucose at ~90 mg/dL. The M
value was calculated from glucose in-
fusion rates during the last 20-30 min of
both low- and high-insulin periods. Pa-
tients in whom steady-state conditions
were not achieved were excluded from
analysis. Because the study drug was
discontinued at least 3 days before the
clamps to account for the half-life of EMPA
25 mg (~10.7 h [8]), urinary glucose
excretion was not measured.

Fasting hepatic insulin resistance
(HIR) was calculated as fasting plasma
insulin * basal EGP (8). Fasting adipose

tissue insulin resistance was calculated
as fasting FFA * fasting plasma insulin.

Daily energy intake was analyzed from
3-day food diaries, which were filled in by
patients before each visit at the site using
the Prodi system (Prodi 6.3.0.1 [Nbase
3.60]; Nutri-Science GmbH, Freiburg,
Germany). Physical activity was assessed
by Baecke index (18).

Glucose, insulin (hemolytic blood sam-
ples were excluded from analysis), C-
peptide, and FFA concentrations were
measured as previously described (19).
Serum levels of cytokeratin 18 (CK18)-
M30 and -M65, adiponectin, fibroblast
growth factor 21 (FGF-21), tumor necro-
sis factor-a (TNF-a, interleukin-1 recep-
tor antagonist (IL-1Ra), IL-6, and resistin
were measured at baseline and after
12 and 24 weeks. IL-6 and TNF-a were
measured with Quantikine High Sensitiv-
ity ELISA Kits (R&D Systems, Abington,
U.K.), and IL-1Ra, FGF-21, and resistin
were measured with Quantikine ELISA
Kits (R&D Systems). High-molecular-weight
(HMW) adiponectin was measured with
the HMW and Total Adiponectin ELISA
Kit (ALPCO, Salem, NH), and CK18-M30
(apoptosis-associated capase-cleaved
keratin 18, K18Asp396, or M30 neoepi-
tope) and CK18-M65 (soluble keratin K18)
were measured using the M30 Apopto-
sense ELISA and M65 ELISA Kits (VLVbio,
Nacka, Sweden).

Outcomes

The primary efficacy end point was defined
as the difference in change of LFC (in %)
between EMPA and placebo from baseline
to 24 weeks of treatment. Secondary end
points comprised the differences in
changes of measures of whole-body/
skeletal muscle (M value, Ry) and hepatic
insulin sensitivity (HIR, insulin-stimulated
EGP suppression, fasting EGP) measures
between EMPA and placebo from baseline
to 24 weeks. All assessments except LFC
were exploratory. Safety was monitored
by assessment of vital signs, physical
examination, electrocardiogram, adverse
events, and laboratory results (blood
chemistry, hematological and coagulation
parameters) at each visit.

Power Calculation

An ~3% reduction from baseline in body
weight was observed for EMPA 25 mg in
a phase 3 study with patients with T2D
(20). In patients with T2D with a short
disease duration and excellent glycemic
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control, an ~5% reduction in body weight
corresponded to an ~7% reduction in LFC
(29). Thus, the current study required a
sample size of 30 patients/arm to detect
a 4% absolute decrease in LFC from
baseline with a pairwise comparison
within a 95% ClI, assuming an SD of
5.4% and a power of at least 80%. An
estimated dropout rate of 15% resulted
in 36 participants/arm.

Statistical Analyses

All analyses for efficacy parameters were
performed in the intention-to-treat pop-
ulation, including all patients, of which at
least the baseline and 12-week and/or
24-week LFC data were available. For
patient characteristics, data are shown
as mean with SD for normally distributed
data and median with first and third
quartiles for log-normally distributed
parameters. Values of parameters at
week 0 in both treatment arms are
presented as means for normally distrib-
uted data and geometric means for log-
normally distributed data with 95% Cls.
Placebo-corrected changes from base-
line to 24 weeks for normally distributed
parameters are presented as absolute
changes and for log-normally distributed
data, as relative changes with corre-
sponding 95% Cls adjusted for age,
sex, BMI, and respective baseline param-
eter (least square means). Comparison of
changes between treatments was done
by an ANCOVA adjusted for age, sex, BMI,
and the baseline value of the respective
parameter. Calculations were performed
with SAS 9.4 TSIM2 (SAS Institute, Cary,
NC). No data monitoring committee
was foreseen for this small-scale phase
4 trial.

RESULTS

Between 4 March 2016 and 1 February
2018, 84 patients were randomized to
EMPA (n = 42) or placebo (n = 42) and
received at least one dose of the study
medication. Of all randomized patients,
65 (77%) completed the trial (Fig. 1).

Patient Characteristics

Baseline anthropometric and metabolic
measures were all comparable between
EMPA and placebo (Table 1). Physical
activity and daily calorie intake neither
differed at baseline nor changed from
baseline to 24 weeks between the groups
(data not shown).
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| Figure 1—Trial profile.

Effect of EMPA on LFC
In the intention-to-treat population,
29 (81%) of 36 patients in the EMPA
arm and 29 (78%) of 37 in the placebo
arm had NAFLD at week 0. LFC was
comparable between groups (EMPA
9.6% [95% Cl 7.3, 12.7]; placebo 11.3%
[8.6, 14.7]) and decreased in both groups
already at week 12 (relative reduc-
tion: EMPA —21%, placebo —15%). At
24 weeks, a placebo-corrected absolute
(—1.8% [—3.4, —0.2]; P = 0.02) and
relative decrease in LFC (—22% [—36,
—7]; P = 0.009) was observed, corre-
sponding to a 2.3-fold higher relative
reduction in EMPA (Fig. 2A and
Supplementary Table 2). Further adjust-
ment for change in body weight atten-
uated the difference in LFC reduction of
EMPA and placebo (placebo-corrected
decrease —6% [—23, 14]; P = 0.50).
Applying maximum likelihood methods
to account for missing values for LFC at
week 24 did not affect the results (data
not shown). NAFLD resolution (LFC <5.56%

[21]) occurred in 5 (20%) of 25 patients
in the EMPA group and 2 (8%) of 24 pa-
tients in the placebo group at 24 weeks.

To examine the impact of the presence
of NAFLD on EMPA-mediated reduction of
LFC, an interaction term of treatment and
NAFLD status (yes/no) was added to the
model. Interaction of NAFLD status and
treatment was not significant (P = 0.94).

The impact of sex on the EMPA-related
reduction in LFC was examined by in-
cluding an interaction term of treat-
ment and sex in our model. There was a
placebo-corrected decrease in LFC in males
(—31% [95% CI —44, —14]; P = 0.002)
but not in females (—1% [—28, 37]; P =
0.96). The test of interaction between sex
and treatment did not achieve signifi-
cance (P = 0.075).

Effect of EMPA on Skeletal Muscle and
Hepatic and Adipose Tissue Insulin
Sensitivity

During low-insulin clamp conditions,
placebo-corrected whole-body/skeletal

muscle Ry increased by 30% (95% CI 9,
55; P = 0.005) (Supplementary Table 1).
However, there were no significant pla-
cebo-corrected changes in M value both
at low (50% [0, 126]; P = 0.05) and high
(12% [—12, 42]; P = 0.36) insulin with
EMPA (Fig. 2B and Supplementary Table
1). Changes in HIR and insulin-mediated
suppression of EGP at low- and high-
insulin conditions were also compara-
ble between groups (Fig. 2C and
Supplementary Table 1). Likewise,
changes in adipose tissue insulin resis-
tance and insulin-stimulated FFA suppres-
sion at low- and high-insulin conditions
did not differ between groups (Fig. 2D and
Supplementary Table 1).

Effect of EMPA on Body Composition,
Glycemia, and Lipidemia

EMPA resulted in a placebo-corrected
weightloss of —2.5kg(95% Cl —3.7, —1.4;
P < 0.001) at 24 weeks (Fig. 3A
and Supplementary Table 2). The body
weight reduction occurred in 31 (86%)
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Table 1—Patient characteristics at week 0

EMPA (n = 42) Placebo (n = 42)

Sex

Male 29 (69) 29 (69)

Female 13 (31) 13 (31)
Age (years) 62.7 = 7.0 61.5 = 10.0
Ethnicity

Caucasian 42 (100) 41 (98)

Hispanic/Latino 0 (0) 1(2)
BMI (kg/m?) 321 = 4.6 324 + 4.2
Known diabetes duration (months) 36 + 27 40 + 27
Hepatic steatosis* 33 (79) 33 (79)
Concomitant medication

Antihyperglycemic drugs# 28 (67) 26 (62)

Antihypertensive drugs 21 (50) 29 (69)

Lipid-lowering drugs 19 (45) 15 (36)
Glycemia

HbA

% 6.8 = 0.5 6.7 = 0.7
mmol/mol 51 £ 6 50 = 8
FBG (mmol/L) 75 * 14 7.2 £ 13

Serum lipid concentrations
Triglycerides (mg/dL)
HDL cholesterol (mg/dL)
LDL cholesterol (mg/dL)

Liver transaminases
ALT (pmol/s/L)

AST (pmol/s/L)

159 (122; 202)
50 * 15
133 * 40

181 (103; 251)
48 *+ 10
120 * 30

0.54 (0.42; 0.80)
0.42 (0.36; 0.49)

0.62 (0.42; 0.88)
0.43 (0.37; 0.55)

Data are mean = SD for normally distributed parameters, median (25%; 75%) for log-normally
distributed parameters, or n (%). ALT, alanine aminotransferase; AST, aspartate
aminotransferase. *LFC =5.56% measured by magnetic resonance—based methods.
#Antihyperglycemic medication was stopped from at least 4 weeks before randomization until

the end of the intervention period.

of 36 patients in the EMPA group and
18 (49%) of 37 patients in the placebo
group. Weight loss of =5% occurred
in 27% of patients on EMPA and in 16%
on placebo. There were no placebo-
corrected changes in VAT (—290 cm?
[—694, 114]; P = 0.16) and SCAT
(—2% [—10, 6]; P = 0.55) with EMPA.
Of note, patients who underwent both
VAT and SCAT measurements (n =
21 of 29) also exhibited a placebo-
corrected decrease in body weight
with EMPA (—2.6 kg [—4.0, —1.1];
P < 0.001).

EMPA led to a placebo-corrected
change in FBG (—0.7 mmol/L [95% CI
—1.3,—0.2]; P=0.01) (Fig. 3B) but notiin
HbA1. (Supplementary Table 2). Placebo-
corrected changes in fasting insulin,
C-peptide, and FFA levels did not reach
significance (all P> 0.2) (Supplementary
Table 2). Also, serum HDL and LDL
cholesterol, serum total cholesterol,
and plasma triglycerides were unaf-
fected by EMPA treatment (data not
shown).

Effect of EMPA on Adiponectin and
Inflammation- and Liver-Related
Parameters
Serum uric acid markedly decreased
(placebo-corrected change —74 mol/L
[95% Cl —108, —42]; P < 0.001), and
HMW adiponectin concentrations in-
creased (placebo-corrected change
36% [16, 60]; P < 0.001) from O to
24 weeks (Fig. 3C and D). Placebo-
corrected changes in IL-1Ra, TNF-q, IL-6,
and FGF-21 did not differ between groups
(all P > 0.2) (Supplementary Table 3).
Serum alanine aminotransferase and
v-glutamyl transferase were reduced with
similar effect sizes in EMPA and placebo
after 24 weeks (Supplementary Table 3).
CK18-M30 and -M65 numerically de-
creased in the EMPA group, but no
placebo-corrected changes were detect-
able (Supplementary Table 3).

CONCLUSIONS

This trial provides evidence that empagli-
flozin effectively reduces LFC compared
with placebo but has no major effects on
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tissue-specific insulin sensitivity. Explor-
atory analyses revealed a marked de-
crease in serum uric acid and a rise in
serum HMW adiponectin levels. Of in-
terest, these effects occurred in the pres-
ence of moderate weight loss and despite
only minor changes in glycemia in a cohort
of metabolically well-controlled patients
with T2D with a short disease duration.

Effects of SGLT2is on LFC and Body
Weight

Recent randomized controlled trials
demonstrated that SGLT2is can induce
a reduction of LFC compared with base-
line (6-9), but only one trial also
reported a statistically significant effect
on LFC compared with placebo (6). The
magnitude of the reduction in LFC may
depend on trial medication and design;
duration of the intervention; cohort char-
acteristics, such as NAFLD status, T2D
duration, glycemic control, and sex
distribution; and, finally, statistical
power (22,23). The current study reports
that EMPA leads to a nominally greater
placebo-corrected decrease in LFC than
dapagliflozin (6) but a slightly smaller
decrease in change from baseline than
canagliflozin (8). However, the absence
of studies on dose dependency and head-
to-head comparisons does not allow any
conclusions about drug-specific effects
at present. As indicated in other NAFLD
trials (22,23), the guideline-based dietary
counseling for all groups could have been
responsible for the higher rates of LFC
improvement observed in the placebo
groups of this study and one previous (8)
but not in other SGLT2i trials (6,9).

On the other hand, study duration may
play a role as illustrated by the obser-
vation that alanine aminotransferase,
as a crude surrogate marker of NAFLD,
decreased only during the first 28 weeks
of EMPA treatment (11). At the least, the
nominally greater baseline-corrected de-
crease in LFC in the 24-week placebo-
controlled trials (i.e., in one previous [8]
and the current trial) than in the 8- and
12-week trials could support this con-
tention (6,9).

As to cohort characteristics, the better
metabolic control and shorter known di-
abetes duration compared with previous
trials (6-9) and the possible inclusion of
patients without NAFLD could have led to
an underestimation of the efficacy of
EMPA on LFC in our cohort (11). Indeed,
incidence of NAFLD positively associates
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with higher HbA;. and most likely also
longer diabetes duration (24), and NAFLD
frequency may affect the magnitude of
LFC reduction in T2D (8,11).

Finally, this study found a placebo-
corrected reduction of LFC in males but
not in females, although the interaction
of sex and treatment was not significant
and the number of females small. Given
that the percentage of males ranged
from 60 to 81% in the previous random-
ized SGLT2i studies (6-9), sex-dependent
differences in metabolic effects on LFC
cannot be excluded. In this context, a
recent study suggested sex differences in
the effects of EMPA on arterial stiffness
(25), whereas a post hoc analysis of the
BI 10773 (Empagliflozin) Cardiovascular
Outcome Event Trial in Type 2 Diabetes
Mellitus Patients (EMPA-REG OUTCOME)
did not detect any changes in outcomes
between females and males (26).

This study shows that the changes in
LFC occur in parallel to the decline in body
weight during SGLT2i treatment. While
significant reduction in LFC was consid-
ered to require weight loss of =5% (8),
studies have indicated that even minor
weight loss up to 5% can initiate a de-
crease in LFC by 33% (3,27). Because a

o)

P — 5-
c -
£ =0.36
EI P —
g |
S 3|
E
£ 2
] -e- EMPA
‘; 11 = PLAC
=
c T T L] L] L
0 6 12 18 24
D weeks
80
= =0.74
R 7041 p=0
($]
]
5 6041
o
=]
"
< 50 -o- EMPA
10
'|' = PLAC
c L L L] L] L]
0 6 12 18 24
weeks

Figure 2—Effects of EMPA on LFC (A), whole-body insulin sensitivity (M value in high-insulin
condition [40 IU/m? body surface area/min] [HC]) (B), hepatic insulin sensitivity as insulin-
stimulated suppression of EGP under low-insulin conditions (20 1U/m? body surface area) (EGP
suppr LC) (C), and adipose tissue insulin sensitivity as insulin-stimulated suppression of FFA under
low-insulin conditions (FFA suppr LC) (D). Numbers of patients in EMPA and placebo (PLAC),
respectively, of which week 0 and 24 data were obtained are as follows: 31 and 31 (A), 28 and 26 (B),
24 and 25 (C), and 27 and 27 (D). Unadjusted values of parameters are mean = SEM. P values
indicate significance level for PLAC-corrected EMPA effect and are based on ANCOVA with
adjustment for age, sex, BMI, and the respective baseline parameter.

body weight reduction of =5% was ob-
served in only 27% of the EMPA group,
the 34% decline in LFC underlines the
role of minor weight loss for the effect
of SGLT2is on LFC.

EMPA and Insulin Sensitivity

During low-insulin conditions, EMPA re-
sulted in a borderline, but nonsignificant
(M value) or significant (Ry) increase
in whole-body glucose disposal. Under
these conditions, Ry and M value repre-
sent the amount of glucose taken up not
only by skeletal muscle but also by other
organs like adipose tissue and the
splanchnic bed (28). However, measures
of adipose tissue (insulin-stimulated FFA
suppression) or hepatic (insulin-stimulated
EGP suppression) insulin sensitivity were
not different between EMPA and pla-
cebo. Thus, the higher Ry could have
resulted from EMPA-induced glucosuria,
but study medication was stopped at
least 3 days before the clamps (to ac-
count for the half-life of EMPA [~10.7 h
for EMPA 25 mg (29)]), rendering urinary
glucose loss unlikely. Moderate increases
in Ry with SGLT2is have also been attrib-
uted to improvements in hyperglycemia
and glucose toxicity (8,30). Thus, despite

the (very) good glucometabolic control
and rather short known diabetes dura-
tion, the minor decrease in fasting gly-
cemia with EMPA could have contributed
to the small increase in Ry during low-
grade insulinemia. In contrast, the cur-
rent study found no placebo-corrected
effects of EMPA on Ry and M value
during high-insulin clamps, which is in
line with the trials on dapagliflozin (6)
and canagliflozin (8). Under these con-
ditions, Ry almost exclusively reflects
insulin-stimulated skeletal muscle glu-
cose uptake (28).

Interestingly, the decrease in LFC was
not paralleled by improved hepatic in-
sulin sensitivity, which is comparable to
one dapagliflozin study (6) but in contrast
to the canagliflozin trial (8). The latter
study also reported lower HbA;. and
discussed reduction of glucotoxicity by
canagliflozin as the cause (8). The ab-
sence of changes in HbA. in the current
study supports this contention.

Previous studies demonstrated that
the antihyperglycemic efficacy of SGLT2i
is partly counteracted by a rise in EGP
(31,32). This could result from a chronic
SGLT2i-induced rise in plasma glucagon
and decreased insulin concentrations.
However, a recent clinical trial showed
that canagliflozin still increases EGP
when liraglutide prevents the changes
in plasma insulin and glucagon levels
(33). Similarly, hyperglucagonemia per
se does not mediate the SGLT2i-induced
increase in EGP (34). Of note, glycemia
per se may regulate EGP in that a de-
crease in plasma glucose concentration
can stimulate EGP independent of changes
in plasma insulin and glucagon (35).

Finally, fasting FFA and insulin levels as
well as adipose tissue insulin resistance
were unchanged during this study.
The previous placebo-controlled SGLT2i
trials on LFC yielded contradictory re-
sults, showing elevated (8) or unchanged
FFA levels (6,9) in the presence of de-
creased (8) or unchanged (6,9) fasting
insulinemia. The previously reported
SGLT2i-associated FFA elevation has
been explained by glucosuria-induced
relative hypoinsulinemia, which would
reduce inhibition of lipolysis and tissue
glucose uptake with a compensatory
increase in lipid oxidation and hyper-
ketonemia (4). In our cohort of patients
with well-controlled, recent-onset T2D,
EMPA did not decrease circulating insulin
levels so that the ambient insulinemia
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Figure 3—Effects of EMPA on body weight (BW) (A), FBG (B), serum uric acid levels (C), and serum
HMW adiponectin levels (D). Comparison of changes in the respective parameters between
treatment arms. Numbers of patients in EMPA and placebo (PLAC) groups, respectively, of which
week 0 and 24 data were obtained are as follows: 32 and 32 (A), 31 and 31 (B), 31 and 31 (C), and
31 and 30 (D). Unadjusted values of parameters are mean = SEM. P values indicate significance
level for PLAC-corrected EMPA effect and are based on ANCOVA with adjustment for age, sex, BMI,

and the respective baseline parameter.

might have sufficed to inhibit lipolysis as
shown in humans without diabetes (4).

Exploratory Analyses of Circulating
Parameters

A recent uncontrolled pilot study pro-
vided some evidence that EMPA treat-
ment for 24 weeks could improve
histological components of NASH and
its resolution despite a mean reduction
in BMI of only —0.7 kg/m? (36). The
current trial did not observe placebo-
corrected changes in circulating surro-
gate markers of liver injury, such as
transaminases or CK18-M30 fragment.
This is partly in line with some studies
(6,7) but not in another that reported
improvements in transaminases as well
as CK18 fragments with dapagliflozin
(9). The lack of an effect of EMPA could
be due to the absence of NASH and
fibrosis or masked by the greater de-
crease in LFCin the placebo group, which
is a major trigger for reduction of these
surrogate markers (27).

EMPA treatment markedly reduced
serum uric acid and raised serum adipo-
nectin concentrations. High uric acid
levels trigger adipose tissue inflamma-
tion, insulin resistance, and hypoadipo-
nectinemia (37). Of note, increased uric
acid and decreased adiponectin levels

associate with body weight; metabolic
syndrome features, including T2D; and
NAFLD (37-39).

Limitations

The patient cohort comprised exclusively
metabolically well-controlled patients
with T2D with short known disease du-
ration with and without NAFLD. Thus,
results cannot be necessarily extrapo-
lated to the general population of pa-
tients with T2D, particularly to those with
uncontrolled glycemia, longer disease
duration, and more severe liver dis-
ease. On the other hand, this limitation
represents a specific strength by showing
that EMPA is effective in reducing LFC in
the absence of major changes in glyce-
mia. This trial provides no information
about the efficacy and safety of EMPA in
glucose-tolerant individuals with NAFLD,
a collective at increased risk of T2D (2).
Moreover, this study used detailed met-
abolic phenotyping with two-step eugly-
cemic clamps but not mixed-meal tests,
which would have allowed the assess-
ment of postprandial 3-cell function and
metabolism, and did not include liver
biopsies because of the expected early
stages of NAFLD in these patients and
the short duration of intervention. Finally,
this study did not use multiple imputation
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to account for missing values but per-
formed maximum likelihood methods
for the primary end point (40).

In conclusion, this proof-of-concept
trial shows that the SGLT2i EMPA de-
creases LFC in near-normoglycemic pa-
tients with recent-onset T2D with and
without NAFLD. EMPA induced minor
weight loss and no effect on tissue-specific
insulin sensitivity. The marked decrease
in serum uric acid and the rise in HMW
adiponectin levels with EMPA treatment
calls for further studies on the clinical
relevance of these observations. Because
future NAFLD treatment in T2D will require
strategies that simultaneously address the
different mechanisms underlying meta-
bolic liver disease, EMPA could serve as a
partner for such combination treatments
because of its favorable effects on liver
fat and body weight.
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ABSTRACT

Objective: Brain insulin-induced improvement in glucose homeostasis has been proposed to be mediated by the parasympathetic nervous
system. Non-invasive transcutaneous auricular vagus nerve stimulation (taVNS) activating afferent branches of the vagus nerve may prevent
hyperglycemia in diabetes models. We examined the effects of 14-min taVNS vs sham stimulation by Cerbomed Nemos® on glucose metabolism,
lipids, and hepatic energy homeostasis in fasted healthy humans (n = 10, age 51 & 6 yrs, BMI 25.5 + 2.7 kg/mz).

Methods: Heart rate variability (HRV), reflecting sympathetic and parasympathetic nerve activity, was measured before, during and after taVNS
or sham stimulation. Endogenous glucose production was determined using [6,6-2H2]glucose, and hepatic concentrations of triglycerides (HCL),
adenosine triphosphate (ATP), and inorganic phosphate (Pi) were quantified from HA'lp magnetic resonance spectroscopy at baseline and for
180 min following stimulation.

Results: taVNS did not affect circulating glucose, free fatty acids, insulin, glucagon, or pancreatic polypeptide. Rates of endogenous glucose
production (P = 0.79), hepatic HCL, ATP, and Pi were also not different (P = 0.91, P = 0.48 and P = 0.24) between taVNS or sham stimulation.
Hepatic HCL, ATP, and Pi remained constant during prolonged fasting for 3 h. No changes in heart rate or shift in cardiac autonomic function from
HRV towards sympathetic or parasympathetic predominance were detected.

Conclusion: Non-invasive vagus stimulation by Cerbomed Nemos® does not acutely modulate the autonomic tone to the visceral organs and
thereby does not affect hepatic glucose and energy metabolism. This technique is therefore unable to mimic brain insulin-mediated effects on

peripheral homeostasis in humans.
© 2017 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords Vagus nerve stimulation; Hepatic insulin sensitivity; Hepatic energy metabolism; Liver fat content

1. INTRODUCTION vagal nerve may be key to controlling glucose homeostasis, its rele-

vance in humans has not been determined.

Insulin signaling in the central nervous system has been identified as
an essential regulator of peripheral energy and glucose homeostasis in
rodents and dogs [1—3]. Of note, brain insulin effects are abolished by
hepatic vagotomy, suggesting that the brain—liver crosstalk is medi-
ated by the vagus nerve [4]. Furthermore, brain insulin-induced sup-
pression of endogenous glucose production (EGP) via hepatic IL-6/
STAT3 activation has been suggested to depend on the inhibition of
hepatic vagal branches [5]. Although these results indicate that the

Studies in humans using intranasal insulin for delivery to the brain
provided support of the concept of central regulation of EGP, whole-
body glucose uptake, and adipose tissue lipolysis [6—9]. We
recently reported that intranasal insulin improves hepatic energy
metabolism and reduces liver fat content in lean healthy humans but
not in patients with type 2 diabetes (T2D) [10]. However, the mech-
anism of this brain—liver crosstalk remained unclear. Interestingly,
parasympathetic tone, estimated from heart rate variability, was
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shown to correlate with the change in whole-body insulin sensitivity
after intranasal insulin application [8], suggesting that vagal outputs
also mediate brain-derived peripheral insulin sensitization in humans.
Transcutaneous auricular vagus nerve stimulation (taVNS) can be
applied in the external ear of humans to non-invasively activate the
central projections of the auricular branch of the vagus nerve [11].
Thereby, taVNS induces an increase in the nucleus tractus solitarii
(NTS) activity measured by functional magnetic resonance imaging
[11]. Another human taVNS study found reduction in sympathetic
outflow, as assessed using microneurography and increased heart rate
variability, suggesting reduced sympathetic tone after vagal stimula-
tion [12]. The mechanism behind this reduction of sympathetic output
supposedly included taVNS induction of caudal ventrolateral medulla
activity, which, in turn, inhibits rostral ventrolateral medulla and thus
lowers sympathetic tone [13], suggesting that taVNS might act on the
sympathetic nervous system independent of vagal activation. VNS is
currently applied as adjunctive therapy in medically refractory epilepsy
[14] but has also recently emerged as a promising treatment option for
major depressive disorder [15], Alzheimer’s disease [16,17], and in-
flammatory bowel disease [18] due to its anti-inflammatory potential
[19]. The metabolic effects of vagal stimulation are not completely
understood. Energy expenditure has been shown to increase [20] and
postprandial insulin secretion is reduced after a single session of VNS
in humans [21]. Evidence from Zucker diabetic fatty rats highlights the
potential of taVNS to prevent hyperglycemia [22,23]. However, whether
non-invasive taVNS in humans can modulate hepatic glucose and lipid
metabolism is unknown.

Thus, we designed a randomized, controlled, crossover clinical study
to assess the effects of taVNS on hepatic insulin sensitivity, lipid, and
energy homeostasis in lean healthy humans. We further examined
taVNS effects on cardiac autonomic function and circulating pancreatic
polypeptide (PP) levels as readouts for vagal activation. We hypothe-
sized that taVNS would increase parasympathetic tone and mimic
intranasal insulin effects in healthy humans.

2. MATERIAL AND METHODS

2.1. Participants

Ten healthy humans not taking any medication and without any family
history of diabetes were enrolled in this randomized controlled single-
blind, cross-over, monocenter study between August 2015 and
January 2017 (ClinicalTrial.gov registration no. NCT01479075). Par-
ticipants exhibited normal glucose tolerance based on a standard 75-
grams oral glucose tolerance test. The study was approved by the
ethics board of Heinrich-Heine University Diisseldorf and written
informed consent was obtained from each person prior to inclusion.
Screening procedure included medical history, clinical exam and blood
tests. None had clinical or laboratory signs of infection, cardiovascular,
neurological, hepatic, renal, or endocrine disease. Patients with car-
diac arrhythmia or peripheral neuropathy were excluded from partic-
ipation. Female participants were postmenopausal. All volunteers
refrained from caffeine-containing drinks consumption and exercise
from 3 days before the study.

2.2. Study design

The volunteers arrived at 7:00 am at the German Diabetes Center
after 10 h overnight fasting and remained fasted until the end of the
study day. All participants were studied on two different days spaced
by at least 7 days. Both cubital veins were catheterized for blood
sampling and infusions. At time point —180 min, the participants
received a continuous infusion (0.036 mg*min‘“kg*body weight”) of

D-[6,6-2H2]glucose (99% enriched in 24 glucose; Cambridge Isotope
Laboratories, Andover, MA) after a priming bolus of 3.6 mg*kg body
Weight’1*fasting plasma glucose [mg/dI}/90 [mg/dI] for 5 min [7]. The
tracer infusion lasted until +-180 min, and blood samples were drawn
to measure tracer enrichment, metabolites, and hormones.

At time point zero, taVNS or sham stimulation using Cerbomed
NEMOS® (Cerbomed, GmbH, Erlangen, Germany) device were applied
for 14 min in the left external ear as described previously [11]. For
taVNS, the earpiece of the device was positioned upright with the
electrode in the cymba conchae of the left external ear. Sham stim-
ulation (as a control) was conducted by positioning the earpiece upside
down with the electrode on the earlobe of the left external ear. The
stimulus intensity was adjusted for each participant starting from
0.1 mA and increasing in 0.1 mA until tingling sensation was achieved.
Further increases in the intensity leading to pricking or burning sen-
sations were avoided. All participants reported tingling sensation
during all taVNS and sham stimulation procedures. The stimulation
intensities that were selected in this way were 0.3—1.2 mA for the
sham earlobe stimulation condition (0.8 + 0.1 mA, mean 4+ SEM) and
0.6—1.4 mA for the taVNS cymba conchae condition (0.9 &+ 0.1 mA,
mean + SEM), with no difference between conditions. The non-
adjustable parameters of the device were continuous biphasic
square pulses with 0.25 ms duration at 25 Hz.

2.3. Metabolites and hormones

Blood samples were chilled and centrifuged, and supernatants were
stored at —80 °C until analysis. The glucose oxidase method was used
to measure venous blood glucose concentrations with EKF biosen C-
Line glucose analyzer (EKF Diagnostic GmbH, Barleben, Germany).
Serum triglycerides and plasma free fatty acids (FFA) were quantified
enzymatically [10]. Serum C-peptide and insulin were measured
chemoluminimetrically (Immulite 2000 Xpi; Siemens, Erlangen, Ger-
many) [24]. Plasma glucagon was measured by radioimmunoassay
(Millipore, St. Charles, Miss, USA). Serum PP was measured using an
established radioimmunoassay in the Section of Investigative Medi-
cine, Imperial College London [25]. Briefly, 100 pl of sample were
added to 600 pl of 0.05 M phosphate buffer with 0.3% bovine serum
albumin (BSA) w/v containing antibody (titer 1:860,000). The assay
was incubated for 3 days of at 4 °C. Bound and free radiolabeled PP
were separated by charcoal adsorption of the free fraction using 4 mg
of charcoal/tube suspended in 0.06 M phosphate buffer with gelatine.
The samples were centrifuged at 1500 x g at 4 °C for 20 min, bound
and free label separated by aspiration, and both pellet and supernatant
counted in a gamma-counter (model NE1600, Thermo Electron Cor-
poration). Gas chromatography-mass spectrometry for assessment of
atom percent enrichment of °H was performed on Hewlett—Packard
6890 gas chromatograph equipped with a 25-m CPSil5CB capillary
column (0.2-mm inner diameter, 0.12-pm film thickness; Chrompack/
Varian, Middelburg, The Netherlands), interfaced to a Hewlett Packard
5975 mass selective detector (Hewlett Packard) as described previ-
ously [26]. Atom percent enrichment was calculated as mass ratio,
corresponding to the tracer enrichment in plasma glucose.

2.4. "H/3'P magnetic resonance spectroscopy (MRS)

At time point —60 min, the participants entered the 3-Tesla MR
scanner (Achieva 3T Philips, Best, The Netherlands) for scans in the
supine position at baseline, 30 min after taVNS or sham procedure and
at time point +180 min. A 14-cm circular %1p surface transmit-receive
coil (Philips Healthcare, Best, The Netherlands) for 3'P-MRS and the
built-in 'H whole body coil for localization and proton spectroscopy
were used as described before [27]. Participants were not allowed to
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leave the scanner between measurements. Hepatic phosphorus
metabolite concentrations (adenosine triphosphate, ATP, and inorganic
phosphate, Pi) were corrected for the volume captured by lipid droplets
within hepatocytes [28]. Intra- and inter-observer variability in spectral
processing of 3'P-MRS was reported previously [27].

2.5. Heart rate variability

Nine of the 10 volunteers underwent heart rate variability monitoring
before, during, and after taVNS and sham stimulation on two additional
test days. One volunteer did not want to participate further. Participants
were again blinded to the random order of conditions. Stimulation
intensities were similar to those on test days with MRS (1.0 + 0.1 mA
and 1.1 £ 0.1 mA for sham and taVNS conditions, respectively;
P > 0.05 versus MRS test days for both sham and taVNS conditions).
R—R intervals were recorded before and over 120 min after taVNS and
sham stimulation using a digital SpiderView Holter with five electrodes
to record two-channel ECG with ECG signal sampling rate of 200 Hz
(Sorin Group, Munich, Germany). Heart rate variability (HRV) was
analyzed using commercially available software (SyneScope version
3.00 analysis system; Sorin Group) as described before [29]. Fre-
quency domain indices included the low frequency (LF) band (0.04—
0.15 Hz), reflecting both sympathetic and parasympathetic modulation
of heart rate and the high-frequency (HF) band (0.15—0.4 Hz),
reflecting parasympathetic modulation of the heart rate. The low-
frequency/high-frequency (LF/HF) ratio can be used as an index of
cardiac autonomic balance such that a decrease in LF/HF ratio in-
dicates a shift towards parasympathetic predominance. Additionally,
R—R intervals were recorded with VariaCardio TF5 system (MIE
Medical Research, Leeds, UK) with one-channel ECG over 10 min
before, during and after taVNS or sham stimulation. Both VariaCardio
and SpiderView were used for HRV measurements in supine position.
They differed by the length of ECG recording (10 min and 2 h) thereby
allowing us to assess both short- and long-term HRV, which are known
not to be comparable [30].

2.6. Baroreflex sensitivity

Continuous plethysmographic arterial pressure and R—R intervals
were recorded from the left middle finger before, during, and after
each intervention in a supine position using a Finometer MIDI device
and BeatScope Easy v02.10 software (Finapres Medical Systems,
Enschede, The Netherlands). For the baroreflex sensitivity (BRS)
assessment, time-domain and frequency-domain parameters were
computed according to the Task Force of the European Society of
Cardiology and the North American Society of Pacing and Electro-
physiology [31], using commercially available software (BeatScope
Easy; Nevrokard BRS Analysis v6.3.0, Nevrokard, Izola, Slovenia).

2.7. Calculations

BRS was determined using the sequence method for positive (BRS—+/+),
negative (BRS—/—) and all (BRS-allSeq) sequences, spectral analysis
(low-frequency, high-frequency and the average of the low- and high-
frequency components), cross spectral analysis (transfer function BRS),
or by dividing the standard deviation of R—R interval by the standard
deviation of systolic blood pressure (BRS-SD) [32].

Rates of EGP were calculated by dividing the tracer ([6,6-2H2]glucose)
infusion rate times tracer enrichment by the tracer enrichment in
plasma glucose and subtracting the tracer infusion rate [28].

2.8. Statistical analysis
Data are presented as means &= SEM. Two-way analysis of variance
(ANOVA) was performed with the repeated measures factors time and
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treatment followed by Tukey multiple comparisons test to determine
source of differences. Spearman correlations were used to assess
associations between changes in metabolite and hormone levels.
P values <0.05 were defined to indicate significance of differences.
All analyses were performed using Prism version 6.04 (GraphPad,
La Jolla, CA) statistical software.

3. RESULTS

This study included healthy normal-to-overweight glucose tolerant
individuals (Table 1).

3.1. taVNS does not alter heart rate variability

Data from nine participants were included in the heart rate variability
analysis. There was no difference between HRV frequency domains
(Figure 1) at baseline of the active taVNS and sham stimulation. No
changes in HRV were seen during and after taVNS and sham stimu-
lation (Figure 1). Both measurements from two-channel (SpiderView
Holter) and one-channel (VariaCardio) ECG recordings revealed no
effect of taVNS on LF/HF ratio (Figure 1A and B) (ANOVA P = 0.95 and
P = 0.49, respectively).

3.2. taVNS does not alter BRS

Data from nine participants were included in the BRS analysis. Heart
rate (Figure 2D), blood pressure (Figure 2A, B), and baroreflex sensi-
tivity (Table 2) at baseline of the active taVNS and sham stimulation did
not differ. No changes in heart rate, systolic, diastolic, and mean blood
pressure were found during or after taVNS and sham stimulation
(Figure 2). There were no differences in BRS during or after taVNS and
sham stimulation (Table 2).

3.3. taVNS does not affect circulating metabolites, hormones, and
EGP, which change during fasting

Data from ten participants were included in this analysis. Baseline
concentrations of blood glucose, serum ftriglycerides, FFA, insulin,
c-peptide, glucagon, PP, and baseline EGP rates were comparable
between taVNS and sham stimulation (Figure 3). ANOVA revealed no
changes in any of these substrates or hormones for the factor treat-
ment and treatment x time interaction (180 min for blood glucose,
serum triglycerides, FFA, insulin, c-peptide, glucagon, and EGP,
120 min for PP). EGP rates remained unaltered (Figure 3B) (ANOVA
treatment P = 0.79, treatment x time P = 0.22).

Concentrations of glucose, FFA, insulin, c-peptide, and EGP changed
over time (ANOVA time P < 0.001, P < 0.001, P =0.02, P < 0.001 and

Table 1 — Participants’ characteristics.

Parameter Mean + SD
N (females) 10 (2)
Age (years) 51.1 £ 6.0
BMI (kg/m?) 255 + 2.7
Waist circumference (cm) 89 + 10
Glucose (mg/dl) 77 £ 6
Insulin (LU/ml) 82 +52
C-peptide (ng/ml) 1.8 + 0.6
HbA1c (%) 54 + 0.3
GOT (U/l) 24 +12
GPT (U/) 28 + 16
Triglycerides (mg/dl) 95 + 33
Free fatty acids (umol/l) 299 + 35

Data are mean + SD, GOT — glutamate oxaloacetate transaminase, GPT — glutamate
pyruvate transaminase.
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Figure 1: Heart rate variability frequency domains for sham and active taVNS stimulation. Stimulation denoted by an arrow. Mean + SEM.

P < 0.001, respectively). During the 3 h, glucose decreased by 4% after
both taVNS and sham procedure, while FFA increased by 40% after
taVNS and by 20% after sham stimulation. Serum insulin decreased by
19% and 21% and c-peptide by 17% and 19% during this time period
after taVNS and sham stimulation, respectively. Rates of EGP decreased
by 19% and 21% after taVNS and sham stimulation, respectively.

3.4. taVNS does not alter hepatic lipid and energy metabolism

Data from ten participants were included in this analysis. Baseline liver
fat content and hepatic ATP and Pi concentrations were comparable on
taVNS and sham stimulation days at baseline (Figure 4). There was no
effect of taVNS on hepatic lipid, ATP and Pi content at 30 and 180 min

(Figure 4) (ANOVA treatment x time P =0.91, P = 0.48 and P = 0.24,
respectively).

No changes in hepatic lipid, ATP, and Pi content over time were found
(ANOVA time P = 0.49, P = 0.48, P = 0.27, respectively).

3.5. Correlation analyses of hepatic phosphorus compounds with
changes in circulating metabolites and hormones

The change in serum insulin between 180 min and baseline related
positively to hepatic ATP after taVNS (P = 0.01), but not after sham
intervention (P = 0.78). No associations between changes in FFA,
glucose, c-peptide, EGP, and hepatic lipid, ATP and Pi content were
found after taNVS and sham stimulation.
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Figure 2: Systolic (A), diastolic (B), mean blood pressure (C), and heart rate (D) before, during and after sham and active taVNS stimulation. Mean + SEM.

Table 2 — Baroreflex sensitivity (BRS) before, during and after

transcutaneous auricular vagus nerve stimulation (taVNS).

Parameter Condition Before During After
BRS-SD (ms/mmHg) taVNS 56 £+ 2.9 51+ 25 39+20
Sham 42 +15 37+13 53+ 26
BRS +/+ (ms/mmHg) taVNS 123 +53 13.1+57 166 +£5.7
Sham 119+37 136+56 145+54
BRS —/— (ms/mmHg) taVNS 183 +£55 2034101 139 +4.0
Sham 130+ 28 162+42 17.5+58
BRS-allSeq (ms/mmHg) taVNS 16.7 + 2.1 158 £ 6.2 149 +47
Sham 159+65 152+45 17.8 &+ 8.1

Data are mean =+ SD; BRS determined using the sequence method for positive (BRS+/-+),
negative (BRS—/—) and all (BRS-allSeq) sequences or by dividing the standard deviation of
R—R interval by the standard deviation of systolic blood pressure (BRS-SD).

4. DISCUSSION

This study found that non-invasive taVNS does not induce a shift in
cardiac autonomic function and does not affect pancreatic polypeptide
levels, suggesting no change in parasympathetic outflow to the
pancreas and the heart in healthy humans. In accord with the lack of
effect of taVNS on peripheral vagal tone, it also had no effect on hepatic

insulin sensitivity, lipid, and energy metabolism. These data indicate
that taVNS is unable to mimic intranasal insulin effects and modulate
hepatic glucose, lipid, and energy metabolism in humans, likely
because it fails to alter visceral parasympathetic tone. Finally, this
study shows that hepatic fat and phosphorous metabolite contents
remain constant after prolonged fasting, at least in healthy non-obese
humans.

Systemic glucose, insulin, c-peptide, glucagon, FFA, and triglyceride
concentrations remained unaltered after taVNS in this study, which is
in line with the findings on these substrates and hormones observed
upon intranasal insulin under fasting conditions [10]. Previously
observed transient reductions in glucose and FFA and the increase in
serum insulin after intranasal insulin application in healthy humans are
due to spillover of insulin into the circulation rather than to central
insulin effects [10]. The lack of taVNS action on substrate and hormone
levels in the present study could thus be interpreted as a match be-
tween intranasal insulin and vagus stimulation effects. Additionally, no
difference in EGP was found after taVNS further supporting this
concept. However, intranasal insulin acutely decreases liver lipids and
increases hepatic ATP content, while the taVNS affected neither he-
patic fat nor ATP concentrations [10]. The lack of taVNS effect on
pancreatic polypeptide secretion suggests no changes in para-
sympathetic outflow to the visceral organs, which possibly explains
this inconsistency. Even if intranasal insulin effects on peripheral
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Figure 3: Concentrations of glucose (A), insulin (C), c-peptide (D), glucagon (E), pancreatic polypeptide (F), free fatty acids (G), triglycerides (H), and rates of endogenous glucose
production (B) after sham and active taVNS stimulation. Stimulation denoted by an arrow. Mean + SEM.
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before and after sham and active taVNS stimulation. Stimulation denoted by an arrow. Mean + SEM.

metabolism are mediated by the vagus nerve, as suggested previously
[8], taVNS is not able to mimic these conditions, as it does not seem to
modulate vagal tone to the abdominal viscera.

This study describes stable physiological levels of hepatic ATP and Pi
concentrations over 3 h after overnight fasting, which adds to the
understanding of the time course of basal ATP and Pi during prolonged
fasting of healthy humans. Under these conditions, FFA increase by
20—40%, but do not affect hepatic lipid or energy substrate concen-
trations. The decrease in EGP rates by about 20% at 3 h is paralleled by
a gradual reduction in blood glucose, but does not affect hepatic en-
ergy metabolism. These data demonstrate stable concentrations of
hepatic phosphorus metabolites with prolonged fasting, in the face of
alteration of circulating metabolites and hormones.

One previous report using the same stimulation procedure with
NEMOS® device provided evidence for activation of the vagal viscer-
osensory NTS after taVNS from brain imaging [11]. NTS nuclei are
structurally and functionally linked to the most important vagal nucleus
for the efferent parasympathetic output to the visceral organs, the
dorsal motor nucleus, which receives input from the NTS to directly
innervate visceral structures [33]. Thus, NTS activation upon taVNS
should translate to changes in vagal outflow to the periphery. Of note,
the dorsal vagal complex has been identified as the site of central
insulin action accounting for reduction in hepatic glucose production
[34].

Furthermore, the role of the parasympathetic nervous system in human
glucoregulatory physiology has been studied for over 20 years,
providing evidence for direct muscarinic cholinergic inhibition of he-
patic glucose production, which is offset by increased glucagon
secretion stimulating hepatic glucose output [35]. The lack of any
changes in insulin and glucagon secretion in our study point to the fact
that taVNS does not elicit any autonomic system effects on the
endocrine pancreas. Pancreatic polypeptide is a well-known readout
for cholinergic activation [36], which was measured here continuously
before, during and after taVNS. No differences were shown (Figure 3F),
additionally supporting the concept that taVNS fails to modulate
parasympathetic tone in humans.

Interestingly, vagal stimulation has been shown to modulate glucose
metabolism in rheumatoid arthritis patients in the postprandial state
[21]. Some differences between these and the present results could
result from the different experimental settings, such as fasting versus
postprandial conditions. Moreover, rheumatoid arthritis patients
received invasive vagal stimulation using implanted devices, while
participants in the present study underwent non-invasive taVNS in the
outer ear. While cutaneous electrical stimulation with NEMOS® does
not lead to peripheral metabolic effects, direct electric pulses to the

cervical vagus nerve fibers might indeed have the potential to modulate
glucose homeostasis.

Of note, vagus nerve blockade has been found to cause no acute
changes in hepatic glucose production or in insulin secretion and
action in non-diabetic humans [37]. These data indicate that vagal tone
modulation in the short-term does not have an effect on glucose
metabolism. However, vagus modulation studies in diabetic humans,
who are known to have impaired sympathovagal balance [38], have
not been performed and remain a question of future investigation.
We further assessed the effects of taVNS on cardiac function and
whether parasympathetic outflow to the cardiovascular system is
modulated after vagal stimulation. In contrast to a previous report
showing reduction in LF/HF ratio [12], this study found neither a
change in HRV nor a shift in predominance of the autonomic regulation
after taVNS. Of note, Clancy et al. examined two not-matched groups of
different size with taVNS and sham stimulation without applying a
crossover design. The present study performed simultaneous
assessment of heart rate variability using two independent Holter
methods with short- and long-term ECG recordings, which both
showed no difference in any of the measured frequency domains,
pointing to the lack of effect of taVNS on cardiac autonomic function. In
line with previous report showing no acute effect of vagal nerve
stimulation on cardiovascular autonomic and hemodynamic parame-
ters [39], this study also did not observe alterations in BRS with taVNS
(Table 2). Of note, vagus nerve stimulation has been suggested to
improve autonomic imbalance in heart failure patients [40] and
chronically increases BRS and elevates HF power of HRV [41], but, for
this purpose, the stimulation parameters and dipole orientation are
different from that used in epilepsy [39] and in the present study.
Whether other stimulation parameters or vagus stimulation techniques
such as neck vagus stimulation with gammaCore® [42] or VNS
Therapy System implantation [20,21,39,40] will be able to affect the
parasympathetic tone to the viscera and thereby might alter peripheral
metabolism remains to be tested.

In conclusion, taVNS applied non-invasively in the outer ear neither
affects hepatic glucose metabolism nor hepatocellular lipid and ATP
content in healthy humans. Of note, prolonged fasting does not affect
liver lipids and ATP in this cohort. No differences in circulating glu-
coregulatory hormones and pancreatic polypeptide levels between
active and sham stimulation indicate a lack of parasympathetic tone
modulation with taVNS, which is confirmed by the absence of alter-
ations in cardiac autonomic function. These data suggest that
encouraging results from rodent studies using taVNS on glucose
metabolism are not translatable to humans and do not hold promise for
the future treatment of T2D patients.
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Type 1 diabetes has been recently linked to nonalcoholic
fatty liver disease (NAFLD), which is known to associate
with insulin resistance, obesity, and type 2 diabetes.
However, the role of insulin resistance and hypergly-
cemia for hepatic energy metabolism is yet unclear. To
analyze early abnormalities in hepatic energy metabo-
lism, we examined 55 patients with recently diagnosed
type 1 diabetes. They underwent hyperinsulinemic-
normoglycemic clamps with [6,6-2H,]glucose to assess
whole-body and hepatic insulin sensitivity. Hepatic yATP,
inorganic phosphate (Pi), and triglyceride concentrations
(hepatocellular lipid content [HCL]) were measured
with multinuclei magnetic resonance spectroscopy
(*'P/'H-MRS). Glucose-tolerant humans served as control
(CON) (n = 57). Whole-body insulin sensitivity was 44%
lower in patients than in age- and BMI-matched CON.
Hepatic yYATP was 15% reduced (2.3 = 0.6 vs. 2.7 = 0.6
mmol/L, P < 0.001), whereas hepatic Pi and HCL were
similar in patients when compared with CON. Across all
participants, hepatic YATP correlated negatively with
glycemia and oxidized LDL. Carriers of the PPARG G
allele (rs1801282) and noncarriers of PPARGC1A A
allele (rs8192678) had 21 and 13% lower hepatic ATP
concentrations. Variations in genes controlling oxida-
tive metabolism contribute to a reduction in hepatic

ATP in the absence of NAFLD, suggesting that alter-
ations in hepatic mitochondrial function may precede
diabetes-related liver diseases.

Nonalcoholic fatty liver disease (NAFLD) tightly relates to
insulin resistance, the hallmark of type 2 diabetes (1).
Only recently, type 1 diabetes has been also linked to
NAFLD with similar adverse outcomes compared with
patients with type 2 diabetes (2). Likewise, the role of
insulin resistance in the development of type 1 diabetes
has gained more interest (3-5). Insulin resistance in type 1
diabetes was described more than 30 years ago (4) and
originally accounted for by long-term glucose toxicity (6).
But mitochondrial function may also be impaired as shown
by lower muscle ATP synthase flux (7). Interestingly, muscle
ATP synthesis inversely correlates with hepatocellular lipid
content (HCL) (8), suggesting a tight link between liver and
muscle energy metabolism.

In overt type 2 diabetes, lower hepatic concentrations
of energy-rich substrates such as inorganic phosphate (Pi)
and ATP synthesis associate with increased fat content
and insulin resistance in the liver (9,10). However, hepatic
respiratory capacity was transiently elevated and followed
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by augmented production of lipid peroxides in the NOD
mouse, a model of human type 1 diabetes (11). Recent
studies provided further evidence for enhanced hepatic
energy metabolism and oxidative stress in human obesity
and NAFLD (12,13). It is therefore unclear whether
hepatic energy homeostasis is altered only in the context
of diabetes-related NAFLD and which factors contribute to
such abnormalities.

Specifically, the impact of inherited or acquired factors
possibly involved in hepatic energy metabolism has not
been investigated. Genetic variants in regulators of oxida-
tive phosphorylation like peroxisome proliferator-activated
receptor-y and A (genes PPARG and PPARD), PPARG
coactivator-la (gene PPARGCI1A), respiratory chain
complex 1 (gene NDUFB6), and fat mass— and obesity-
associated gene (gene FTO) also modulate glucose and
lipid metabolism (14-18). Several cytokines, such as adipo-
nectin, fetuin A, and fibroblast growth factor 21 (FGF21),
can be altered in insulin-resistant states, but also in human
(19-21) and rodent type 1 diabetes (11).

Thus, this study tests the hypothesis that hepatic
energy metabolism is already lower in young nonobese
near-normoglycemic patients with type 1 diabetes than in
age- and BMI-matched healthy individuals and that it
associates with impaired hepatic and peripheral insulin
sensitivity independent of liver fat content. Highly sen-
sitive magnetic resonance spectroscopy (MRS) was used
to assess hepatic energy metabolism from hepatic ATP
concentrations (22), which tightly correlate with unidirec-
tional flux through hepatic ATP synthase (23).

RESEARCH DESIGN AND METHODS

Participants

Fifty-five patients with type 1 diabetes of the German
Diabetes Study (GDS), a prospective observational study
aiming at characterization of subphenotypes and monitor-
ing of disease progression (clinicaltrials.gov registration
no. NCT01055093) (24), fulfilled the following inclusion
criteria: 1) age 18-69 years, 2) known diabetes duration
of <12 months, and 3) type 1 diabetes diagnosis based
on ketoacidosis with immediate insulin substitution, detec-
tion of at least one islet cell-directed autoantibody (islet
cell autoantibody, glutamic acid decarboxylase autoanti-
body, or islet antigen-2 antibody), or C-peptide below
the detection limit. Exclusion criteria were pregnancy,
malignancies, and severe chronic diseases, including liver
disease other than NAFLD. Healthy normoglycemic indi-
viduals from the GDS, the German National Cohort Study
(25), and a pilot study at the German Diabetes Center
(clinicaltrials.gov registration no. NCT01736202) served
as the control group (CON) (n = 57). These volunteers
fulfilled the inclusion and exclusion criteria of GDS except
for the presence of diabetes. Particularly, they did not have
a family history of diabetes and had normal glucose toler-
ance based on a standard 75-g oral glucose tolerance test.
All participants were screened, including medical history,
physical examination, and routine blood test. Self-reported
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alcohol consumption was <20 g/day. Informed consent
was obtained from all volunteers prior to inclusion after
approval of the trial by the ethics board of Heinrich Heine
University.

Study Design

All 112 participants had fasting blood samples and
31P/"H-MRS measurements. All 55 patients with type 1
diabetes and 20 of all 57 CON, matched for age and BMI
to 20 patients with type 1 diabetes of the larger patient
group, underwent the modified Botnia clamp test on a
separate day. They refrained from physical activity and
any alcohol ingestion for 3 days prior to visits and
remained fasted overnight for 10-12 h before the tests.
Patients with type 1 diabetes withdrew their regular insulin
dose in the morning of the tests.

Hyperinsulinemic-Euglycemic Clamp

The modified Botnia clamps were performed as previously
described and validated (26). In brief, an intravenous
infusion of [6,6-2H2]glucose was started at —120 min
and continued until +240 min. At 0 min, an intravenous
glucose bolus (1 mg/kg body weight [BW] in a 30% [weight
for volume] solution containing 1.98% [6,6—2H2]glucose)
was administered followed by the clamp test using an in-
sulin dose of 1.5 mU * (BW in kg)_1 * min~ ! (Insuman
Rapid; Sanofi, Frankfurt, Germany) from +60 until +240
min. Blood glucose concentrations were maintained at 5
mmol/L using a variable intravenous 20% glucose infusion.

Blood Analyses

Blood samples were immediately chilled and centrifuged
and supernatants stored at —20°C until analysis. Venous
blood glucose concentrations were measured with the
Biosen C-Line glucose analyzer (EKF Diagnostics, Barleben,
Germany) (27). Serum triglycerides (TGs), cholesterol,
aspartate aminotransferase (AST), alanine aminotransferase
(ALT), and y-glutamyl transpeptidase (GGT) were analyzed
using a Cobas ¢311 analyzer (Roche Diagnostics, Mannheim,
Germany) (27). Free fatty acids (FFAs) were quantified
enzymatically (Wako, Neuss, Germany) in samples contain-
ing orlistat to prevent ex vivo lipolysis (27). Serum C-peptide,
insulin, and plasma glucagon were measured radioimmuno-
metrically (Millipore, St. Charles, MO) (27). Circulating
FGF21, fetuin A, selenoprotein P (SepP), and high-
molecular-weight adiponectin were determined by ELISA
(13,27). Peroxidation of endogenous lipids and nucleic
acid oxidation were assessed from thiobarbituric acid
reactive substances (TBARS) and 8-hydroxydeoxyguanosine
(8-OHdG), respectively (11,13). Protein carbonyl products
and oxidized LDL (oxLDL) were measured with ELISA
(Biocat, Heidelberg, Germany; intra-assay coefficient of
variation: 1.6 and 2.5%, respectively). Antioxidative
capacity was assessed colorimetrically from measurement
of plasma glutathione (GSH) (USBio, Boston, MA; intra-
assay coefficient of variation: 1.6%). Atom percent enrich-
ment of “H in glucose was determined after deproteinization
and derivatization to the aldonitrile-pentaacetate as previ-
ously described (26).
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Genotyping

Genomic DNA was extracted from whole blood with the
Qiagen Blood and Tissue Kit (Qiagen, Hilden, Germany).
Genotyping was performed using real-time PCR-based
allelic discrimination with TagMan predesigned single
nucleotide polymorphism (SNP) genotyping assays and
chemistry (Thermo Fisher Scientific, Darmstadt, Germany)
on a StepOnePlus Real-Time PCR System (Thermo Fisher
Scientific).

*'P/'H-MRS and MRI

All measurements were performed in a 3-T magnetic
resonance scanner (Achieva 3T; Philips Healthcare, Best,
the Netherlands) using a 14-cm circular *'P surface transmit-
receive coil (Philips Healthcare) for 51p_MRS and the built-in
'H whole-body coil for localization and "H-MRS. Absolute
quantification of yATP and Pi was performed as previously
described (22). Data from localized *H-MRS were analyzed to
assess fat content as previously described (28), and absolute
concentrations were expressed as percent HCL relative to
water content. Concentrations of phosphorus metabolites
were corrected for the volume captured by lipid droplets
within hepatocytes (9). Phosphocreatine contamination in
the liver spectra was avoided by an MR localization tech-
nique excluding signals from abdominal wall muscle. Truncal
subcutaneous and visceral adipose tissue contents were
assessed by MRI as previously described (27).

Calculations

Whole-body insulin sensitivity was calculated as M value
from the mean glucose infusion rate during the last 30 min
of the clamp test. Rates of glucose appearance were cal-
culated by dividing the tracer infusion rate times tracer
enrichment by percent of tracer enrichment in plasma
and subtracting tracer infusion rate (26). Endogenous
glucose production (EGP) was calculated from the dif-
ference between rates of glucose appearance and mean
glucose infusion rates. Hepatic insulin sensitivity was
calculated as percent EGP suppression by insulin during
clamp steady state (iEGP).

Statistical Analysis

Normally distributed data, given as means = SEM, were
compared with the two-tailed unpaired Student t test.
Nonnormally distributed data, given as median (25th;
75th percentiles), were compared with the Mann-Whitney
U test. Pearson correlation analyses were used to describe
the associations between parameters of anthropometry,
glycemic control, insulin sensitivity, and lipid availability
with hepatic ATP or Pi concentrations in the total study
population. AST, ALT, HCL, FFAs, TGs, high-sensitivity
C-reactive protein (hsCRP), oxLDL, and M values were
not normally distributed and were therefore log trans-
formed before analyses. Partial correlation analysis was
performed by adjusting first for diabetes diagnosis and
then for study, age, sex, and BMI. Multivariable linear
regression analysis unadjusted as well as adjusted for age,
sex, and BMI as potential confounders was used to assess
interactions between variant allele carrier status and
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hepatic ATP concentrations. Differences and correlations
were considered significant at P < 0.05. All statistical anal-
yses were performed using SAS version 9.4 software (SAS
Institute, Cary, NC).

RESULTS

Participant Characteristics

Participants of the whole cohort had comparable age, sex,
BMI, fasting lipids, and hsCRP (Table 1). Patients with
type 1 diabetes exhibited higher fasting blood glucose and
HbA; . than CON but had near-normal glucometabolic control
and short known diabetes duration. Waist circumference was
higher and AST was slightly lower in patients with type 1
diabetes. Among the age- and BMI-matched subgroups,
whole-body insulin sensitivity was 44% lower in the patients
with type 1 diabetes (M value 7.5 mg * kg BW ™" * min "
[6.3; 10.4] vs. 13.4 mg * kg BW ! * min ! [9.1; 16.5] in
CON, P = 0.001), whereas basal EGP (bEGP) and iEGP
were comparable to CON (Supplementary Table 1).
Differences in waist circumference and glycemic control
were similar to those of the whole cohort.

Hepatic Phosphorus Metabolites and Fat Content

Hepatocellular ATP content was 15% lower in patients
with type 1 diabetes than in CON (2.27 = 0.07 vs. 2.66 =
0.07 mmol/L in CON, P < 0.001), whereas Pi concentrations
were comparable (1.94 = 0.07 vs. 2.03 = 0.07 mmol/L,
P = 0.49) (Fig. 1A and B). The subgroup comparison
confirmed the results of lower hepatic ATP concentra-
tion (2.30 * 0.10 vs. 2.72 = 0.12 mmol/L, P = 0.018)
but comparable hepatic Pi and HCL content in type 1
diabetes compared with CON (Supplementary Table 1).

Table 1—Participant characteristics

Parameter Type 1 diabetes CON
n (females) 55(21) 57(23)
Known diabetes

duration (days) 190 = 13 -
Age (years) 343 = 1.2 33.3 +1.3
BMI (kg/m?) 249 + 0.5 23.9 + 0.3
Waist (cm) 87 =2 80 = 1*
Blood glucose (mg/dL) 104 = 4 75 = 1*
HbA1s (%) 6.2 = 0.1 5.1 = 0.0*
HbA:; (mmol/mol) 45 = 1 33 = 1
AST (units/L) 21 (16; 23) 22 (19; 30)*
ALT (units/L) 20 (15; 26) 21 (16; 28)
GGT (units/L) 18 + 1 25 +5
Plasma FFAs (umol/L) 326 (244; 522) 400 (317; 652)
Plasma TGs (mg/dL) 66 (50; 78) 67 (563; 110)
Serum cholesterol

(mg/dL) 185 = 5 194 + 4

hsCRP (mg/dL) 0.11 (0.05; 0.18) 0.07 (0.03; 0.08)

Data are mean = SEM or median (Q1; Q3). P < 0.05 CON vs.
type 1 diabetes, unpaired Student t test or Mann-Whitney U test.
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Figure 1—Hepatic concentrations of phosphorus metabolites and TGs. Hepatic concentrations of ATP (A), Pi (B), and HCL (C) and plasma
concentrations of the hepatokines fetuin A (D), FGF21 (E), and SepP (F) in healthy participants (CON) and patients with type 1 diabetes
(T1D). Data are mean = SEM; T1D n = 55, CON n = 57 for hepatic ATP, Pi, and HCL; T1D n = 34 and CON n = 27 for hepatokines.
*P < 0.001 CON vs. T1D, unpaired Student t test or Mann-Whitney U test.

Across the whole cohort, HCL content did not differ
between type 1 diabetes and CON (0.48% [0.26; 1.47] vs.
0.48% [0.20; 1.34], P = 0.55) (Fig. 1C). The distribution of
the individual HCL values covered a range from <1 to 13%
across the groups, with values >5.56% in four patients
with type 1 diabetes and two healthy humans.

Circulating Cytokines and Oxidative Stress Markers

Patients with type 1 diabetes exhibited higher fetuin A
(305 * 7 vs. 279 £ 7 mg/mL, P = 0.01) (Fig. 1D), whereas
EGF21, SepP (Fig. 1E and F), and adiponectin (2,359 ng/mL
[1,387; 5,213] vs. 2,681 ng/mL [1,608; 4,052] in CON, P =
0.88) levels were similar to CON. OxLDL was 39% higher in
patients with type 1 diabetes (43.9 ng/mL [24.3; 110.0] vs.
31.4 pg/mL [17.1; 49.3], P = 0.038) (Fig. 24), whereas TBARS,
80H-dG, and GSH levels (Fig. 2B-D) and protein carbonyl
products (21.5 nmol/mL [19.2; 35.3] vs. 22.6 nmol/mL
[17.7; 35.3] in CON, P = 0.62) were not different from CON.

Correlation Analyses

In an unadjusted analysis across all participants, hepatic
ATP related negatively to HbA;, fasting glucose, and
oxLDL (Table 2). After adjustments for diabetes status,
study, sex, age, and BMI, these correlations were no longer
present. There were no associations between hepatic
phosphorus metabolites and FFAs, TGs, total choles-
terol, or hsCRP. Hepatic Pi correlated negatively with
BMI (r = —0.20, P = 0.03), which remained significant
after adjustment for diabetes status (data not shown).
In the patients with type 1 diabetes, HCL content cor-
related positively with FGF21 (r = 0.67, P < 0.001), GGT
(r = 0.56, P < 0.001), TGs (r = 0.55, P < 0.001), and
visceral fat content (r = 0.41, P < 0.01) but negatively with

M value (r = —0.52, P < 0.001) and adiponectin (r = —0.63,
P < 0.001), which remained significant after adjustment
for age, sex, and BMI (data not shown), whereas no asso-
ciation was observed between hepatic ATP and peripheral
or hepatic insulin sensitivity (Supplementary Table 2).

Genetic Analyses

Among the patients with type 1 diabetes, carriers of the
PPARG type 2 diabetes protective G allele (rs1801282)
and noncarriers of PPARGCI1A type 2 diabetes high-risk
A allele (rs8192678) had 21% (P = 0.018) and 13% lower
(P = 0.028) hepatic ATP concentrations compared with
the corresponding noncarriers and carriers, respectively
(Table 3). Multivariate linear regression analysis showed
that the effect of variant allele carrier status of PPARG on
hepatic ATP content is different at different carrier status
of PGC1A SNP, or alternatively, the effect of variant allele
carrier status of PGC1A on hepatic ATP content is different
at different carrier status of PPARG (P = 0.03 unadjusted,
P = 0.04 adjusted for age, sex, and BMI) (Fig. 3). In carriers
of the minor G allele in PPARD (rs2267668), related to
reduced response in mitochondrial function to lifestyle in-
tervention (18), no differences in hepatic ATP and Pi con-
centrations were found. The high-risk A allele in FTO
(rs9939609) did not influence hepatic ATP and Pi levels
(Table 3). Carriers of the A allele of NDUFB6 gene poly-
morphism (rs540467) also exhibited no differences in he-
patic phosphorous metabolites.

DISCUSSION

The main finding of this study is that patients with recent-
onset type 1 diabetes already exhibit impaired hepatic
energy metabolism independent of liver fat content, but in
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Figure 2—Plasma concentrations of the oxidative stress and antioxidant defense markers. OxLDL (A), TBARS (B), 8-OHdG (C), and
GSH (D) in patients with type 1 diabetes (T1D, n = 34) and healthy humans (CON, n = 27). Data are means = SEM. *P < 0.05 CON vs.

T1D, Mann-Whitney U test.

the setting of increased peripheral insulin resistance and
circulating fetuin A levels. Absolute concentrations of
hepatic ATP may be further modulated by variations in
genes known to control mitochondrial biogenesis. Of note,
lower hepatic ATP levels in these near-normoglycemic
patients are present early in the course of the disease,
when hepatic insulin resistance and NAFLD are absent.

Recent data revealed that biopsy-proven NAFLD has
similar liver-related adverse outcomes in type 1 diabetes
compared with patients with type 2 diabetes (2). However,
the risk factors and methods for early detection in type 1
diabetes remained unknown. Decreased hepatic ATP levels
have been previously reported not only in obesity (29) but
also in alcoholic hepatitis (30) and during postsurgical

Table 2—Pearson correlation analysis with hepatic ATP concentrations in total cohort of patients with type 1 diabetes and

healthy participants

Unadjusted Adjusted for status Adjusted for status, study, sex, age, BMI

Variable n r P r P r P
Age 112 0.10 0.28 0.13 0.17

BMI 112 —0.01 0.87 0.04 0.71

Waist 95 0.01 0.89 0.12 0.21 0.19 0.07
Glucose 101 -0.22 0.02 —0.08 0.45 —0.11 0.29
HbA . 100 -0.27 0.007 -0.13 0.21 —0.14 0.16
AST (In) 111 0.07 0.47 —0.03 0.72 -0.27 0.78
TGs (In) 97 0.13 0.19 0.10 0.34 0.16 0.12
Cholesterol 111 0.14 0.14 0.01 0.28 0.15 0.11
FFAs (In) 100 0.07 0.49 0.02 0.83 0.10 0.32
hsCRP (In) 74 -0.10 0.38 0.03 0.81 —0.00 0.95
HCL (In) 105 0.02 0.81 0.07 0.49 —0.03 0.77
oxLDL (In) 61 -0.29 0.02 —-0.22 0.09 —0.21 0.12
Fetuin A 61 0.02 0.87 0.14 0.27 0.12 0.38

In, log transformed. Statistically significant results appear in boldface.
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Table 3—Hepatic ATP and Pi concentrations and HCL in variant allele carriers and noncarriers

NDUFB6 PPARGC1A PPARD PPARG FTO

Variable Carrier status rs540467 rs8192678 rs2267668 rs1801282 rs9939609
Hepatic ATP (mmol/L) 0 2.36 = 0.55 2.10 = 0.46 2.26 = 0.60 2.36 = 0.54 2.38 = 0.51

1 212 = 0.52 2.40 = 0.57* 2.31 = 0.44 1.87 = 0.41* 2.23 = 0.56
Hepatic Pi (mmol/L) 0 2.01 = 0.58 1.86 = 0.52 2.01 = 0.52 1.94 = 0.56 1.97 = 0.49

1 1.80 = 0.48 2.01 £ 0.53 1.80 = 0.54 1.94 = 0.31 1.93 = 0.54
Ln HCL (%) 0 —0.49 = 1.60 —0.69 = 1.66 —0.71 £ 143 —0.50 = 1.45 —0.10 = 1.10

1 —0.73 £ 1.11 —0.49 = 1.28 —0.30 = 1.46 —0.94 = 1.43 —0.79 = 1.54

Data are means + SD. 1, carrier; 0, noncarrier; In HCL, log-transformed HCL. *P < 0.05 Wilcoxon rank sum test.

recovery in liver cirrhosis (31). There is evidence for
a metabolic shift from oxidative phosphorylation to
glycolysis at an early stage of liver injury, supporting
the central role of mitochondrial function in liver adap-
tation to disease (32). Lower hepatic ATP could result
from compromised production, i.e., oxidative phosphoryla-
tion, or from increased utilization by energy-consuming
processes like lipogenesis. The patients of the current study
exhibited low HCL in line with previous studies in humans
(33) and comparable circulating lipids, excluding enhanced
lipogenesis. Breakdown of ATP would also result in
increased Pi levels, suggesting a reduced phosphorylation
state (34), as observed in obesity (29), virus-induced
cirrhosis (35), and hepatic malignancies (36). In contrast
to type 2 diabetes (9), patients with type 1 diabetes had
unchanged hepatic Pi concentrations. Of note, ATP con-
tent is a major discriminator for the degree of liver in-
jury in NAFLD (37). In the current study, hepatic ATP
concentrations were corrected for hepatocellular lipid
volume (22) and still remained lower in type 1 diabetes,
indicating reduced energy metabolism independent of liver

|

—_
NN

NN

Hepatic ATP [mmol/l]
N
L

PPARG 0 PPARG 1 PPARG 0 PPARG 1
PPARGC1A0 PPARGCTA0 PPARGC1A1 PPARGC1A1

Figure 3—Hepatic ATP concentrations and PPARG and PPARy
coactivator-1a (PGC1A) gene polymorphisms. Hepatic ATP con-
centrations in patients carrying no PPARG and PPARGC1A variant
alleles (light gray bar), carrying PPARG G allele and not carrying
PPARGCT1A A allele (white bar), not carrying PPARG G allele and
carrying PPARGC1A A allele (dark gray bar), and carrying both
PPARG and PPARGC1A variant alleles (hatched bar). 1, variant
allele carriers; 0, variant allele noncarriers. *P < 0.05 for interaction,
multivariable linear regression analysis.

fat content. The absence of any clinical or biochemical signs
of liver disease in these patients suggests that impaired
switching between energy-demanding and energy-producing
processes, but not loss of functional hepatocytes, is respon-
sible for the observed abnormality in hepatic energy status.
Human as well as mouse models showed that glycemia,
lipid availability, and oxidative stress are major determinants
of hepatic mitochondrial function, with the latter con-
sidered at the same time a cause and a consequence of
alterations in hepatic energy metabolism. Previous studies
investigating hepatic energy metabolism with *'P/*H-MRS
have shown reduced hepatic ATP and Pi concentrations as
well as lower flux through ATP synthase in type 2 diabetes
(9,10). Our finding of decreased hepatic ATP content in
type 1 diabetes (Fig. 1) shows that abnormal liver energy
homeostasis is also a feature of the early course of type 1
diabetes and could therefore be associated with common
hallmarks like hyperglycemia or muscle and hepatic insulin
resistance (38). Previous studies demonstrated similar re-
sults and correlations of hepatic absolute ATP concentra-
tions and hepatic ATP synthase flux with insulin resistance
and liver fat content in patients with type 2 diabetes
(9,10). Thus, hepatic absolute ATP content likely reflects
ATP synthase flux, further suggesting that the lower ATP
concentrations reflect diminished hepatic ATP synthesis in
type 1 diabetes. In muscle of nonobese patients with type 1
diabetes, insulin-stimulated flux through muscle ATP syn-
thase is reduced and associates with long-term glycemic
control, as measured by HbA;. (7). In the current study,
hepatic ATP associates negatively with fasting glycemia
but only before adjustment for diabetes status, age, sex,
and BMI, suggesting that other factors might be at play.
Recent studies in mouse models of type 1 diabetes
described greater mitochondrial biogenesis by increased
transcript levels of PGCla and TFAM and respiratory
chain complex activity as adaptation to the increased lipid
and glucose flux at diabetes onset and compensation for
mitochondrial energetic deficit due to enhanced gluconeo-
genesis (11,39). Liver biopsy samples were not available in
the current study, rendering direct measurements of mito-
chondrial function and biogenesis impossible. Depletion of
hepatic ATP in humans with type 1 diabetes could result
from chronically increased rates of energy-consuming
processes, such as increased and unrestrained hepatic glu-
coneogenesis under conditions of portal hypoinsulinemia
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(33). Nevertheless, the patients with type 1 diabetes of this
study exhibited no increase in fasting EGP, suggesting no
relevant increase in gluconeogenic flux. Higher hepatic or
systemic lipids could also impair hepatic mitochondrial
function by lipotoxicity (40), but again operation of this
mechanism is unlikely in the absence of changes in plasma
TGs, FFAs, and HCL.

Recent clinical trials in obese humans confirmed the
concept of hepatic mitochondrial adaptation and mito-
chondrial flexibility at early stages of NAFLD but reported
declining hepatic respiratory capacity along with aug-
mented oxidative stress in nonalcoholic steatohepatitis
(12,13). Higher systemic levels of oxidative stress and lipid
peroxidation, along with the reduced antioxidant capacity
in type 1 diabetes (41), could contribute to impaired mito-
chondrial function and reduced hepatic ATP content. The
current study found no differences between lipid peroxida-
tion assessed by TBARS, DNA oxidative damage measured
by 8-OHdG, and protein carbonyl products or antioxidant
defense, as assessed from GSH concentrations, between
humans with and without type 1 diabetes. This could be
due to the short duration of disease and excellent gluco-
metabolic control of the patients. Interestingly, oxLDL
reflecting susceptibility of LDL to oxidative modification
was increased in patients with type 1 diabetes of the cur-
rent study compared with CON, which has previously been
linked to reduced plasma antioxidant levels and atheroscle-
rosis in type 1 diabetes (42). Indeed, the finding that
hepatic ATP concentrations correlated negatively with
oxLDL supports a close relationship between early changes
in oxidative stress and impaired hepatic energy metabolism
but does not allow conclusions as to causality. Moreover,
association with oxLDL was lost after adjustment for sta-
tus, sex, age, and BMI, suggesting that observed changes
are not necessarily related.

In patients with type 2 diabetes, hepatic insulin resis-
tance is an independent predictor explaining lower abso-
lute hepatic ATP and Pi contents (9) and ATP synthesis
(10). In the current study, hepatic ATP concentrations did
not correlate with any anthropometric or insulin sensitivity
measures in patients with type 1 diabetes despite substan-
tially lower peripheral insulin sensitivity and higher waist
circumference compared with CON. Of note, no relation
between subcutaneous and visceral fat content and hepatic
ATP concentrations was detected, implying that fat mass
and depot distribution do not play a major role for hepatic
energy homeostasis in type 1 diabetes. Moreover, compa-
rable iEGP between the two subgroups and the lack of
association with hepatic ATP further suggest no effect of
hepatic insulin sensitivity on hepatic energy status at this
early stage of type 1 diabetes development. This implies
that factors different from fat mass and insulin sensitivity
underlie the abnormal hepatic energy metabolism.

A number of circulating adipo-/hepatokines are known
to be altered and play a role in insulin resistance and
lipid homeostasis in humans with type 1 diabetes (19-21)
and rodent models (11). Indeed, we confirmed higher
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fetuin A concentrations in patients with type 1 diabetes,
as previously observed in rodent models of type 1 diabetes
(11) and in human type 1 diabetes, where it relates to early
markers of atherosclerosis and obesity (20). Concentra-
tions of FGF21, a modulator of mitochondrial oxidative
phosphorylation (43), did not differ between patients
and CON, in contrast to one previous study, probably
due to lower age and markedly worse glycemic control of
those patients (21). Also, concentrations of the hepatokine
SepP, which may be increased in obesity and NAFLD (44)
and interfere with insulin signaling by inhibiting phosphor-
ylation of key mediators in energy metabolism such as
protein kinase B and AMP-activated protein kinase (45),
were unchanged in patients with type 1 diabetes.

Abnormalities in glucose and energy homeostasis have
also been related to SNPs in genes regulating metabolism.
The common polymorphism Prol12Ala (rs1801282) of the
PPARG gene associates with reduced type 2 diabetes risk
through modulation of the production and release of
adipose-derived insulin-sensitizing factors (14) and repre-
sents an important genetic link between type 2 and type 1
diabetes (46). The PPARYy coactivator-la regulates ox-
idative phosphorylation, and the variant serine-encoding
allele (Gly482Ser) in the PPARGCIA gene associates
with increased obesity and oxidative stress risk (47). Un-
expectedly, we found reduced hepatic ATP concentrations
in Ala allele carriers (PPARG rs1801282) and in Ser allele
noncarriers (PPARGCIA rs8192678). As hepatic energy
metabolism is augmented in obesity and insulin resistance
(12), our present finding might suggest that in nonobese
patients with type 1 diabetes with normal hepatic insulin
sensitivity, these type 2 diabetes protective gene variants
contribute to the absence of any increase in hepatic ATP
concentrations.

Finally, a variant in the NDUFB6 gene, encoding a sub-
unit of complex I of the respiratory chain, associates with
increased type 2 diabetes risk, relates to insulin resistance
(48), and predicts the response of muscle energy metabolism
to exercise training (16,17). However, no difference in he-
patic phosphorous metabolites and HCL between carriers of
the A allele in NDUFB6 polymorphism rs540467 and non-
carriers was found (Table 3).

In conclusion, hepatic ATP concentrations are reduced
independently of hepatic lipid content and influenced
by variants in genes controlling oxidative metabolism in
type 1 diabetes. Our data underline the importance of
liver mitochondrial function and energy homeostasis as
early and sensitive markers in metabolic liver disease
progression.
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Impaired Hepatic Mitochondrial
Capacity in Nonalcoholic
Steatohepatitis Associated With
Type 2 Diabetes

Diabetes Care 2022;45:928-937 | https://doi.org/10.2337/dc21-1758

OBJECTIVE

Individuals with type 2 diabetes are at higher risk of progression of nonalcoholic fatty
liver (steatosis) to steatohepatitis (NASH), fibrosis, and cirrhosis. The hepatic metabo-
lism of obese individuals adapts by upregulation of mitochondrial capacity, which may
be lost during the progression of steatosis. However, the role of type 2 diabetes with
regard to hepatic mitochondrial function in NASH remains unclear.

RESEARCH DESIGN AND METHODS

We therefore examined obese individuals with histologically proven NASH with-
out (OBE) (n = 30; BMI 52 % 9 kg/m?) or with type 2 diabetes (T2D) (n = 15; 51 +
7 kg/m?) as well as healthy individuals without liver disease (CON) (n = 14; 25 *
2 kg/m?). Insulin sensitivity was measured by hyperinsulinemic-euglycemic
clamps with p-[6,6-2H,]glucose. Liver biopsies were used for assessing mitochon-
drial capacity by high-resolution respirometry and protein expression.

RESULTS

T2D and OBE had comparable hepatic fat content, lobular inflammation, and
fibrosis. Oxidative capacity in liver tissue normalized for citrate synthase activity
was 59% greater in OBE than in CON, whereas T2D presented with 33% lower
complex ll-linked oxidative capacity than OBE and higher H,0, production than
CON. Interestingly, those with NASH and hepatic fibrosis score =1 had lower oxi-
dative capacity and antioxidant defense than those without fibrosis.

CONCLUSIONS

Loss of hepatic mitochondrial adaptation characterizes NASH and type 2 diabetes
or hepatic fibrosis and may thereby favor accelerated disease progression.

Recent findings challenge the paradigm of diabetes classification by proposing diabetes
subtypes (1). Specifically, the severe insulin-resistant diabetes subtype features
increased prevalence of hepatic steatosis at diagnosis and hepatic fibrosis at 5 years of
follow-up (2). Of note, hepatic fibrosis affects at least one of six individuals with type 2
diabetes (3). These data suggest tight links between insulin resistance and nonalcoholic
fatty liver disease (NAFLD) progression. Abnormal adipose tissue function, lipotoxicity
(4), and glucose toxicity, as well as abnormal mitochondrial function (5), have been
implicated as possible mechanisms underlying insulin resistance. Notably, rapid
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increases in liver fat content during the
early course of type 2 diabetes have been
related to deterioration of hepatic energy
metabolism (6).

Indeed, type 2 diabetes has been asso-
ciated with altered hepatic energy metab-
olism, including reduced hepatic ATP
concentrations (7). Individuals with nonal-
coholic steatohepatitis (NASH) also exhibit
hepatic mitochondrial structural defects
and impaired ATP repletion upon fructose
challenge (8,9). However, recent studies
have shown that mitochondrial function is
not uniformly impaired in insulin resis-
tance or NAFLD, with obese individuals
with or without hepatic steatosis exhibit-
ing up to fivefold higher maximal oxida-
tive capacity than lean individuals,
indicating hepatic mitochondrial adapta-
tion to augmented lipid availability (10).
Whether type 2 diabetes triggers loss of
hepatic mitochondrial adaptation in states
of severe obesity and insulin resistance is
currently unclear.

Individuals with NASH also feature
abnormal hepatic mitochondrial redox
homeostasis, with higher generation of
reactive oxygen species (ROS) paralleled by
reduced antioxidant defense (10), possibly
because of lipotoxicity and glucotoxicity
(11). Increased lipid availability enhances
oxidative metabolism and amplifies anaple-
rosis and cataplerosis, which is required for
gluconeogenesis but also causes oxidative
and endoplasmic reticulum (ER) stress
(12,13). Type 2 diabetes leads not only to
elevated lipid peroxidation but also to
hyperglycemia-mediated  increases  in
advanced glycation end products (AGE)
(14,15). However, data on a contribution
of oxidative stress and glyoxal- and methyl-
glyoxal-induced cytotoxicity to liver injury
in individuals with NASH and type 2 diabe-
tes have not yet been reported.

Therefore, we combined in vivo mea-
surement of hepatic insulin sensitivity
with direct ex vivo analysis of mitochon-
drial functionality and oxidative stress
from intraoperative liver samples to test
the hypothesis that oxidative stress and
AGEs from hyperglycemia drive the loss
of hepatic mitochondrial adaptation in
obese individuals with type 2 diabetes
and NASH.

RESEARCH DESIGN AND METHODS

Study Population
The prospective cohort study, BARIA-DDZ,
investigates obese Caucasians before and

at timed intervals for at least 1 year after
bariatric (metabolic) surgery (Clinical trial
reg. no. NCT01477957, ClinicalTrials.gov).
All participants receive information about
all procedures and risks before providing
their written consent to the experimental
protocol, which was approved by the
ethics board of Heinrich Heine Univer-
sity and University Hospital Dusseldorf
(Dusseldorf, Germany) and the ethics
board of the North Rhine regional physi-
cians’ association (Dusseldorf, Germany).

This cross-sectional analysis comprised
45 obese individuals with NASH (30 with-
out [OBE] and 15 with type 2 diabetes
[T2D]) as well as 14 nonobese individuals
undergoing elective surgery, such as cho-
lecystectomy or herniotomy, serving as
controls (CON). Data of four OBE, three
T2D, and 12 CON had been reported pre-
viously (10,16). All participants were non-
smokers and engaged only in light
physical activity. T2D had no antihypergly-
cemic medication (n = 10), metformin
only (n = 1), metformin and glucagon-
like peptide 1 receptor agonist (GLP-1ra)
(n = 1), DPP4 inhibitor (DPP4i) and GLP-
1lra (n = 1), metformin, GLP-1ra, and
short-acting insulin (n = 1), or short-act-
ing insulin (n = 1). Metformin and DPP4i
were discontinued for 3 days, GLP-1ra for
1 week, and insulin for at least 10 h prior
to the tests. The participants underwent
3-h hyperinsulinemic-euglycemic clamps
(primed continuous insulin infusion: 80
mU * m™2 * min~? for 10 min, followed
by 40 mU * m™2 * min™%) (Insuman
Rapid; Sanofi, Frankfurt am Main, Ger-
many) combined with o-[6,6-*H,]glucose
for measuring whole-body or peripheral
(M value, calculated from steady-state
glucose infusion rate with glucose space
correction) and hepatic insulin sensitivities
(hepatic insulin sensitivity index, calcu-
lated as 100x the inverse of the product
of fasting endogenous glucose production
[EGP] and fasting serum insulin concen-
tration) (17). Rates of glucose appearance
(Ra) were calculated by multiplying the
tracer infusion rate by tracer enrichment,
dividing by percentage of tracer enrich-
ment in plasma, and subtracting the
tracer infusion rate (17). Clamp-Ra was
calculated using Steele steady-state equa-
tions. EGP was calculated from the differ-
ence between Ra and mean glucose
infusion rate. Adipose tissue insulin resis-
tance was assessed by the adipose tissue
insulin resistance index, as calculated
from the product of fasting serum free
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fatty acids (FFA) and insulin concentra-
tions (18). Blood samples were collected
before and during the clamp for measur-
ing hormones and metabolites. NASH
was defined by the steatosis, activity, and
fibrosis score (19). Because T2D were
older than OBE, all analyses were age
adjusted in order to avoid the confound-
ing effect of age.

Mitochondrial Function and
Oxidative Stress

Respiration rates and maximum oxidative
capacity were assessed using ex Vivo
high-resolution respirometry in liver tissue
and isolated hepatic mitochondria (Oxy-
graph 2k; Oroboros Instruments, Inns-
bruck, Austria) upon sequential titration
of substrates and normalization for mito-
chondrial citrate synthase activity (CSA)
as a marker of mitochondrial content
(10,13). The protocol for tricarboxylic
acid (TCA) cycle-linked respiration
included addition of malate, glutamate,
ATP, succinate, cytochrome C, and car-
bonylcyanide p-triflouromethoxyphenyl-
hydrazone for assessment of maximum
uncoupled resipration. Additionally, for
testing glycolysis-linked TCA respiration
and 3-oxidation—linked TCA respiration,
pyruvate and octanoyl-carnitine were
added to the protocols, respectively.
Hepatic H,0, emission in isolated mito-
chondria was measured fluorimetrically
using Amplex Red, reflecting ROS pro-
duction mainly from complexes | and llI
as reported previously (10). Catalase
activity was measured colorimetrically in
hepatic lysates (Cayman Chemical Com-
pany, Ann Arbor, Ml). Thiobarbituric acid
reactive species (TBARS) were measured
fluorimetrically (BioTek Instruments, Bad
Friedrichshall, Germany) in liver homoge-
nates (13).

Mitochondrial DNA

DNA was extracted from liver tissue
using the DNeasy Blood & Tissue Kit
(Qiagen, Dusseldorf, Germany) following
the manufacturer’s instructions. Briefly,
liver tissue was lysed using ATL plus
buffer and proteinase K at 56°C for 2 h.
Later, DNA was purified using a DNeasy
Mini Spin Column and dissolved in 50
pL AE buffer. DNA concentration and
purity were assessed by a nanoplate
reader (Tecan, Mannedorf, Switzerland)
and diluted to 5 ng/p.L using PCR-grade
H,0O. Mitochondrial DNA (mtDNA) copy
number was quantified with the StepOne
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Plus PCR System (Applied Biosystems, Fos-
ter City, CA) using primers for nuclear gene
lipoprotein lipase (LPL) (forward primer
CGAGTCGTCTTTCTCCTGATGAT; reverse
primer TTCTGGATTCCAATGCTTCGA) and
mitochondrial gene NADH dehydroge-
nase subunit 1 (ND1) (forward primer
CCCTAAAACCCGCCACATCT; reverse primer
GAGCGATGGTGAGAGCTAAGGT). A melt-
ing curve was created to ensure primer
specificity. Each sample was measured
in duplicate, and the ratio of mtDNA to
nuclear DNA was calculated as described
(20).

Blood Analyses

Metabolites, insulin, and hs-CRP were
assessed as described previously (10).
FFA were assayed microfluorimetrically
(Wako Chem USA Inc. Osaka, Japan)
after collecting blood into ice-cold orli-
stat-containing vials (21).

Western Blotting
Protein of mitofusin 1 (MFN1) and MFN2,
mitochondrial fission 1 protein (FIS1),
mitochondrial fission factor (MFF), DRP1,
phosphorylated Ser616-DRP1 (phospho-
Ser616-DRP1), PINK1, phospho-Thr257-
PINK1, ubiquitin E3 ligase parkin (PARKIN),
phospho-Ser65-PARKIN, protein kinase
RNA-like endoplasmic reticulum (ER)
kinase (PERK), activating transcription fac-
tor 4 (ATF4), eukaryotic initiation factor 2
(elF2), and electron transport chain (ETC)
complexes -V (NDUFB8 [NADH:ubiqui-
none oxidoreductase subunit B8], SDHB
[succinate dehydrogenase complex iron
sulfur subunit B], UQCRC2 [ubiquinol-
cytochrome C reductase core protein 2],
COXIV [cytochrome c oxidase subunit 1V],
and ATP5A [ATP synthase F1 subunit «])
were quantified in total liver protein
lysates (22) and normalized to GAPDH as
loading control (23). Antibodies were
obtained from Abcam (Cambridge,
U.K.) (MFN1, MFN2, PINK1, and total
OXPHOS rodent antibody cocktail,
including NDUFBS, SDHB, UQCRC2,
COXIV, and ATP5A), Cell Signaling Tech-
nology (Frankfurt, Germany) (DRP1,
phospho-DRP1, GAPDH, COX IV, PAR-
KIN, PERK, ATF4, and elF2), Ubiquigent
(Dundee, U.K.) (phospho-PINK and
phospho-PARKIN), and Merck (FIS1).
For the quantification of optic atrophy
protein (OPA1) long and short isoforms,
tissue lysates (equivalent of 40 wg pro-
tein) were mixed with 4x Laemmli buffer

and heated at 95°C for 5 min, loaded
onto a 10% SDS gel (24). SDS-PAGE was
run for 2.5 h at 40 mA per gel (20 mA
per gel in the stacking gel) to achieve
maximum separation of OPAl bands.
Western blotting was performed in the
semidry procedure for 2.5 h at 60 mA per
gel. Gels were ponceau stained, imaged,
cut into stripes at 70 kDa, blocked with
5% milk in Tris-buffered saline, and incu-
bated with their respective antibodies
OPA1 (1:1,000) (self-purified antibody
produced in rabbit by Pineda, Berlin,
Germany) and Tubulin (1:2,000) (RRI-
D:AB_2210370) overnight at 4°C. After
second antibody incubation, blots were
imaged with the Peglab Fusion Imaging
System. Blots were quantified manually in
Fiji (based on Image) 1.53f51) by selecting
bands and appropriate adjacent areas for
background correction.

AGE

Plasma free AGE and hepatic pro-
tein—bound AGE were measured by iso-
tope dilution tandem mass spectroscopy
as described (25). Briefly, for protein-
bound AGE, total protein extracts from
the liver (~10 mg) were prepared by
homogenization in 10 mmol/L Na-phos-
phate buffer (pH 7.4). The soluble protein
fraction was retained and then concen-
trated by microspin ultrafiltration (10-kDa
cutoff) at 14,000 rpm for 30 min at 4°C
and then washed by five cycles of con-
centration. An aliquot of the washed pro-
tein (100 pg/20 pL) was then hydrolyzed
by serial enzymatic digestion using pepsin,
pronase E, aminopeptidase, and prolidase
(25). For free AGE, 20 pL plasma was
diluted to 500 pL with H,O and filtered
by microspin ultrafiltration (10-kDa cutoff)
at 14,000 rpm for 30 min at 4°C. The
ultrafiltrate was then retained for the free
adduct analysis. Approximately 30 pL
sample was spiked with an equal volume
of 0.2% trifluoroacetic acid in H,O con-
taining the isotopic standards. Samples
were analyzed by liquid chromatogra-
phy—tandem mass spectrometry using
an ACQUITY ultrahigh-performance liquid
chromatography system with a Xevo-TQS
liguid chromatography—tandem mass
spectrometry spectrometer (Waters Cor-
poration, Milford, MA). AGE, including oxi-
dation and nitration markers, were
detected by electrospray positive ioniza-
tion with multiple reaction monitoring.
Molecular ion and fragment ion masses,
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as well as cone voltage and collision ener-
gies, were optimized to +0.1 Da and *1
eV for multiple reaction monitoring detec-
tion of the analytes. Acquisition and
guantification were completed with Mas-
slynx 4.1 and Targetlynx 2.7 (Waters
Corporation).

Transmission Electron Microscopy
Liver samples were fixed immediately
after preparation for 2 h at room temper-
ature by immersion in 2.5% glutaralde-
hyde in 190 mmol/L Na-cacodylate buffer
(pH 7.4). Subsequently, they were post-
fixed in 1% reduced osmium tetroxide in
double-distilled H,0O for 60 min and after-
ward stained with 2% uranyl acetate in
maleate buffer (pH 4.7). The specimens
were dehydrated in graded ethanol and
embedded in epoxy resin. Ultrathin sec-
tions (70-80 nm) were picked up onto for-
mvar carbon—coated grids, stained with
lead citrate, and viewed in a 910 transmis-
sion electron microscope (Zeiss Elektro-
nenmikroskopie, Oberkochen, Germany).
Images of one CON, three OBE, and three
T2D were included in this analysis.

Statistical Analyses

Normally distributed data are given as
mean and SD or SEM or otherwise as
median (interquartile range). Nonnormally
distributed data were log, transformed to
achieve near-normal distribution. To
enhance power and avoid type | errors,
residual variances were allowed to be dif-
ferent between groups. Statistical analyses
using one-way ANCOVA adjusted for age
with Tukey correction for multiple compar-
isons were performed using SAS (version
9.4; SAS Institute, Cary, NC). Covariate-
adjusted Spearman correlation analyses in
obese patients with NASH with and with-
out type 2 diabetes were adjusted for
age, sex, and BMIL. Significance of differ-
ences was set at P values =0.05.

RESULTS

Individuals With Type 2 Diabetes and
NASH Have Greater Hepatic Insulin
Resistance Than Those Without Liver
Disease

Despite good glycemic control, T2D
were more hyperglycemic and older
than OBE, so all analyses were adjusted
for age. Both T2D and OBE had similar
degrees of obesity (class Ill), fasting
hyperinsulinemia, whole-body (M value)
and adipose tissue insulin resistance,



diabetesjournals.org/care

and low-grade inflammation (hs-CRP)
(Table 1). Hepatic insulin sensitivity
index was decreased in T2D and tended
to be lower in OBE (P = 0.08) than in
CON. In T2D, serum AST was higher
than in CON and OBE, whereas FFA, tri-
glycerides, y-glutamyl transferase, ALT,
and alkaline phosphatase were not dif-
ferent between all groups.

OBE and T2D had ~20-fold greater
liver fat content. Lobular inflammation
was present in 90% and 100% of OBE
and T2D, ballooning grade =1 in all
OBE and T2D, and fibrosis stage =1 in
63% and 53% of OBE and T2D, respec-
tively (Supplementary Table 1).

Individuals With Type 2 Diabetes and
NASH Lose Adaptation of Hepatic
Oxidative Capacity Independently of
Markers of Mitochondrial Content

In liver tissue, maximum uncoupled mito-
chondrial respiration (i.e., maximum oxi-
dative capacity) linked to TCA cycle was
increased by 34% in OBE compared with
CON (Fig. 1A). An increase of 59% was
seen after normalization by CSA (Fig. 1C)

note, isolated mitochondria showed
182% and 170% higher oxidative capacity
linked to TCA cycle and [3-oxidation,
respectively, in OBE than in CON (Fig. 1G
and H). In contrast, T2D exhibited compa-
rable respiration rates as CON and even
a trend toward 30% lower TCA-linked
oxidative capacity than OBE (Fig. 1C)
(P = 0.14), while ETC complex lI-linked
respiration was 33% reduced versus OBE
(Supplementary Fig. 1A).

Biomarkers of hepatic mitochondrial
content were assessed from CSA, mtDNA
copy number, and ETC complex. CSA (Fig.
2A) and ETC complexes I, Ill, IV, and V
were comparable between groups (Supp-
lementary Figure 1B—E), while mtDNA
and complex Il were lower in OBE than
in CON (Fig. 2B and ().

Individuals With Type 2 Diabetes

and NASH Exhibit Higher Hepatic
Oxidative Stress and Ultrastructural
Changes

T2D presented with 96% greater hepatic
H,0, emission than CON (Fig. 3A) and
gradually higher H,0, emission than
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activity (Fig. 3B) and TBARS (data not
shown) were similar between all
groups.

Hepatic content of the mitochondrial
fusion marker MFN2 was lower in T2D
and OBE compared with CON (Fig. 3E).
There were differences neither in total
OPA1 (Fig. 3C) nor in ratios of long
OPA1 isoforms to total OPA1 (Fig. 3D)
or of short OPA1 isoforms to total OPAl
(data not shown) between all groups.
The marker of mitochondrial fission
MFF was also comparable between
groups (Fig. 3G), and no differences
were found after normalization to
mtDNA (data not shown).

The ER stress markers PERK and ATF4
were lower in the livers of OBE and T2D
compared with those of CON (all P <
0.001), while elF2 was higher in OBE
and T2D (P = 0.001 and P < 0.001 vs.
CON, respectively), and phospho-elF2
did not differ between groups (data not
shown).

Transmission  electron  microscopy
revealed mitochondrial swelling and mega-
mitochondria in both OBE and T2D but not

but not by mtDNA (Fig. 1€ and F). Of OBE (P = 0.15). Hepatic catalase in CON (Fig. 2D—F). Also, autophagosomes
Table 1—Participant characteristics
Parameter CON OBE T2D
Total N 14 30 15
Female sex 8 26 9
Age, years 40 + 10 39+10 49 + 8*
BMI, kg/m? 25+2 52 + 9t 517t
Fasting glucose, mg/dL 797 87 + 11t 139 + 30*t

Fasting insulin, wU/mL
HbA;., %

HbA;., mmol/mol

Fasting FFA, wmol/L
Fasting triglycerides, mg/dL
AdipolR, AU

hs-CRP, mg/dL

ALT, units/L

AST, units/L

GGT, units/L

AP, units/L

M value, mg/kg BW/min
HIS, dL * min * kg BW/mg/pU

8.5 (5.8; 12.0)
51413
32 + 14

436 (358; 612)

26.2 (17.5; 30.3)t
51+1.1
32+ 12

639 (572; 781)

28.9 (18.2; 48.2)t
7.3 + 1.2%t
56 + 13*+
728 (555; 791)

126 + 94 152 + 60 165 + 58
5,845 (3,110; 7,171) 16,737 (10,466; 19,155)* 16,690 (14,214; 32,298)*
0.2 +0.2 1.3 + 1.5t 1.1+ 1.1+
28 + 25 31+18 36 + 19
30 + 41 44 + 32 51 + 17+t
45 + 86 30 + 20 50 + 27
68 + 45 80 + 16 77 + 19
8.8 (6.5; 10.9) 2.3 (1.9; 3.0)t 1.5 (1.4; 1.8)t
6.0 (4.4; 9.4) 3.7 (3.1; 5.0) 3.0 (1.9; 3.9)t

Data are presented as mean + SD or median (quartile 1; quartile 3). AdipolR, adipose tissue insulin resistance index (fasting FFA * fasting
insulin); AP, alkaline phosphatase; BW, body weight; GGT, serum vy-glutamyl transferase; HIS, hepatic insulin sensitivity index (100/[fasting

EGP * fasting insulin]). *P < 0.05 vs. OBE from one-way ANCOVA. TP < 0.05 vs. CON from one-way ANCOVA.
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Figure 2—Hepatic mitochondrial content. A—C: Hepatic CSA (A), mtDNA copy number (B), and content of mitochondrial ETC complex Il (C) in CON,
OBE, and T2D. D—F: Representative images from transmission electron microscopy in hepatocytes from CON (D), OBE (E), and T2D (F). Paracrystal-
line inclusions are marked with an arrow. Data are mean £ SD. *P < 0.05 from one-way ANCOVA. SDHB, succinate dehydrogenase complex iron

sulfur subunit B.

and inhomogeneous mitochondrial degen-
eration were found in both NASH groups,
while only OBE also presented with para-
crystalline inclusions.

T2D Have Higher Hepatic Levels of
Certain AGE Independent of Hepatic
Oxidative Capacity

Hepatic methylglyoxal-derived hydroimi-
dazolone isomer 1 (MG-1H) was higher
in OBE compared with CON but not T2D,
whereas fructosyl-lysine or fructosamine
was higher in T2D compared with CON
(Supplementary Table 2). Glyoxal-derived
hydroimidazolone isomer 1, carboxye-
thyl-lysine, carboxymethyl-lysine, 3-nitro-
tyrosine, and argpyrimidine were not
different between groups (Supplemen-
tary Table 2).

Plasma fructosyl-lysine was lower in
OBE compared with CON, whereas plasma
concentrations of other AGE were not dif-
ferent between groups (Supplementary
Table 2).

Of note, Spearman correlation analy-
sis across all patients with NASH with or
without type 2 diabetes revealed a
positive association between plasma
MG-1H and fasting blood glucose and a
negative association between hepatic

carboxymethyl-lysine and hepatic oxida-
tive capacity (Supplementary Table 3).

Association of Hepatic Insulin
Resistance and Oxidative Stress With
Impaired Mitochondrial Function in
Patients With NASH

Covariate-adjusted Spearman correla-
tion analysis, adjusted for age, sex, and
BMI, revealed negative relationships of
hepatic oxidative capacity with fasting
blood glucose, fasting EGP, and hepatic
TBARS (Supplementary Tables 3 and 4).
Lower hepatic mitochondrial content, as
assessed from ETC complexes I, lll, and
V, was related to increased hepatic
H,0, emission (Supplementary Tables 3
and 4).

Individuals With Hepatic Fibrosis
Exhibit Loss of Adaptation of Hepatic
Mitochondrial Function

To further analyze the impact of fibrosis
itself, the NASH cohort was stratified into
those without any histological fibrosis
(FO) and those with any fibrosis (F1+)
and then compared with CON. Despite
similar ages, F1+ exhibited severe periph-
eral and adipose tissue insulin resistance
when compared with CON and FO

(Supplementary Table 5). Mitochondrial
content from hepatic CSA and mtDNA
was increased in F1+ compared with FO
(Supplementary Fig. 2A and B). Hepatic
mitochondrial oxidative capacity, with and
without correction for CSA, was 67% and
28% lower in F1+ than in FO, respectively
(Supplementary Fig. 2C and D). Hepatic
content of ETC complexes |, Ill, IV, and V
was lower in F1+ and FO compared with
CON (Supplementary Fig. 3).

Catalase activity in F1+ was increased
compared with CON but reduced com-
pared with FO (Supplementary Fig. 4).
Hepatic MG-1H was higher in F1+ than
in CON, while other hepatic AGE were
similar between groups (Supplementary
Fig. 5). F1+ presented with lower MFN1,
MFN2, FIS1, and MFF (Supplementary
Fig. 6), as well as lower PARKIN and
phospho-PARKIN, than CON (Supplemen-
tary Fig. 6).

CONCLUSIONS

This study provides direct evidence
from intraoperative human liver sam-
ples that 1) hepatic oxidative capacity is
not upregulated in obese individuals
with NASH and type 2 diabetes when
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compared to obese nondiabetic indivi-
duals with NASH with type 2 diabetes,
which is possibly related to hyperglyce-
mia, and 2) early hepatic fibrosis is also
linked to lower hepatic mitochondrial

oxidative capacity in the setting of
enhanced AGE formation. These mecha-
nisms may contribute to accelerated
NAFLD progression and thereby deter-
mine worsening of its prognosis.

The strikingly higher mitochondrial oxi-
dative capacity in obese individuals with
NASH without type 2 diabetes, observed
both in liver tissue and isolated liver
mitochondria, is not explained by higher
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mitochondrial content because mtDNA
and ETC complex Il were also reduced in
this group, in agreement with our previ-
ous findings of upregulated oxidative
capacity in obesity and hepatic steatosis
(10). While mouse model studies also
support the concept of increased mito-
chondrial respiration and TCA cycle activ-
ity in the early stages of NAFLD (26,27),
in NASH models oxidative capacity and
content are diminished (28), and with
the development of hyperglycemia, keto-
genesis is blunted (29). Thus, alterations
in hepatic mitochondrial function repre-
sent a promising treatment target in
models of NASH and hepatic fibrosis
(30,31). Here, our findings suggest that
loss of adaptation of hepatic mitochon-
drial function can be possibly explained
by the presence of type 2 diabetes in
individuals with NASH.

Of note, the decline of mitochondrial
function does not seem to be related to
insulin sensitivity, because both NASH
groups exhibited comparable peripheral,
hepatic, and adipose tissue insulin resis-
tance. Surprisingly, oxidative capacity was
not uniformly downregulated in all NASH
livers. Higher lipid peroxidation and
hyperglycemia independent of age, sex,
and BMI were related to the reduction of
hepatic oxidative capacity in NASH and
type 2 diabetes. Hepatic mitochondrial
H,0, release was increased in NASH with
type 2 diabetes, which might reflect
higher mitochondrial respiration, but not
necessarily augmented ROS production,
because TBARS and 3-nitro-tyrosine were
not increased. Thus, our findings do not
clearly support a contribution of hepatic
oxidative stress to altered mitochondrial
function. These findings are in contrast to
evidence of unaltered muscle mitochon-
drial function in obesity (32). In addition,
no changes in skeletal muscle mitochon-
drial respiration were found in the set-
tings of lipid-induced ROS production (12)
or of reduced lipid availability and lower
ROS (33), suggesting organ-specific mito-
chondrial differences.

Mitochondrial dynamics have been
shown to play a vital role in NAFLD
development (34). The current study
found reductions for the hepatic mito-
chondrial fusion marker MFN2 but not
for the long OPA1l isoforms. Conse-
quently, changes in hepatic mitochon-
drial fusion cannot explain the changes
in oxidative phosphorylation. Similarly,
mitochondrial ultrastructural alterations,

such as swelling, autophagosome activ-
ity, and matrix degeneration, were
found in both NASH groups, in line with
previous reports (8), independent of the
presence of diabetes. Although activa-
tion of ER stress represents a possible
link between mitochondrial dynamics
and oxidative stress (35), we found no
consistent evidence of elevated ER
stress, because hepatic ATF4 and PERK
were not increased in the NASH groups.

Aging may lead to impaired mito-
chondrial functionality in skeletal mus-
cle (36,37) or altered mitochondrial
morphology in the liver (38). However,
the present findings were observed to
be independent of age, because age
adjustment did not affect the differ-
ences in the various measures of oxida-
tive capacity. The finding of reduced
mitochondrial functionality exclusively
in combined NASH and type 2 diabetes,
is in agreement with previous in vivo
studies showing lower hepatic ATP con-
centrations in individuals with type 2
diabetes compared with obese individu-
als with a comparable degree of steato-
sis (7). Of note, recent longitudinal
findings show doubling of hepatocellu-
lar lipids over the first 5 years after type
2 diabetes diagnosis, which is, however,
paralleled by constant hepatic ATP con-
tent (6). These prospective data suggest
failure of hepatic mitochondria to adapt
to increased lipid availability in the set-
ting of hyperglycemia and act as a
bridge to the present cross-sectional
analysis demonstrating the key role of
type 2 diabetes in alterations in mito-
chondrial function in metabolic liver
disease.

Of note, one other study using high-
resolution respirometry in intraopera-
tive liver biopsies found no differences
in hepatic oxidative phosphorylation
capacity between lean and obese indi-
viduals with or without type 2 diabetes
(39). This is likely due to the very small
cohort size, broad variation in liver fat
content, and lower severity of disease
(based on lower BMI and better gluco-
metabolic control) compared with the
current study. Likewise, the unchanged
hepatic mitochondrial oxidation, derived
from in vivo *3C magnetic resonance
spectroscopy (40) or plasma 3-hydroxy-
butyrate measurements (41), may be
the result of the inclusion of normal to
overweight individuals without histolog-
ical NAFLD staging or of the distinct
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methods assessing other features of
mitochondrial function.

In type 2 diabetes, hyperglycemia
leads to formation of reactive dicarbon-
yls, such as glyoxal and methylglyoxal,
which can cause protein and nucleic car-
bonylation and oxidative stress in hepa-
tocytes, among other cells (42,43). This
study showed that fasting blood glucose
are negatively related to hepatic oxida-
tive capacity, even after adjustments
for age, sex, and BMI, underlining a role
of hyperglycemia and glucotoxicity in
impaired hepatic energy metabolism in
NAFLD, as suggested previously for type
1 diabetes (44). Still, liver MG-1H was
only increased in individuals with NASH
without type 2 diabetes, whereas plasma
MG-1H levels were higher in T2D versus
OBE. Furthermore, a majority of hepatic
and plasma AGE were comparable
between groups. Thus, these findings do
not support the concept that hepatic
accumulation of AGE significantly con-
tributes to enhanced oxidative stress or
loss of mitochondrial adaptation in com-
bined NASH and type 2 diabetes. More-
over, plasma MG-1H levels were closely
related to fasting glycemia but not to
findings on hepatic metabolism.

Hepatic fibrosis rather than inflam-
mation is the key histological feature
of NAFLD, defining the progression of
disease, especially in insulin-resistant
cohorts (45,46). Our findings suggest
that the reduction of hepatic oxidative
capacity is also key for hepatic fibrosis
and loss of mitochondrial adaptation in
NASH, because individuals exhibiting
any degree of hepatic fibrosis had lower
mitochondrial respiration rates than
those showing no signs of fibrosis.
These data further corroborate the rele-
vance of hepatic mitochondria in the
progression of NAFLD as well as in met-
abolic liver injury. Along these lines,
individuals with any hepatic fibrosis
(F1+) showed lower hepatic oxidative
capacity as well as reduced hepatic cat-
alase activity, possibly reflecting declin-
ing antioxidant defense capacity. Of
note, hepatic MG-1H was increased in
patients with fibrosis, suggesting that
AGE formation related to failing mito-
chondria along with hyperglycemia
might be associated with the progres-
sion of fibrosis. This is in agreement
with the key role of ROS in the develop-
ment of liver fibrosis (47). A possible
contribution of hyperglycemia could not
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be excluded here, because F1+ patients
exhibited slightly increased HbA;..

Several limitations must be mentioned,
such as the low availability of intraopera-
tive liver samples from healthy individu-
als without liver disease, which was due
to ethical considerations. Of note, the
small number of samples from this con-
trol group may explain some of the
inconsistencies between expression data
and functional data. In addition, the
design of a cross-sectional study does not
allow us to draw conclusions as to the
time course of changes in the different
groups. Nevertheless, the comprehensive
phenotyping provides novel insights into
pathophysiological alterations. Finally, the
absence of a uniformly accepted refer-
ence method impedes the assessment of
mitochondrial content.

Taken together, this study shows evi-
dence of mitochondrial function decline
as a common feature of patients with
NASH who also have type 2 diabetes or
hepatic fibrosis, representing different
axes of hepatic metabolic disease. In
type 2 diabetes, increased ROS formation
along with hyperglycemia might be linked
to derangements of mitochondrial respi-
ration. Liver fibrosis is characterized by
reductions in the content of ETC com-
plexes and increased AGE formation.
Thus, loss of mitochondrial adaptation
seems to be closely related to metabolic
liver disease and is possibly linked to its
progression.
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1 | INTRODUCTION

GANCHEVA ET AL.

investigated whether genetically impaired function of mitochondrial BCAA
catabolism associates with cardiometabolic risk factors, altered liver and mus-
cle energy metabolism, and IR. In this case-control study, 31 children and
young adults with propionic acidemia (PA), methylmalonic acidemia (MMA)
or isovaleric acidemia (IVA) were compared with 30 healthy young humans
using comprehensive metabolic phenotyping including in vivo *'P/*H mag-
netic resonance spectroscopy of liver and skeletal muscle. Among all OAs,
patients with PA exhibited abdominal adiposity, IR, fasting hyperglycaemia
and hypertriglyceridemia as well as increased liver fat accumulation, despite
dietary energy intake within recommendations for age and sex. In contrast,
patients with MMA more frequently featured higher energy intake than rec-
ommended and had a different phenotype including hepatomegaly and mildly
lower skeletal muscle ATP content. In skeletal muscle of patients with PA,
slightly lower inorganic phosphate levels were found. However, hepatic ATP
and inorganic phosphate concentrations were not different between all OA
patients and controls. In patients with IVA, no abnormalities were detected.
Impaired BCAA catabolism in PA, but not in MMA or IVA, was associated
with a previously unrecognised, metabolic syndrome-like phenotype with
abdominal adiposity potentially resulting from ectopic lipid storage. These
findings suggest the need for early cardiometabolic risk factor screening in PA.

KEYWORDS

cardiometabolic, fatty liver, metabolic syndrome, mitochondria, organic acidemia, oxidative stress

oxidative damage due to generation of ROS." Exposure
to isovaleric acid reduces Na*/K*-ATPase activity in syn-

Organic acidemias (OAs) are caused by deficiencies of
mitochondrial enzymes or co-factors involved in
branched-chain amino acid (BCAA) catabolism.' Accu-
mulation of specific metabolites in propionic acidemia
(PA), isovaleric acidemia (IVA) and methylmalonic
acidemia (MMA) have been suggested to exert ‘toxic’
effects.>* Isolated MMA is due to either a deficiency of
methylmalonyl-CoA mutase, a defect in the transport or
synthesis of its cofactor adenosylcobalamin, or a defi-
ciency of the enzyme methylmalonyl-CoA epimerase.’ In
PA and MMA, accumulation of propionyl-CoA inhibits
tricarboxylic acid (TCA) and urea cycle activities,®
but also methylmalonic acid and isovaleric acid may
impair mitochondrial morphology and function.”'® In
addition, the reduced flux of substrates to the TCA cycle
may potentially contribute to abnormal mitochondrial
functionality.

Abnormal mitochondrial function associates with the
production of reactive oxygen species (ROS). Post-
mortem studies in brain synaptosomes from patients with
PA and MMA showed that methylmalonic acid, but not
propionic acid, induces lipid peroxidation and protein

aptic membranes of rat cerebral cortex, likely via free
radical formation.® Furthermore, fibroblasts of patients
with PA exhibit increased ROS levels, possibly related to
the severity of the gene defect.!? In line, antioxidant treat-
ment can reduce ROS levels and oxidative damage, at
least in fibroblasts of patients with PA and in a mouse
model of PA.*?

Common states of insulin resistance (IR), such as obe-
sity and type 2 diabetes, may be also characterised by
abnormal mitochondrial function along with oxidative
stress and ectopic lipid storage.'*'® In both adults and
children, accumulation of hepatocellular and intra-
myocellular lipids (HCL, IMCL) is tightly linked to
IR.'”'® Furthermore, metabolites such as free fatty acids
and BCAAs can directly induce IR via substrate signal-
ling in liver and skeletal muscle.'” Thus, one might hypo-
thesise that abnormal mitochondrial function - as
observed in patients with branched-chain OAs - might
lead to IR or its clinical correlates, the metabolic syn-
drome (MetS) or cardiometabolic risk factor cluster-
ing.'”** ‘Cardiometabolic risk factor clustering’ is defined
by the accumulation of risk factors that are closely
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related to type 2 diabetes and/or cardiovascular disease
and, as recently recommended by the American Acad-
emy of Pediatrics, should be in the focus for clinical
screening in children and adolescents.”’ Those risk fac-
tors comprise central obesity, fasting hyperglycaemia,
dyslipidemia (high triglycerides [TG], low HDL choles-
terol) and high blood pressure. Interestingly, patients
with OAs feature a broad range of symptoms of largely
unexplained origin®*?® and those with PA and MMA
appear to have less favourable long-term outcome com-
pared to those with IVA.>7*

This study therefore examined whether genetically
altered mitochondrial function due to abnormal BCAA
catabolism is related to abnormal tissue-specific energy
metabolism, IR and MetS by employing in-depth meta-
bolic phenotyping with frequent sampling oral glucose
tolerance tests (OGTT) and *'P/'H magnetic resonance
spectroscopy (MRS) of liver and skeletal muscle.

2 | MATERIALS AND METHODS

2.1 | Participants
This case-control study enrolled patients with OAs and
sex-, age- and BMI-matched healthy humans serving as
controls  (ClinicalTrials.gov  registration = number
NCT03917212). Inclusion criteria for patients were
age > 5 years and diagnosis of OA based on biochemical,
enzymatic and/or molecular genetic findings. The group
of patients with OAs consisted of 9 patients with PA,
6 with IVA, 10 with classical MMA and 6 with an
adenosylcobalamin synthesis defect comprising cobala-
min A or B deficiency (MMA CBL) based on cellular
functional (CBL A/B n = 4) or molecular genetic analyses
(CBL B n = 2). Exclusion criteria for the OGTT com-
prised chronic gastrointestinal diseases, which could
affect glucose absorption, and allergy to red currant,
which is contained in the glucose test solution. Patients
regularly attending the Division of Metabolic Diseases at
the University Children's Hospital Diisseldorf were rec-
ruited by phone call. In total, 31 patients with OAs, com-
prising 23 minors and 8 adults were included. Due to low
compliance, OGTT and MRS measurement could not be
performed in four and three patients with OAs, respec-
tively (OGTT: PAn = 3, MMA n = 1; MRS: PA n =1,
MMA n = 1, MMA CBL n = 1). Additionally, OGTT and
MRS data were not available from three and three
patients with OAs, respectively, because of technical rea-
sons (OGTT: n = 1 patient each with PA, MMA and IVA;
MRS: n = 1 patient each with PA, MMA CBL and IVA).
Healthy individuals were recruited among the
patients’ siblings and through convenience sampling.

\, SSEM BARY| LEY_|l *®

Twenty-one healthy children, five of whom were siblings
of patients, and 9 healthy adults underwent MRS mea-
surements as a control group. In addition, 11 healthy
children of comparable age, sex and BMI from the Yale
Pathophysiology of Type 2 Diabetes in Youth Study’® and
5 healthy adults from a previous study at the German
Diabetes Center' served as controls for OGTT data. The
study was approved by the ethics board of the Medical
Faculty, Heinrich Heine University Diisseldorf (protocol
no. 3778). Written informed consent was obtained from
the participants and their parents, when participants
were minors.

2.2 | Study design

The study was performed at the Department of General
Pediatrics, Neonatology and Pediatric Cardiology of the
University Children's Hospital Diisseldorf for clinical and
metabolic examinations and at the German Diabetes
Center for MRS measurements. The study took place
between August 2015 and February 2017. Participants
were admitted to the hospital 1 day prior to measure-
ments and advised to avoid exhaustive physical activity
for two days before admission.

2.3 | Clinical parameters

Height and weight were measured in underwear, and
BMI values of children and adolescents were plotted on
age- and sex-specific percentiles*® and defined as “high
normal” if values were >75th percentile.>* Blood pressure
and waist circumference were determined in children
and adults and defined as high according to national and
international reference values,**” respectively. The abso-
lute daily intake of energy and macronutrients of patients
with PA and MMA, who were on a defined and con-
trolled dietary therapy (Table 1), was extracted from their
medical records. MetS was defined for children according
to Goodman et al*® and for adults according to Alberti
et al*® and diagnosed, if any 3 or more of 5 MetS compo-
nents were present (Table S1). For children, MetS compo-
nents were: fasting glucose > 100 mg/dL, systolic blood
pressure > 90th  percentile and/or diastolic blood
pressure > 90th percentile, waist circumference > 90th
percentile, HDL cholesterol < 10th percentile and
TG > 110 mg/dL. For adults, MetS components were:
fasting glucose > 100 mg/dL; systolic blood pres-
sure > 130 mm Hg and/or diastolic blood pres-
sure > 85 mm Hg; waist circumference > 94 cm for men,
>80 cm for women; HDL cholesterol < 40 mg/dL in
men, <50 mg/dL in women; TG > 150 mg/dL.
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TABLE 1 Daily energy and macronutrient intake in patients with PA and MMA at the time of study
Age- and sex-specific
Age  Weight Protein Carbohydrate Fat Energy ;:: ZI::;;; id:tt:l‘l):;“ a
Disease years kg Sex g/kgd g/kgd %energy”’ g/kgd %energy’’ kcal/kgd kcal/kgd

PA® 12 61.6 f 0.7 4.7 49.6 1.8 43.1 37.5 40.4
12 56.5 m 0.9 3.9 51.8 1.2 36.2 29.2 46.3
13 38.5 m 0.9 6.6 59.3 1.6 32.6 44.9 41.4
16 444 m 1.2 6.4 57.0 1.6 32.3 44.6 37.6
17 58.1 f 1.1 4.2 50.9 1.3 35.7 321 33.6
17 57.8 m 0.7 5.1 58.3 1.3 33.7 351 37.6
18 69.1 m n/a‘ n/a‘ n/a‘ n/a‘ n/a’ n/a® 37.6
23 71.3 m n/a‘ n/a‘ n/a‘ n/a‘ n/a‘ n/a‘ 339
MMA 6 20.0 f 1.0 10.1 59.4 2.6 34.7 68.1 64.7
9 43.5 m 1.0 6.7 58.0 1.7 33.4 46.1 58.0
10 35.0 m 0.9 8.0 58.6 2.1 34.9 54.6 46.3
11 30.8 f 0.8 10.3 67.8 1.8 26.9 59.4 40.4
11 29.2 m 1.2 11.6 57.8 3.2 36.2 80.1 46.3
12 38.9 f 0.8 6.0 57.5 1.6 34.8 40.8 40.4
12 43.0 m 0.9 7.6 58.3 2.0 34.8 51.9 46.3
14 42.2 f 0.8 6.6 58.6 1.7 34.3 45.2 35.2
14 50.6 f 0.7 n/a‘ n/a® n/a® n/a’ 39.5 35.2
19 50.0 f 0.9 5.8 53.8 1.8 37.9 43.1 31.4

Abbreviations: MMA, methylmalonic acidemia; n/a, not available, PA, propionic acidemia.
2Guiding values based on lowest physical activity level (PAL) 1.4: absolute values were divided by reference body weights of the respective 50th percentile

based on the German KiGGS study.*>*
Data was available from 8 of 9 patients with PA.
Patients did not follow a calculated dietary therapy.

2.4 | Oral glucose tolerance test

Eight hours prior to their first blood draw, all patients
were given a standardised night meal (200 kcal) to pre-
vent metabolic decompensation that may occur after pro-
longed fasting. Adults received 75 g glucose and children
received 1.75 g/kg body weight glucose (Accu-Check
O.G.T Dextrose, Roche Diagnostics, Mannheim, Ger-
many) orally or through a feeding tube between 08:30
and 9:00 am. Blood sampling was done before (0) and
30, 60 and 120 minutes after glucose intake. Fasting insu-
lin sensitivity was assessed from the quantitative insulin-
sensitivity check index, whereas dynamic insulin sensitiv-
ity was assessed from the oral glucose insulin sensitivity
index (OGIS).*® Insulin secretion was described by fasting
beta-cell function, adaptation index, disposition index,
ratio of change in C-peptide and glucose at 30 minutes
(ACp3o/AGsp), while insulin kinetics were assessed from
hepatic insulin extraction.*

2.5 | Biochemical analyses

Glucose, total cholesterol, LDL and HDL cholesterol,
glutamate-oxaloacetate transaminase, glutamate-
pyruvate transaminase, gamma-glutamyl transferase, C-
reactive protein, creatinine, uric acid and cystatin C were
measured photometrically (Cobas 8000 c702 chemistry
analyzer, Roche Diagnostics, Mannheim, Germany), and
haemoglobin Alc was analysed by a turbidimetric inhibi-
tion immunoassay (Cobas 6000 c501 analyzer). For TG
measurements, blood samples were drawn into a vial
containing orlistat to prevent in vitro lipolysis and immedi-
ately chilled on ice for 30 minutes, as described.*! Insulin
and C-peptide were analysed by radioimmunoassays
(Millipore, St. Charles, CO). Serum thiobarbituric acid reac-
tive substances (TBARS), oxidation reduction (OxRedox)
potential and antioxidative capacity were measured to esti-
mate oxidative stress.** Details on the biochemical analyses
of the Yale cohort were reported previously.*
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2.6 | Liver ultrasound

All patients underwent liver ultrasound by experienced
radiologists on an Aplio 400, Aplio XG, Xario (all from
Canon Medical Systems, Neuss, Germany) or a S2000
(Siemens AG, Erlangen, Germany). For children, liver
size was measured in the anterior axillary line and com-
pared to standard percentiles.*' Steatosis was defined by
hyperechogenicity of liver tissue and increased posterior
beam attenuation.

2.7 | Liver and skeletal muscle 'H- and
31p_.MRS

Four hours prior to measurements, patients received a
meal according to their dietary protocol, and controls
were provided an age-appropriate meal of similar energy

content (280-460 kcal) to ensure comparable nutritional
conditions. All measurements were performed in a 3-T
magnet (Achieva, Philips Heathcare, Best, The Nether-
lands). IMCL was measured in vastus lateralis muscle by
'H-MRS using the point resolved spectroscopy sequence
from a localised volume of interest (VOI: 1 x 1 x 2 cm®)
with a repetition time of 2000 ms and an echo time of
32 ms. The signal averages of non-water-suppressed and
water-suppressed MRS were 16 and 96, respectively.
Spectra were analysed using LCmodel with build-in
eddy-current correction to obtain a measure of IMCL rel-
ative to tissue water content. HCL was measured with
'H-MRS using the stimulated echo acquisition mode
sequence. Briefly, non-water-suppressed spectra were
acquired from a VOI of 3 x 3 x 2 cm® with water and fat
peaks integrated using the jMRUI v4.0 software.

Liver and skeletal muscle ATP and inorganic phos-
phate (Pi) contents were measured using *'P-MRS.*
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& 601 & 60 1
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o o
S 40+ & 40
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FIGURE 1 Prevalence of
0 . ; . 0 ; . Iﬁ the MetS and MetS components
0 1+2 23 0 1+2 23 as well as ectopic lipid storage
MetS components MetS components . . . K
in patients with organic
© 100 1 (D) 100 7 acidemias. A-D, Prevalence of
MMA IVA MetS components, according to
__ 8ol CBL . 807 Goodman et al*® for children
2 2 . .
g 0 1 g 0 1 and according to Alberti et al'®
§ § for adults. E, Intramyocellular
% 40 1 g 40 lipid content and F, hepatic fat
a o content. Data are mean + SD,
20 20 |_| *P < .05 vs CON. CON, control;
0 0 . . . IMCL, intramyocellular lipids;
0 142 >3 0 142 >3 IVA, isovaleric acidemia; MetS,
MetS  components MetS  components metabolic syndrome; MMA,
(E) (F) methylmalonic acidemia; MMA
8 - 15 CBL, adenosylcobalamin
< 2 synthesis defect; PA, propionic
2 H . .
‘g 61 * N acidemia. MetS components
2 £ 10 available in PA n = 7, MMA
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O O

n = 5 and respective controls

QSUADIT Suowo)) 9ANEI) d[qesrjdde oy £q pautoaoS are sa[o1Ie V() (asn JO SN 10J AIRIQIT dUI[UQ) AS[IA\ UO (SUONIPUOO-PUE-SULI)/ W0 Ad[1M " ATRIqI[oul[uo,/:sdy) SUONIPUO)) pue suLd |, oy 998 [£707/€0/S0] uo Areiqiy auruQ A9ip ‘Aueurion sueiyoo)) Aq [ €71 Pwil/z001 0 1/10p/woo Kofim Kreiqijautjuo//:sdny woly papeoumod ‘s ‘070T ‘S99TELST



GANCHEVA ET AL.

Briefly, liver spectra were acquired using a 14-cm circular
3P surface coil (Philips Healthcare), using the 'H body
coil for "H-decoupling and nuclear Overhauser enhance-
ment. Localised liver spectra were obtained with VOIs of
4 x 4 x 4 cm® for children and 6 x 6 x 6 cm?® for adoles-
cents and adults. The resulting spectra were analysed for
absolute concentration of ATP and Pi using the jMRUI v4.0
software. For skeletal muscle, a 6-cm surface coil (PulseTeq
Ltd, Chobham, UK) was positioned on 2cm into the
medial head of the right gastrocnemius muscle. From non-
localised *'P spectra, muscle ATP, Pi and phosphocreatine
(PCr) content were assessed and expressed relative to the
total phosphorus content (TP = ATP + Pi+PCr).

2.8 | Statistical analysis

Descriptive statistics are reported as mean + SD for nor-
mally distributed continuous variables and median (inter-
quartile range) for skewed data. Categorical variables are
expressed as proportions above defined cut-off values.'**
Differences between patients and respective control groups
were analysed using unpaired Student's ¢ test for normally
distributed continuous variables and the Mann-Whitney
U test for skewed data. Categorical data was compared

\ SEM WI ]_Eyjﬂ

using Fisher's exact test. OGTT data was subjected to two-
way analysis of variance (ANOVA) with repeated-measures
factors time and group, and P-values were multiplicity-
adjusted for each comparison using Sidak’'s multiple com-
parisons test. One-way ANOVA was used for comparisons
between OA patient groups for serum TBARS, serum
OxRedox potential and serum antioxidative capacity data.

3 | RESULTS

3.1 | Patients’ clinical characteristics

Table 2 shows the clinical and biochemical data of the
groups of patients with PA, MMA, MMA CBL, IVA and
the control groups matched to the respective disease
groups. The prevalence of MetS and its components for
the various OA groups are presented in Figure 1A-D. MetS
defined as having >3 of 5 components'®?° was present in
nearly 70% of patients with PA (Figure 1A). The majority
had an increased waist circumference and dyslipidemia,
50% showed fasting hyperglycaemia (>100 mg/dL),"**
and approximately one-third had arterial hypertension
(Table 3). Four out of five PA patients with a severe phe-
notype (Table S1) presented with MetS and the same

TABLE 3 Metabolic syndrome components in patients according to disease group

Parameter PA
Increased waist circumference® 5(71)
Fasting glucose (mg/dL) 98.2 +19.1
Fasting hyperglycaemia® 3 (50)
Triglycerides (mg/dL) 262.9 + 234.4
Hypertriglyceridemia® 4(67)

HDL cholesterol (mg/dL) 33.3 +16.4
Low HDL cholesterol® 5(83)

SBP (mm Hg) 112.9 + 23.5
Systolic hypertension’ 2(29)

DBP (mm Hg) 68.4 +16.7
Diastolic hypertension® 2(29)

MMA MMA CBL A/B* IVA

4(50) 2(33) 2(33)
953 + 12.4 85.8 + 13.7 86.2 + 7.7
3(33) 0 (0) 0 (0)

263.6 + 121.5 97.3 + 24.8 75.0 + 23.9
9 (100) 0 (0) 0 (0)

30.7 + 7.7 48.6 + 10.3 51.0 + 15.3
8 (89) 1(17) 2 (40)
110.5 + 11.5 128.5 + 28.6 116.8 + 12.0
4.(40) 4(67) 2(33)

69.4 + 10.8 78.3 +29.9 632+ 7.3
3(30) 3(50) 0 (0)

Note: Data are mean =+ SD or n (%). DBP, diastolic blood pressure; HDL, high density lipoprotein; IVA, isovaleric acidemia; MMA, methylmalonic acidemia;
MMA CBL, adenosylcobalamin synthesis defect; PA, propionic acidemia; SBP, systolic blood pressure. Respective reference values for healthy children
are given in the table legend. Reference values established in populations of German or European children were used for HDL cholesterol (<P10) and TG.**
Weight circumference was available in PA n = 7, MMA n = 8, MMA CBL n = 6, IVA n = 6. Triglycerides were available in PA n = 6, MMA n = 9, MMA CBL
n = 6, IVA n = 5. Fasting glucose was available in PA n = 6, MMA n = 9, MMA CBL n = 6, IVA n = 6. Systolic and diastolic blood pressure was available in

PAn=7 MMAn=10, MMA CBLn =6,IVAn =6.
#Cobalamin A/B defect (n = 4), cobalamin B defect (n = 2).

°>94 cm for males (>16 years), >80 cm for females (>16 years)" or >P90 (<16 years, according to age, sex, race/ethnicity).?’

“Elevated >100 mg/dL.'>*
9Elevated >150 mg/dL (>16 years)'® or >110 mg/dL (<16 years).?’

°Decreased <40 mg/dL for males (>16 years), <50 mg/dL for females (>16 years)'® or <P10 (<16 years, according to sex and race).*®
fSystolic hypertension >130 mm Hg (>16 years)'® or >P90 (<16 years, according to age, sex, height).
&Diastolic hypertension >85 mm Hg (>16 years)" or >P90 (<16 years, according to age, sex, height).*
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proportion of them exhibited pre-diabetes or overt type
2 diabetes. Dyslipidemia was found in the majority and
hypertension in more than one-third of patients with MMA
(Table 3). Chronic kidney disease (CKD) stage >G3b* was
present in 89% of patients with MMA (Table S1). But even
upon exclusion of hypertension and hypertriglyceridemia,
which are also features of CKD,* 60% of patients with
MMA still showed 2 to 3 MetS components (Table S1). Con-
versely, no patient with MMA CBL fulfilled the criteria for
MetS (Figure 1C and Table S1), but systolic and/or diastolic
hypertension was present in 83%, with only one of these
patients having CKD stage >G3b.

3.2 | Dietary factors

Individual daily energy and macronutrient intake by the
calculated dietary treatment prescribed for patients with
PA or MMA are presented in Table 1. Compared to age-
and sex-specific recommendations for energy intake,*
only 33% of patients with PA but 80% of patients with
MMA were above the recommended energy intakes. Per-
centages of energy from fat and carbohydrates were within
standard recommendations (30%-35% and >50%, respec-
tively)*” in the vast majority of patients of either group.
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3.3 | Glucose metabolism

During OGTT, blood glucose concentrations were mark-
edly higher at 60 and 120 minutes in patients with PA,
but lower at 60 minutes in patients with MMA as com-
pared to the respective controls (Figure 2A,B). No differ-
ences were found for patients with MMA CBL or IVA
(Figure 2C,D). Although fasting insulin sensitivity was
not different, OGIS was lower in patients with PA than
in controls (Table 2). Hepatic insulin extraction was
higher in patients with MMA, and ACp;o/AG;3, was
lower in patients with IVA, compared to the respective
controls.

3.4 | Skeletal muscle energy metabolism
Compared to controls, IMCL in the gastrocnemius
muscle was not different for all OA groups
(Figure 1E). Patients with MMA had slightly lower
ATP (P < .05), while patients with PA featured slightly
lower Pi compared to respective controls (P < .05)
(Table 2). Muscle phosphocreatine content was com-
parable between patients with OAs and their controls
(Table 2).
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FIGURE 2 Blood glucose concentrations during an oral glucose tolerance test in patients with organic acidemias and controls. A, PA
n=>5;B,MMAn = 8; C, MMA CBL n = 6 and D, IVA n = 5. Data are mean + SD, *P < .05 vs CON. CON, control; IVA, isovaleric
acidemia; MMA, methylmalonic acidemia; MMA CBL, adenosylcobalamin synthesis defect; PA, propionic acidemia
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3.5 | Liver morphology and energy
metabolism

Sonographically, 75% (6/8) of PA, 80% (8/10) of MMA
and 67% (4/6) of MMA CBL patients, but only 17% (1/6)
of IVA patients featured hepatomegaly. While ultrasound
suggested hepatic steatosis in 38% (3/8) of patients with
PA and in one patient each of the remaining groups (data
not shown), two-thirds of them showing hepatomegaly,
'H-MRS identified only one patient with PA and steatosis
who also had hepatomegaly (Figure 1F). Of note, neither
hepatic ATP nor Pi differed between OA patients and
matched controls (Table 2).

3.6 | Oxidative stress

Serum OxRedox potential (Figure S1A) and serum
antioxidative capacity (Figure S1B) were similar in all
patient groups. Serum TBARS were higher in patients
with PA than in those with IVA (Figure S1C).

4 | DISCUSSION

Here, we provide evidence for cardiometabolic risk factor
clustering in PA from a case-control study in patients
with branched-chain OAs. Patients with PA exhibit an
accumulation of cardiometabolic risk factors with
abdominal adiposity and IR already at young age
predisposing for MetS. On the other hand, the data sug-
gest an early adaptation of substrate fluxes in all OAs as
shown by unchanged hepatic ATP levels.

4.1 | Propionic acidemia

Among all patients with OAs, children and adolescents
with PA showed the highest percentage of abdominal
obesity, postprandial hyperglycaemia, dyslipidemia, and
hepatic fat accumulation, along with lower insulin sensi-
tivity. Their daily macronutrient and energy intake was
medically controlled by a calculated diet as an essential
feature of treatment.”” Of note, PA participants did not
follow a more calorie-dense diet compared to standard
recommendations,*® and both carbohydrate and fat con-
tents were within recommended ranges (Table 1). There-
fore, the specific metabolic phenotype of patients with
PA is not related to an excessive dietary energy intake.*®
Furthermore, the family histories did not identify a
higher incidence and/or other causes of dyslipidemia or
MetS in first-degree relatives of our participants, and
thus, this factor likely does not affect the findings.

\, SSEM BARY| LEY_|l *®

Compared to other OAs and controls, high proportions of
children and adolescents with PA exhibited fasting
hyperglycaemia and dyslipidemia consistent with the def-
initions of paediatric MetS or cardiometabolic risk factor
clustering.** Indeed, early-onset PA may manifest with
abnormal glucose metabolism, even mimicking diabetic
ketoacidosis,*>*® although patients have so far not been
reported to present with forms of diabetes.*”*® Patients
with PA also showed lower insulin sensitivity, which
tightly associates with MetS, cardiometabolic risk und
ultimately type 2 diabetes, potentially manifesting in
childhood or adolescence. In our study, nearly 70% of
children and adolescents with PA presented with MetS
and the remaining approximately 30% had at least one
MetS component.* This seems markedly higher than the
prevalence of MetS ranging from 1% to 11% in European
children aged 2 to 11 years* and approximately 30% in
obese children and adolescents.”® Consequently, early
screening for MetS components in childhood appears to
be of clinical relevance for this group of patients. Notably,
the severity of the PA phenotype seems to relate to the
prevalence of MetS or pre-diabetes/type 2 diabetes,
suggesting a previously unrecognised link between PA
and impairment of glucose and lipid metabolism. The
strongly increased prevalence of paediatric MetS or car-
diometabolic risk factor clustering in PA may further
support the hypothesis that severe mitochondrial
derangements can indeed lead to abnormalities of glu-
cose and lipid metabolism, as suggested for other
mitochondriopathies such as Friedreich's ataxia® or
mitochondrial abnormalities in first-degree relatives of
type 2 diabetes patients.’> A higher frequency of cardio-
vascular insults in patients with PA has so far not been
described.

Defective mitochondrial catabolism in PA also results
in accumulation of propionyl-CoA-related metabolites,
potentially leading to hyperammonemia through inhibi-
tion of N-acetylglutamate synthetase and inhibition of
energy metabolism.>® This leads to mitochondrial abnor-
malities including reductions in mitochondrial (mt)DNA,
expression of respiratory chain complexes and oxidative
phosphorylation in skeletal muscle as reported for PA
patients.> In the present study, patients with PA showed
altered muscle energy metabolism based on mildly reduced
Pi levels, further confirming mitochondrial abnormalities in
PA using non-invasive in vivo MRS measurements.

4.2 | MMA and MMA CBL

In contrast to the identified metabolic alterations in PA,
patients with MMA had even lower post-glucose challenge
glycaemia accompanied by altered hepatic insulin kinetics,
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but no changes in fasting glucose, insulin sensitivity or secre-
tion. Alterations in glucose regulation have been reported in
infants and young children with MMA mimicking diabetic
ketoacidosis.”>*® Overall, 60% of patients with MMA in our
study still had 2 to 3 cardiometabolic risk factors even after
exclusion of high blood pressure and hypertriglyceridemia
from the panel of MetS components for those with
CKD > stage G3b.** On the other hand, none of the children
and adolescents with MMA CBL fulfilled criteria for MetS,
and the majority had 1 to 2 risk factors. These findings under-
score the differences in clinical presentation between the two
entities MMA and MMA CBL despite the common biochemi-
cal finding of methylmalonic acid accumulation.” Patients
with MMA also exhibited hepatomegaly in accordance with
previous findings.>> However, hepatomegaly was present
without hepatic steatosis and might be related to abnormal
liver regeneration as suggested previously by increased alpha-
fetoprotein concentrations in patients with MMA and PA.*
In this regard, a recent report points to the development of
liver neoplasms in patients with MMA as an emerging liver
complication.”” Also, hepatomegaly was not accompanied by
changes in ATP concentrations, which differs from a previous
study in rodents reporting abnormal hepatic mitochondrial
morphology and lower hepatic mitochondrial complex IV
activity from ex vivo measurements.” The present study mea-
sured hepatic ATP concentrations non-invasively in vivo,
which reflects resting flux through ATP synthase.'® Thus, the
discrepancies might be due to the methodology and the dis-
tinct feature of mitochondrial function measured (ex vivo vs
in vivo). Mechanisms of differences in steatosis development
in PA and MMA have not been fully elucidated, but toxicity
of specific metabolites, besides depletion of coenzyme A pools,
might be responsible for the hepatic abnormalities.>®

Interestingly, we detected slightly lower skeletal mus-
cle ATP content in MMA compared to controls, sugges-
tive of abnormal muscle energy metabolism. Of note,
muscle hypotonia and decreased muscle mass have been
reported as a common clinical feature.”® Nevertheless,
the absence of any alterations in insulin sensitivity is in
line with the concept that abnormal muscle mitochon-
drial function does not generally relate to IR.*

4.3 | IVA and comparison with
other OAs

In opposite to PA and MMA, patients with IVA did not
show any relevant alterations in energy metabolism,
insulin sensitivity or secretion. This possibly reflects the
clinically milder and intermittent phenotype of IVA
which results from a defect of leucine catabolism that is
located more proximally in the BCAA catabolic pathway
than the enzymes defective in PA and MMA. In contrast

to the impairment of acetyl-CoA formation in IVA, both
PA and MMA enzyme defects lead to shortage of
succinyl-CoA for TCA cycle function, possibly contribut-
ing to the more severe energy deficiency than in IVA.***
It seems likely that mechanisms involving the defective
pathways in OAs and/or disease-specific metabolites
affect certain features of mitochondrial function, thereby
exhibiting different degrees of mitochondrial toxicity and
thus influencing metabolic phenotypes. Such differences,
for example, in anaplerotic pathways, might underlie the
changes in muscle energy metabolism of patients with
PA and MMA, but not of those with IVA. Similarly, hepa-
tomegaly was present in the majority of patients with PA,
MMA and MMA CBL, potentially due to increased liver
regeneration,” but only in one patient with IVA. Accu-
mulation of propionate and propionyl CoA-derived
metabolites both in PA and MMA and subsequent deple-
tion of coenzyme A pools might possibly explain the
observed hepatic involvement, based on data showing
direct toxic effects on mitochondrial function in liver.>**!

While patients with PA exhibited increased car-
diometabolic risk factor clustering and IR, there were no
such changes in glucose metabolism or MetS in the
groups of MMA and IVA participants. Whether severe
impairment of TCA cycle function in PA might lead to
reduced rates of glycolysis with lower acetyl-CoA flux to
the TCA cycle and might possibly contribute to postpran-
dial hyperglycaemia, remains speculative. However, car-
diometabolic risk factor clustering in PA cannot be
explained by more frequent anabolic therapies, as we
found a nearly 9-fold increase in hospital admissions due
to metabolic decompensations in our group of MMA
patients compared to PA patients within the last 2 years
prior to study.

4.4 | Strengths and limitations

This study has several limitations. The relatively small
group size and wide spectrum of clinical presentation
within this group of deeply phenotyped patients with
OAs results in higher intragroup variation and decreases
statistical power. Nevertheless, the group size of these
patients with OAs as ultra rare conditions®® and com-
monly functional limitations, which could hinder them
from participating in research, is larger than in previous
studies. The control groups were carefully recruited for
each OA, but some variables (serum oxidative stress) are
not available in the healthy children due to investigator
consideration regarding blood sampling in minors
(Figure S1). Also, some control participants were used
from a study at a different site and time.>® While acute
effects of physical activity can be largely excluded for all
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patients by the recommendation of refraining from
exercising for 48 hours prior to admission and for
another 24 hours before metabolic tests, habitual physical
activity has not been formally assessed, and thereby a
possible confounding effect of long-term exercise cannot
be excluded. In addition, as 6 out of 9 participants with
PA were young adults of 16 years of age and older,
puberty may have affected the prevalence of IR in this
cohort. All of these factors may introduce some variation
and limit the generalisability of the results. On the other
hand, our work offers novel data on in vivo organ energy
metabolism in children and adolescents and can now
serve as a basis for future studies in minors using repeti-
tive measurements in prospective cohorts or intervention
trials such as testing adjuvant treatment with antioxi-
dants in PA."?

In conclusion, PA increases the risk of MetS and car-
diometabolic risk factor clustering potentially suggesting
that genetic mitochondrial derangements may contribute
to the development of further metabolic abnormalities.
Alterations in muscle energy metabolism of patients with
PA or MMA might underlie or contribute to their IR and
ectopic lipid accumulation. From a clinical perspective,
these findings would suggest regular screening for car-
diometabolic risk factor clustering particularly in patients
with PA to prevent additional disease burden. Neverthe-
less, prospective studies are needed for identifying the
longitudinal time course of alterations and testing treat-
ment strategies addressing liver and muscle energy
metabolism.
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The mechanisms underlying improved insulin sensitivity after surgically-induced weight loss
are still unclear. We monitored skeletal muscle metabolism in obese individuals before and
over 52 weeks after metabolic surgery. Initial weight loss occurs in parallel with a decrease in
muscle oxidative capacity and respiratory control ratio. Persistent elevation of intramyocel-
lular lipid intermediates, likely resulting from unrestrained adipose tissue lipolysis, accom-
panies the lack of rapid changes in insulin sensitivity. Simultaneously, alterations in skeletal
muscle expression of genes involved in calcium/lipid metabolism and mitochondrial function
associate with subsequent distinct DNA methylation patterns at 52 weeks after surgery.
Thus, initial unfavorable metabolic changes including insulin resistance of adipose tissue and
skeletal muscle precede epigenetic modifications of genes involved in muscle energy
metabolism and the long-term improvement of insulin sensitivity.
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ARTICLE

besity-related insulin resistance associates with greater

availability of free fatty acids (FFA), mitochondrial

alterations and inflammation!2. Bariatric or metabolic
surgery improves whole body insulin sensitivity on the long
term3, while the early metabolic effects and underlying mechan-
isms remain elusive*~7.

Recently, we showed upregulation of both hepatic mitochon-
drial capacity and oxidative stress in obese individuals under-
going metabolic surgery®. Skeletal muscle mainly accounts for
whole body insulin sensitivity and insulin resistant humans
generally exhibit reduced muscle mitochondrial capacity!?®.
Recent studies convincingly demonstrated that diet-induced
weight loss rapidly improves hepatic, but not muscle insulin
resistance in humans!?. Metabolic surgery seems to exert variable
effects on mitochondria! 12 and may also affect lipolysis* and
intracellular lipid mediators, but the time course of effects on
skeletal muscle is unclear.

Gastric bypass surgery results in epigenetic alterations, but
current data on DNA methylation are conflicting!3. Specifically, it
is unknown whether epigenetic alterations occur very early or
rather late after metabolic surgery and relate to gene expression.

Here, we report the distinct epigenetic, transcriptional and
metabolic changes in skeletal muscle and their dynamic temporal
relationships during the improvement of insulin sensitivity by
combined monitoring of systemic and cellular metabolism after
metabolic surgery in obese humans (OB) and by comparing the
pattern with that of healthy nonobese humans (CON).

Results
Obese humans feature higher muscle lipid intermediates.
Before surgery (baseline), OB had higher fasting glucose, insulin,
ultrasensitive CRP (usCRP), and interleukin-6 (IL-6) than CON
(Table 1). Insulin sensitivity at the level of adipose tissue (Adipo-
IR) assessed from fasting FFA and insulin concentrations (Fig. 1a)
and of whole body/skeletal muscle (M-value assessed from
hyperinsulinemic-euglycemic clamps at steady state insulinemia
of 58 + 14 pU/ml; Fig. 1b) was lower in OB than in CON. OB also
exhibited impaired metabolic flexibility (ARQ) (Table 1).
Insulin resistance can result from accumulation of lipid
mediators such as diacylglycerol (DAG), which activate novel
protein kinase C (PKC) isoforms, or from sphingolipids, which

stimulate c-Jun N-terminal kinase (JNK)!415. In muscle of OB,
specific DAG species were increased in membranes (18:1 18:1),
lipid droplets (18:1 18:1, 18:2 18:2 and 16:0 18:1) and cytosol
(16:0 18:1) (Fig. 1c, Suppl. Fig. 1a, c). Also, membrane/cytosolic
ratios were markedly elevated for PKCe (2.1 1.9 AU vs 0.4+ 0.3
AU in CON, p = 0.01 using unpaired ¢-test) and there was a trend
towards higher PKCO (p = 0.227 using unpaired t-test, Fig. 1d)
indicating enzyme activation. However, neither ceramides nor the
Thr183/Tyr185-phosphorylated JNK ratios were different
between OB and CON at baseline (Fig. le, f, Suppl. Fig. 1b, d,
f). High-resolution respirometry of vastus lateralis muscle
revealed lower maximal uncoupled respiration, when expressed
per mg tissue (Fig. 2a), but unchanged citrate synthase activity
(CSA) in OB (Fig. 2b). Electron transport chain (ETC) complexes
IT and III were lower in OB, while I, IV and V were similar in
both groups (Fig. 2¢, Suppl. Fig. 2a-d). Respiratory control ratio
was lower, while leak control ratio was similar in OB vs. CON
(Fig. 2d, e). Of note, muscle mitofusin-2 (Mfn2) and optic
atrophy type 1 (Opal) were lower in OB at baseline indicating
reduced mitochondrial fusion activity (Suppl. Fig. 3a, b), while
the autophagy markers, microtubule-associated protein 1A/1B-
light chain 3 (LC3: 0.42£0.59 vs 0.52+0.20 in CON, p =0.22
using unpaired t-test) and p62 protein (sequestosome 1, p62: 2.14
+0.69 vs 1.50 + 0.58 in CON, p = 0.17 using unpaired t-test) were
comparable between groups. Also, serum oxidation-reduction
potential, antioxidant capacity and lipid peroxidation from
thiobarbituric acid reactive species (TBARS) were not different
(Fig. 2f, Table 1).

Transient decrease in adipose tissue insulin sensitivity. Forty-
nine OB were studied at 2, 12, 24, and 52 weeks after surgery.
Surprisingly, despite rapid weight loss of 10 £ 3 kg (6.8 +1.6% of
body weight) within 2 weeks, fasting glucose, insulin, C-peptide
and inflammatory markers remained unchanged (Table 1I).
Insulin sensitivity did not improve in skeletal muscle and even
deteriorated in adipose tissue (Fig. la, b). Of note, adipose tissue
insulin resistance (Adipo-IR) remained =3-fold higher also at 12
and 24 weeks after surgery. The latter abnormality results from a
rise in plasma FFA concentrations by 56% at 2 weeks compared
to baseline (Table 1). The higher Adipo-IR occurred in the pre-
sence of marked increases in several muscle membrane and lipid

Table 1 Participants’ characteristics

HMW-adiponectin
(ng/ml)

3181 (2491;4362)

1432 (1065;3069)# 2170 (1327;3346)*

2708 (1579;3394)* 3217 (1766;4211)*

Parameter CON OB Baseline OB 2w OB 12 w OB 24 w OB 52 w

N (male) 14 (9) 49 (14) 42 (13) 47 (13) 49 (14) 45 (12)
Age (years) 403+73 40.4£10.0

BMI (kg/m?2) 245+37 51.4+7.1# 47.6 +6.8* 423+6.6* 385+6.6 33961
Body weight (kg) 75+18 154 + 27# 143 £ 25* 127 £24* 15 +£23* 101 +£20*
Change in BW (%) - - 6.8+1.6 17.4+£3.7 25.3%55 33.0+£7.7
Glucose (mg/dl) 798 98 £ 24# 93+26 84 £17* 83 £14* 80 £12*
Insulin (pU/ml) 6(3;8) 21(18;29)* 22(14;29) 12(8,17)* 10(7,14)* 9(5,1)*
C-peptide (ng/ml) 1.3(1.1,1.6) 33Q.7,47)* 3.8(2.4,4.5) 2.4(1.9;3.0)* 21(1.6;,2.9)* 1.8(1.5;2.5)*
HbAlc (%) 52+03 58+0.8% 55+0.8* 53+0.5* 52+0.5* 52+0.4*
FFA (umol/) 492 275 676 £161 1057 £ 263* 699 220 643 £239 527 £ 221*
Triglycerides (mg/dl) 843(69;133) 131(88;177) 113(86;139) 106(87;,131)* 97(75,130)* 92(72,113)*
usCRP (mg/dl) 0.1(0.1,0.2) 0.7(0.4,1.3)* 0.6(0.4,1.2) 0.5(0.3,0.7)* 0.3(0.2,0.7)* 0.1(0.1,0.3)*
IL-6 (pg/ml) 1.0(0.9;1.3) 3.6(2.4,47)% 3.0(2.1;4.4) 2.4(2.2,3.5)" 2.6(2.1;4.1) 1.6(1.0,2.0)*

4025 (3118;6709)*

TBARS (pmol/mg 13(11,19) 11(8;16) 11(7;18) 8(6;14) 8(6,10)* 6(5,8)*

protein)

Static ORP (mV) 169 £ 11 16212 160+ 8 161£9 1618 164 £10

REE (kcal/d) 1550 (1346,1686) 2240 (2026;2692)% 1928 (1756;2201)* 1875 (1641,2067)* 1804 (1580;2065)* 1815 (1558;2015)*
ARQ 0.12+0.03 0.07 £0.07# 0.05+0.08 0.08 +0.05 0.12+0.06* 0.16 £ 0.08*

Mean £ SD or median(q1;,g3)
CON lean humans, OB obese humans, BW body weight, TG-triglycerides, FFA free fatty acids, HMW adiponectin-high molecular weight adiponectin, TBARS thiobarbituric acid reactive substances, ORP
oxidation-reduction potential, REE resting energy expenditure, RQ respiratory quotient, ARQ RQ_clamp - RQ_baseline

*p < 0.05 vs OB baseline using CPM for repeated measures analysis, #p < 0.05 vs CON using unpaired two-tailed t-test
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Fig. 1 Time course of metabolic changes. Time course of changes in adipose tissue insulin sensitivity given as Adipo-IR (fasting free fatty acids*fasting
insulin) (CON n=14, OB n=47) (a), muscle insulin sensitivity (CON n=7, OB n= 43) (b), muscle membrane DAG 18:118:1 (CON n=4, OBn=10) (c),
muscle protein kinase C (PKC) 0 activation (CON n=4, OB n=9) (d), muscle lipid droplet ceramide 18:0 (CON n=4, OB n=10) (e) and muscle pJNK/
tJNK ratio (CON n=4, OB n=8) (f) in obese (empty circles) and in nonobese humans at baseline (black circles). Mean = SEM, *p < 0.05 vs OB at baseline
(0 w) using CPM for repeated measures analysis, #p < 0.05 vs CON using unpaired two-tailed t-test, CON nonobese humans, OB obese participants, BSA

body surface area, LD lipid droplet, DAG diacylglycerol, pJNK phosphorylated c-Jun N-terminal kinase, tJNK total c-Jun N-terminal kinase
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Fig. 2 Time course of muscle changes. Time course of changes in muscle maximum uncoupled respiration (CON n=14, OB n = 45) (a), citrate synthase
activity (CSA) (CON n=13, OB n=45) (b), electron transport chain complex Il succinate dehydrogenase complex iron sulfur subunit B protein content
(CON n=10, OB n=15) (c), respiratory control ratio (RCR) (CON n=13, OB n = 43) (d), leak control ratio (LCR) (CON n=13, OB n= 44) (e) and serum
antioxidant capacity (CON n=6, OB n=28) (f) in obese (empty circles) and nonobese humans at baseline (black circles). Mean + SEM, *p < 0.05 vs OB
at baseline (O w) using CPM for repeated measures analysis, #p < 0.05 vs CON using unpaired two-tailed t-test. CON nonobese humans, OB obese
participants

droplet DAG species (Fig. 1c, Suppl. Fig. la, e). Muscle PKCO
activation doubled (p < 0.05 using a covariance pattern model for
repeated measures analysis, CPM; Fig. 1d) and PKCe also showed
a trend towards higher values (1.5+ 1.5 vs 2.1 £1.9 AU, p=0.16,
CPM) at 2 weeks. Membrane ceramide C18:1 and cytosolic cer-
amide 18:1 increased, while cytosolic and membrane ceramide
24:0 even decreased at 2 weeks (Suppl. Fig. 1b, d, f), all without

any changes in pJNK/tJNK (Fig. 1f). Maximum respiration per
mg tissue decreased by 10% in the uncoupled state (Fig. 2a) and
by 17% in state 3. At 2 weeks, measures of muscle mitochondrial
content showed variable results with lower CSA and density from
transmission electron microscopy (Fig. 2b, Suppl. Fig. 4), but
unchanged ETC complexes I-IV (Fig. 2c, Suppl. Fig. 2a-d).
Compared to baseline, ETC complex V increased already at
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2 weeks (Suppl. Fig. 2d). This was paralleled by a 43% lower
respiratory control ratio indicating impaired mitochondrial effi-
ciency (Fig. 2d). At 2 weeks, muscle Mfn2, Opal, Fisl, Pinkl,
phospho-Pinkl, Parkin, phospho-Parkin, DRP-1, phospho-DRP1
(Suppl. Fig. 3) as well as LC3 (0.45 £ 0.34 vs. 0.42 £ 0.59 AU, p =
0.26 using CPM) and p62 did not differ from baseline (2.21 £ 0.69
vs. 1.50£0.58 AU, p=0.15, using CPM). Serum antioxidant
capacity was also decreased, while oxidation-reduction capacity
and lipid peroxidation remained unchanged at 2 weeks (Fig. 2f,
Table 1).

Metabolic abnormalities normalize at 52 weeks after surgery.
At 52 weeks, the total weight loss of 50 £ 14 kg (33.0 £7.7% of
initial body weight) was accompanied by progressive improve-
ments in glycemia and insulinemia (Table 1). A subgroup com-
parison between patients undergoing gastric bypass and sleeve
gastrectomy surgery did not suggest differences in the time course
of changes in body weight and muscle insulin sensitivity. How-
ever, the relatively small subgroup size does not allow to draw
firm conclusions on a possible metabolic difference between these
surgical techniques. The transiently increased plasma FFA
improved by 22% (Table 1) and adipose tissue insulin resistance
(Adipo-IR) gradually decreased until 52 weeks, but remained
higher in OB than in CON (Fig. 1a). Muscle insulin sensitivity
reached values of CON at 52 weeks (Fig. 1b). Muscle membrane
and lipid droplet DAG continued to rise until 24 weeks before
decreasing to baseline values at 52 weeks (Fig. 1c, Suppl. Fig. 1).
Membrane/cytosolic PKCO translocation decreased in parallel at
12 and 24 weeks towards baseline values (Fig. 1d). PKCe showed
a trend towards lower values (1.19+0.94 vs 2.14+1.86 AU at
baseline, p=0.053 using CPM). Measures of mitochondrial
function and content returned towards baseline (Fig. 2a-d, Suppl.
Fig. 4). Compared to baseline, ETC complexes I, III and IV
started to increase at 12 weeks, followed by II at 52 weeks (Fig. 2c,
Suppl. Fig. 2a-d). Of note, Mfn2, Opal, Fisl (Suppl. Fig. 3a-c),
LC3 (0.6+0.4 vs. 0.4+ 0.6 AU at baseline, p = 0.03 using CPM)
and p62 (2.0£0.5 vs. 1.5+0.6 AU at baseline, p=0.01 using
CPM) were increased at 52 weeks. There was no difference in
phospho-Pink1, phospho-Parkin and phospho-DRP1 at 52 weeks
(Suppl. Fig. 3). Of note, inflammatory markers decreased, while
high-molecular-weight (HMW) adiponectin rose at 12 and
24 weeks (Table 1).

Rapid effects on gene expression after metabolic surgery. To
examine whether the metabolic differences reflect altered gene
transcription, we initially compared the muscle transcriptome
between OB before surgery (OB 0 w) and CON and detected 595
differentially expressed genes (Fig. 3a, Supplementary Data 1).
Gene ontology (GO) analysis indicated that several genes are
implicated in the regulation of apoptotic processes (GO:0042981),
MAPK  cascade (GO:0043410), inflammatory response
(G0O:0006954, GO:0050729), oxygen transport (GO:0015671) and
others (Fig. 3b; Suppl. Table 3).

Comparing the muscle transcriptome of OB over the time
course after surgery identified 937 out of 1,528 upregulated and
591 downregulated genes at 2 weeks (Fig. 3a, Supplementary
Data 1). GO analysis showed significant enrichments in genes
controlling transcriptional regulation (G0O:0000398,
GO:0010501), small GTPase-mediated signal transduction
(GO:0051056) and negative regulation of insulin receptor
signaling (G0O:0046627) (Fig. 3c, Suppl. table 4). Among all
transcripts, 1,244 were transiently altered at 2 weeks and then
returned to baseline values (see also below), whereas 203
remained constantly changed (Fig. 3a). These transcripts
comprise genes related to regulation of gene expression

(GO:0010467), calcium mediated signaling (GO:0019722) and
negative regulation of insulin receptor signaling (GO:0046627)
(Suppl. Fig. 5a, Suppl. table 5).

The genes exhibiting strongest changes at 2 weeks are involved
in mitochondrial function (HMGCS2), lipid metabolism
(ANGPTL4, ABCAI, ABCGI), calcium signaling (PCDHI5),
protein folding (DNAJC28), and inflammatory processes (CISH)
(Suppl. Table 1). As altered mitochondrial functionality and lipid
homeostasis were also the key metabolic abnormalities at 2 weeks
(Figs. 1, 2) and because of the known association between
abnormal mitochondrial, lipid and calcium homeostasis with
insulin resistance, we further analyzed genes of these pathways
over the entire post-surgical time period. This revealed 70
mitochondrial, 23 lipid metabolism and 60 calcium-related genes
with significantly different expression levels (Fig. 3d). Impor-
tantly, several transiently regulated mitochondrial genes are
coding for ribosomal RNA and tRNA or are known to modify
mitochondrial tRNAs!® suggesting that the mitochondrial
transcription and translation machinery is highly active imme-
diately after surgery.

At 12 weeks after surgery, 625 genes were significantly altered
(341 up- and 284 downregulated), at 24 weeks 756 genes (519 up-
and 237 downregulated) in comparison to their expression before
surgery (Fig. 3a, Supplementary Data 1). The pathways affected at
12 weeks comprise—among others—glycogen metabolic process
(GO:0005977), translation (G0O:0006413 and GO:0006364) and
transmembrane transport (GO:0055085) (Suppl. Fig. 5b; Suppl.
table. 6). At 24 weeks, genes related to transmembrane receptor
protein tyrosine kinase signaling (GO:0007169), cytoskeleton
organization (GO:0007010) and regulation of cell growth
(GO:0001558) are mostly higher expressed than before surgery
(Suppl. table 7).

At 52 weeks, 1,449 transcripts were significantly altered (Fig.
3a, Supplementary Data 1), which comprise genes involved in
glycogen metabolic process (GO:0005977), protein polyubiquiti-
nation / destabilization (GO:0016567, GO:0031648), (Suppl.
table 8) and including upregulation of those contributing to
transcription (BACHI), cytoskeletal and tubulin reorganization
(MYH3, CCDC8, ACTCI) (Suppl. table 2 and 8).

Alterations of DNA methylation occur later after surgery.
Mitochondria are also essential for providing metabolites for the
generation and modification of epigenetic marks, which in turn
modulate gene expression!”. Thus, we examined whether the
transient increase in muscle mitochondrial oxidative capacity
could contribute to reprogramming of DNA methylation. Indeed,
107,325 CpG sites showed differential muscle DNA methylation
between OB and CON. The methylation of individual CpG sites
before and after metabolic surgery was compared by paired
analysis. At 2 weeks, only 19 CpGs were different, of which 14
remained altered at 52 weeks (Fig. 4a). At 52 weeks, 109,105
CpGs were differentially methylated compared to baseline (Fig.
4a). Of note, most differentially methylated CpG sites (89% at
2 weeks and 70% at 52 weeks) were hypomethylated after surgery
(Suppl. Fig. 6a, b). Changes in DNA methylation were very low
(between —5 and +4%) at 2 weeks, and higher (—14 to +11%) at
52 weeks when compared to baseline. The number of differen-
tially methylated CpG sites at 2 weeks was low and not enriched
in a specific genomic region (Suppl. Fig. 6¢). Changes in DNA
methylation observed at 52 weeks occurred mostly outside CpG
islands, particularly in open sea and shelf areas (p <2 x 10716,
p=2.3x10"8 Pearson’s Chi-squared test). A significant enrich-
ment was visible in intergenic regions and gene bodies at
52 weeks (p<2x 10716, Chi-square test, Suppl. Fig. 6c). This
enrichment explains the relatively small overlap between
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Fig. 3 Differences in skeletal muscle transcriptome. Transcriptome analysis of skeletal muscle before (O weeks), at 2, 12, 24 and 52 weeks after metabolic
surgery. Data are given as number of differentially expressed transcripts between indicated groups and time points (a). Gene ontology analysis of genes
differentially expressed between lean (CON) and obese (OB) participants. The inner circle depicts the main processes to be increased (blue) or decreased
(red) in OB. The outer circle shows scaled scatter plots for affected genes and their regulation within the most-enriched biological pathway in OB at
baseline (OB, 0 w) (b) and 2 weeks after the surgery (OB, 2 w) (c). Changes in mRNA expression of genes related to mitochondrial function, lipid
metabolism and calcium signaling in skeletal muscle (d). Heat maps indicate expression levels of listed genes at O (baseline), 2 and 52 weeks after
metabolic surgery. Each column represents the average expression level of 16 individuals and each row shows the expression profile of one single transcript
with significant differences. Up- and downregulated genes are indicated by red and blue signals, respectively; the signal intensity corresponds to the log-
transformed magnitude of the average of expression per group. All genes printed in bold magenta show differentially methylated CpGs at 52 weeks. For
gene expression unadjusted p-value and DNA methylation data are adjusted for multiple testing with Benjamini Hochberg correction *p < 0.05 (unpaired

(CON vs OB) and paired (OB 0 vs 2 weeks/52 weeks two-tailed t-test; CON: n=6, OB: n=16)
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correction)

differentially methylated CpGs and differentially expressed genes,
as only 2956 CpGs are located in/or close to regions of the 921
differentially expressed genes (Fig. 4a). Among differentially
expressed genes involved in mitochondrial function, lipid meta-
bolism and calcium signaling, we detected 13, 6 and 30, respec-
tively, which were affected by DNA methylation at 52 weeks (Fig.
3d, highlighted in magenta).

Changes in gene expression via altered DNA methylation. DNA
methylation in promoter and enhancer regions is associated with
silencing of gene transcription, whereas elevated DNA methyla-
tion is typically found in the body of actively transcribed genes!8.
To further investigate the relationship between DNA methylation
and gene expression, we compared all upregulated genes with
hypomethylated CpGs in promoters and hypermethylated CpGs
in gene bodies and vice versa for the downregulated genes. None
of the differentially expressed genes detected at 2 weeks showed
altered DNA methylation. However, at 52 weeks, 2956 CpGs were
identified in 921 differentially expressed genes (Fig. 4a). GO
analysis indicated enrichment in genes linked to several biological
pathways, including protein phosphorylation, glycogen metabolic
process (GO:0005977), protein localization to plasma membrane
and vesicle-mediated transport (Fig. 4b, Suppl. table 9). Among
those, 323 contain >2 differentially methylated CpGs and levels of
altered DNA methylation higher than 5 %. Only few genes (~20)
were previously described to be epigenetically regulated in obese
humans!319, Taking genes with an altered expression and DNA
methylation (>5%) of at least 2 CpG sites into account, which can
also be linked to insulin sensitivity, we identified 94 gene candi-
dates to be affected by epigenetic alterations (Suppl. Fig. 7).
Examples are PTPRE, a negative regulator of insulin receptor (IR)
signaling in skeletal muscle; PIK3RI, a regulator of the PI3-
kinase; MLXIP, involved in transcriptional activation of glycolytic
target genes, and ACACB, a mitochondrial enzyme playing a role

in fatty acid metabolism (Fig. 5a-d). A hypermethylation in the
promoter region of PTPRE gene related to lower expression at 52
weeks (Fig. 5a). A lower DNA methylation in the promoter and a
higher methylation in the gene body of PIK3RI is linked to its
higher expression after the surgery (Fig. 5b), whereas a hypo-
methylation in the gene body of MLXIP and ACACB associated
with their lower expression (Fig. 5¢, d). In addition, the time
course of the expression of the listed candidates was evaluated.
PTPRE expression decreased already at 2 weeks, whereas the
changes of the expression of PI3KRI occurred at 12 weeks and
ACACB and MLXIP at 52 weeks (Suppl. Fig. 9).

Correlation of altered expression and methylation. In order to
relate the differential expression and changes in DNA methyla-
tion to the primary metabolic phenotypes, e.g., body weight,
insulin sensitivity, we calculated their correlation. Table 2 lists the
expression levels of several genes associated with changes in M-
value (27), fasting glucose (1219), HMW-adiponectin (73) and
mitochondrial content (29). GO analysis of the 1219 affected
genes, which correlated to glucose concentrations, can be linked
to cytoskeleton organization (GO:0007010), calcium signaling
(GO:0016338) and others (Suppl. table 10). The correlation
analysis of the 921 differentially expressed and methylated genes
(at 52 weeks) revealed 177 genes associated with BMI, 443 with
M-value and 70 with HMW-adiponectin (Table 3). The correla-
tions between methylation levels and M-value of the OB group
for PTPRE (R*>=0.286; p=10"% Pearson correlation) and
PIK3RI (R? = 0.312; p = 5.107%, Pearson correlation) indicate that
their interindividual epigenetic alterations are linked to the
improvement in insulin sensitivity (Suppl. Fig. 10).

Epigenetic reprogramming of transiently altered expression. As
1150 mRNAs (encoded by 1126 genes) were only transiently
differentially expressed at 2 weeks (Fig. 3a) and returned to
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Fig. 5 Gene candidates showing differences in expression and DNA methylation. Expression is shown in left panels and levels of DNA methylation in right
panels. Differentially methylated CpGs are located at different positions of the genes, either in the promoter as shown for PTPRE (a), in the gene body as
shown for MLXIP (c) and ACACB (d), or in both as depicted in PIK3R7 (b). Mean + SEM (left panels). Obese humans given as black circles/lines at baseline

and as gray circles/lines at 52 weeks. Only significantly differentially methylated CpGs are represented; *p < 0.05 (Gene expression unadjusted p-value
paired t test, n =16, methylation data with Benjamini Hochberg correction)
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Body mass index = M-value  Fasting glucose

Table 2 Pearson correlations between gene expression levels and indicated clinical parameters

FFA suppression

HMW-adiponectin  Mitochondrial content (CSA)

Number of genes 25 27 1219

76 73 29

to the indicated clinical parameters

Body mass index =~ M-value  Fasting glucose

Table 3 Number of genes differentially expressed and methylated at 52 and exhibiting at least one CpG significantly correlated

FFA suppression

HMW-adiponectin  Mitochondrial content (CSA)

Number of genes 177 443 163

12 70 27

baseline expression levels, we tested whether epigenetic altera-
tions were responsible for this effect. We therefore mapped the
differentially methylated CpGs at 52 weeks to all transiently
altered transcripts at 2 weeks. Indeed, 75% (849) of these genes
showed changes in DNA methylation at 52 weeks (Fig. 6a; Chi-
square p < 1072%%), including genes involved in mitochondrial
function (n=12), calcium signaling (n = 11), lipid metabolism
(n=4). Representative examples comprise HMGCS2 (hydro-
xymethylglutaryl-CoA synthase?, and IMMP2L a mitochondrial
inner membrane protease subunit 2 involved in peptides trans-
location into mitochondria?l-?2 (Fig. 6b; Suppl. Fig. 9). Collec-
tively, these data indicate that changes in methylation at 52 weeks
associate with the reversal of altered expression of genes involved
in mitochondrial functionality and lipid metabolism.

Discussion

This study provides insights into the mechanisms, by which
metabolic surgery sequentially affects systemic and tissue-specific
metabolism and its epigenetic regulation in obese humans. In
particular, surgically-induced weight loss (i) is not immediately
followed by improved muscle insulin resistance, likely related to
transiently augmented lipolysis resulting in accumulation of lipid
intermediates, inadequate mitochondrial function and altered
gene expression profiles, (ii) may subsequently modify DNA
methylation of genes involved in muscle energy metabolism, and
(iii) associate with changes in gene expression along with
restoration of muscle metabolism within one year. We thereby
provide evidence for a role of transient changes in the expression
of specific genes, which may be reprogrammed by DNA
methylation.

Generally, the impressive weight loss by metabolic surgery is
believed to be responsible for the improvement of whole-body
metabolism, and specifically of insulin sensitivity leading to
remission of type 2 diabetes»>0. Surprisingly, this study
demonstrates that the rapid loss of ~10 kg equaling ~7% of body
weight within 2 weeks, does not translate into immediate
improvement of muscle insulin resistance. Interestingly, analysis
of the few previous studies on early effects of metabolic surgery
also found no®’ or minor increases in insulin sensitivity®2.
Using a low-caloric dietary intervention, Taylor and colleagues
reported marked improvements in hepatic fat content and glu-
cose production, but also no changes in muscle insulin sensitivity
after one week?42°. The present study now identifies sustained
elevation of adipose lipolysis as underlying cause, resulting in
initial doubling of fasting plasma FFA with persisting adipose
tissue insulin resistance for up to 6 months after surgery and
parallel intracellular accumulation of 18:1 18:1 DAG species and
PKCO stimulation. Thereby, it shows that dynamic changes in
endogenous FFA associate with activation of the DAG/PKC
pathway in humans, which has been previously only

demonstrated for high doses of exogenous lipid infusions!>-26,
The greater muscle PKCe activation in OB before surgery suggests
that also this PKC isoform relates to obesity-mediated muscle
insulin resistance as suggested2’ and reported for hepatic insulin
resistance?8. Other lipid mediators like ceramides, previously
associated with human muscle insulin resistance in some??, but
not other studies?6-30, were generally not altered in muscle of OB.
Membrane and cytosolic C18:1 ceramides were also elevated at 2
and 12 weeks, but without concomitant changes in muscle JNK
phosphorylation, and subsequently rapidly decreased during
follow-up as reported in lower-degree obesity!'!. Of note, several
DAG as well as ceramide species were decreased, when insulin
sensitivity had increased at 52 weeks. This occurred in parallel
with a trend towards decreased PKCe activation and lower pJNK/
tJNK at 52 weeks. The latter, however, could also be related
to lower inflammatory activity!® as supported by the lower
usCRP and IL-6 levels. Taken together, these data indicate that
the DAG-PKC pathway is primarily responsible for the initial
lack of improvement in muscle insulin resistance upon metabolic
surgery and along with reduced inflammatory activity underlies
the later increase in insulin sensitivity.

Insulin resistance frequently, but not generally associates with
impaired mitochondrial function!22731-33, The present study not
only confirmed the lower muscle mitochondrial oxidative capa-
city and coupling efficiency and fusion activity in OB before
surgery>2-34, but also provides evidence for a dynamic regulation
of mitochondria in humans. At 2 weeks, mitochondrial mass
decreased, as measured independently by both biochemical and
ultrastructural analyses. Moreover, no changes in ETC complexes
I-III were detected at 2 weeks, possibly suggesting a transient
delay in the improvement of mitochondrial abundance. Intra-
cellular lipid accumulation likely accounts for the reduction of
mitochondrial mass, oxidative capacity and coupling efficiency
early after surgery as reported for C2Cl2-differentiated myo-
tubes?®. Decreased antioxidant capacity could result from aug-
mented ROS quenching in the presence of elevated lipid
peroxidation and higher lipid influx. The continued impairment
of mitochondrial fusion activity at 2 weeks, suggests that altered
mitochondrial functionality persists during elevated lipid avail-
ability and only reverses with improved insulin action at
52 weeks3®. Paralleled by decreasing plasma FFA, lower muscle
mitochondrial function returned to baseline values within
12 weeks and then remained unchanged until 52 weeks, despite
continuous improvement of insulin sensitivity in line with nor-
malization of mitochondrial function in other studies with limited
time resolution'>37-38. Our findings are in concert with long-term
caloric restriction data demonstrating no change in mitochon-
drial oxidative capacity despite improved insulin sensitivity>°.
This indicates that surgical weight loss—similar to that by caloric
restriction?? or by inhibition of lipolysis*! —dissociates modula-
tion of insulin sensitivity from muscle mitochondrial respiration.
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Fig. 6 Reprogramming of gene transcripts by DNA methylation at 52 weeks. Seventy-five percent of genes exhibiting transient differences in expression at
baseline show changes in DNA methylation at 52 weeks. Chi-square test p < 10~255, Gene ontology analysis identified the indicated number of genes to be
altered in the listed cellular processes (right panel) (a). Examples of changes in DNA methylation in IMMP2L (upper panel) and HMGCS2 genes (lower
panel). Both genes are only differentially expressed 2 weeks after the surgery (b). Mean = SEM, obese humans are shown as red circles/lines at baseline,
as gray circles/lines at 2 weeks and as blue circles/lines at 52 weeks after surgery. *p < 0.05 (Gene expression unadjusted p-value 2-tailed paired t test,

n =16, methylation data with Benjamini Hochberg correction)

However, in contrast to our findings, short-term caloric restric-
tion for 60h or 53 days did not affect muscle mitochondrial
density*>43, suggesting acute intervention-specific effects of
weight loss in humans. Nevertheless changes in diet and eating
behavior, which have been extensively studied previously*4, were
not assessed in this observational study, thereby limiting con-
clusions as to their possible confounding effect on weight loss. In
addition to the changes resulting from surgery, moderate changes
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of measured variables could be also due to the repeated testing
one year later.

Comprehensive analysis of muscle gene expression profiles
reflected the observed metabolic alterations. Before surgery, as
described previously!31° particularly genes involved in lipid
metabolism, such as FFAR4 (free fatty acid receptor 4), exhibited
differential expression. At 2 weeks, the expression pattern mir-
rored the transient alterations of lipid metabolism and
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mitochondrial function, which later returned to baseline or
approached those of healthy humans. Elevated ABCD3 (ATP-
binding cassette sub-family D member 3) or NAPELD (N-acyl-
phosphatidylethanolamine-hydrolyzing ~ phospholipase D)
expression at 2 weeks likely reflects the higher FFA uptake*>49.
Also genes related to mitochondria and calcium handling showed
higher expression levels, such as SLC25A25 (calcium-binding
mitochondrial carrier protein SCaMC-2), encoding a calcium-
dependent mitochondrial solute carrier’’. Of note, elevated
mitochondrial Ca?* increases activities of glycerol 3-phosphate
dehydrogenase, pyruvate dehydrogenase phosphatase, NAD-
isocitrate dehydrogenase and 2-oxoglutarate dehydrogenase, all
of which increase the NADH production for oxidative phos-
phorylation®3, Another set of transiently upregulated genes
relates to small GTPase-mediated signaling, such as ARHGAP24,
RACGAPI, ITSNI and to negative regulation of insulin signaling,
such as SOCSI, RPS6KBI. The latest mediates TNF-alpha-
induced insulin resistance by phosphorylating IRS1 at multiple
serine residues, resulting in accelerated degradation of TRS149->1,
This points to a role of local inflammatory processes as cause of
adipose tissue insulin resistance leading to enhanced lipolysis
early after surgery. At 52 weeks, downregulated genes comprise
interferon-y mediated signaling, in line with the time course of
inflammatory markers of the present study and the lower
expression of inflammation-related genes in a previous study>2.
Interestingly, interferon-y has recently been closely linked to
skeletal muscle insulin resistance and derailed glucose metabo-
lism in obesity>3.

We also provide detailed description of time-dependent
changes in muscle metabolism, transcriptome and methylome.
At 2 weeks, several transient changes in skeletal muscle occurred
in parallel, comprising augmented lipid availability, mitochon-
drial adaptation and altered expression of genes related to lipid
metabolism and cAMP signaling. Interestingly, transcriptional
changes at this time point are not linked to alterations in DNA
methylation indicating that other regulatory mechanisms, e.g.,
activity of transcription factors, mediate the differences in gene
expression. In contrast, at 52 weeks, many CpGs are differentially
methylated, suggesting that alterations in the entire methylome
may occur at a later stage!3. However, in agreement with previous
studies!3>45> changes in DNA methylation of ~5% are relatively
small. The functional relevance of such moderate differences has
been proven for some genes by reporter assays®®. The improve-
ment of mitochondrial flexibility after surgery-induced weight
loss might provide substrates for epigenetic changes in muscle at
52 weeks. Interestingly, recent reports provided supporting
information on the role of oxidative capacity for epigenetic
changes!7->7-28, Nearly 3000 of the differentially methylated CpGs
are associated with altered expression of the corresponding 921
genes, pointing towards the relevance of epigenetic mechanisms
in response to weight loss. Metabolic surgery remodels DNA
methylation of genes involved in insulin signaling, such as
PIK3R1 and PTPRE and ACACB (also designated ACC2), which
is essential for fatty acid metabolism®®. Mice lacking Acc2 exhibit
higher fatty acid oxidation rates in the soleus muscle than control
mice®0. Previous studies found only three genes with differences
in expression linked to changes in DNA methylation after sur-
gery, SORBS3 (sorbin and SH3 domain containing 3), PGC-l«
(PPARG coactivator 1 alpha) and PDK4 (pyruvate dehydrogenase
kinase 4)13, The present study identified close to 300 epigenetic
changes associated with altered expression of important meta-
bolic genes, likely contributing to improved insulin sensitivity and
lipid metabolism. Pathway enrichment analysis of the 921 dif-
ferentially expressed and methylated genes indicates that several
genes are implicated in the regulation of glycogen metabolism,

intracellular signal transduction and cAMP biosynthesis, reflect-
ing improved skeletal muscle activity and metabolism®!.

Moreover, the present study found that changes in DNA
methylation are associated with reprogramming up to 75% of the
transiently altered genes, which possibly normalize their expres-
sion levels at 52 weeks (Fig. 6). Of note, genes undergoing such
changes are involved in mitochondrial and lipid metabolism,
again reflecting the early transient metabolic alterations. This data
provides at least indirect evidence that DNA (de)methylation
processes are possibly involved in the reprogramming of gene
expression in response to metabolic surgery. The question is
whether all changes in expression and DNA methylation are
occurring in response to weight loss or if and to which extent
weight-independent alterations contribute to observed pheno-
types. The finding that the number of genes correlating with BMI
is clearly lower than that of genes associating for instance with
fasting glycemia or adiponectin levels indicates that not all
observed effects are directly related to body weight loss (Tables 2
and 3). At present, no data are available on the time course of
possible effects of a comparable diet-induced weight loss on
epigenetic changes and alterations in energy metabolism. Con-
sequently, the present data have to be interpreted in the context
of surgical weight loss and cannot be generalized to weight loss by
other interventions or causes. Taken together, surgically-induced
weight loss induces several metabolic events leading to sustained
improvement of insulin sensitivity. These effects involve transient
dyslipidemia and lipotoxic insulin resistance as well as reduced
mitochondrial mass associated with altered gene expression fol-
lowed by long term metabolic reprogramming of gene expression
possibly mediated by epigenetic mechanisms. These mechanisms
underlie the dynamic changes of insulin sensitivity after bariatric
surgery and point at mitochondrial function and lipid metabolism
as key obesity treatment targets.

Methods

Study population. We studied 49 obese Caucasian patients (OB) before and 2, 12,
24 and 52 weeks after sleeve gastrectomy or gastric bypass surgery (Suppl. Fig. 8).
Healthy nonobese humans were examined once (controls, CON). The OB group
included 13 patients with type 2 diabetes (T2D) presenting with good metabolic
control (fasting glucose: 139 + 24 vs. 92 + 16 mg/dl, p < 0.01, unpaired two-sided ¢-
test; HbAlc: 7.2+ 1.0 vs. 5.6 £0.5 %, p < 0.01, unpaired two-sided t-test) and
similar serum insulin, c-peptide and lipid levels as the glucose tolerant participants.
T2D patients were drug naive (n = 3) or treated with monotherapy (metformin: n
=3, DPP-4 inhibitor: n =1, GLP-1 agonist: n=1) or combination therapy
(metformin+insulin: n = 2, metformin4-GLP-1 agonist: # = 2, metformin-+GLP-1
+insulin: #n = 1). Oral glucose-lowering medication and GLP-1 agonists were
withdrawn 3 days, while long acting insulin analogues were replaced with NPH
insulin for 7 days before the metabolic tests. If necessary, regular insulin was used
during the night before the metabolic studies to avoid hyperglycemia. Participants
were allowed to take thyroid hormones, oral contraceptives or antihypertensive
treatment, but not immunomodulatory or other medications. All participants were
non-smokers and engaged only in light physical activity and had no evidence for
growth hormone deficiency, which has been shown to affect changes in lean mass
and insulin sensitivity after bariatric surgery in other obese cohorts®2. Six months
prior to surgery patients underwent structured multimodal non-surgical weight-
lowering treatment following the German guidelines for obesity management
without achieving weight loss of >10%. Dietary and physical activity counselling
was provided after the surgery according to local guidelines. Data of some parti-
cipants were part of a previous report®. Each participant underwent 3-h hyper-
insulinemic-euglycemic clamps using primed-continuous infusion of insulin (80
mUem2emin~! for 8 min followed by 40 mUsm~2emin~!; Insuman Rapid,
Sanofi, Frankfurt am Main, Germany) combined with indirect calorimetry for
assessment of insulin sensitivity and metabolic flexibility from the change in the
respiratory quotient (ARQ) during the clamp (RQ_steady state RQ_baseline)®. A
variable infusion of 20% (w/v) glucose (B. Braun, Melsungen, Germany) was
administered to maintain blood glucose at 90 mg/l, which was checked at 5-min
intervals. Blood samples were collected before and during the clamp for measuring
hormones and metabolites. All participants received information about all proce-
dures and risks before providing their written consent to a protocol, approved by
the ethics board of Heinrich-Heine University Diisseldorf (registered clinical trial,
NCT01477957). The study was performed in compliance with all relevant ethical
regulations for work with human participants.
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Mitochondrial content and function. Mitochondrial respiration was assessed in
permeabilized muscle fibers, obtained by biopsies from the vastus lateralis mus-
cle30. Maximal oxidative phosphorylation (state 3) and resting respiration rates
(state 4) were quantified upon sequential exposure to substrates followed by
incremental titration steps of 1.0 pl carbonyl cyanide p-[trifluoromethoxy]-phenyl-
hydrazone (FCCP) until maximal uncoupled respiration (state u) was achieved in a
2-chamber Oxygraph-2k (OROBOROS Instruments, Innsbruck, Austria)4!.
Respiratory rates were expressed per mg tissue weight as well as per individual
CSAL Respiratory control ratio (RCR), defined as state 3/state 4, was used as an
index of mitochondrial coupling, while leaking control ratio (LCR) was calculated
from state 4/state u ratio, as a marker of the proton leak. Mitochondrial content
was quantified by transmission electron microscopy and stereological principles
using a 144-point grid overlaid on micrographs®3%4. For each biopsy, 10-12
micrographs (6300x and 25,000x magnification) of longitudinally-sectioned tissue
were analyzed in a blinded fashion.

Blood analyses. Metabolites, insulin, C-peptide and hsCRP33 as well as IL-6 and
HMW adiponectin were assessed®. Serum concentrations of TBARS were mea-
sured fluorometrically (BioTek, Bad Friedrichshall, Germany)®. Plasma static
oxidation-reduction potential (SORP) and antioxidant capacity were determined in
plasma as markers of systemic oxidative stress using the RedoxSYS (Luoxis
Diagnostics, Inc., Englewood, CO, USA)®.

Protein analysis. Activities of PKCH and PKCe were assessed from the ratios of the
protein contents in membrane and cytosol fractions upon differential centrifuga-
tion by Western blots®®. Antibodies (BD Biosciences, catalogue Nr. 610090 and
610086) were diluted by 1:1000 for use. Total c-Jun N-terminal kinase (t/NK) and
Thr!83/Tyr!8>-phosphorylated JNK were quantified using specific antibodies (Cell
Signaling Technology, catalogue Nr. 9252 and 9255, dilution 1:1000). Protein of
Mfn2 (Abcam, catalogue Nr. ab56889, dilution 1:1000), Opal (BD Biosciences,
catalogue Nr. 612607, dilution 1:1000), Fis1 (Merckmillipore, catalogue Nr. ABC67,
dilution 1:1000), LC3 (Cell Signaling technology, catalogue Nr. 4108, dilution
1:1000), p62 (BD Biosciences, catalogue Nr. 610833, dilution 1:1000), DRP1 (Cell
Signaling technology, catalogue Nr. 5391, dilution 1:1000), phospho-Ser®!6-DRP1
(Cell Signaling technology, catalogue Nr. 3455, dilution 1:1000), Pinkl (Abcam,
catalogue Nr. ab23707, dilution 1:1000), phospho-Thr?>’-Pinkl (Ubiquigent, cat-
alogue Nr. 68-0057-100, dilution 1:200), Parkin (Abcam, catalogue Nr. ab15954,
dilution 1:1000), phospho-Ser®>-Parkin (Ubiquigent, catalogue Nr. 68-0056-100,
dilution 1:200), ETC Complex I-V (NADH:ubiquinone oxidoreductase subunit B8,
succinate dehydrogenase complex iron sulfur subunit B, ubiquinol-cytochrome C
reductase core protein 2, cytochrome ¢ oxidase subunit IV, ATP synthase

F1 subunit alpha, antibodies from Abcam, catalogue Nr. ab110413, dilution 1:300)
were quantified in total protein lysates and were normalized to GADPH (Cell
Signaling technology, catalogue Nr. 2118, dilution 1:20,000) as a loading control.

Targeted lipidomics. For quantification of lipid intermediates in subcellular
muscle fractions, lipids were extracted, purified and analyzed from frozen tissue
samples, using lipid chromatography mass spectrometry (LC-MS/MS)%. In brief,
50 mg of tissue was homogenized in 20 mM Tris/HCl, 1 mM EDTA 0.25 mM
EGTA, pH 7.4, using a IKA T10 basic Ultra Turrax (IKA; Wilmington, NC, USA)
and a tight-fitting glass douncer (Wheaton, Rochdale, UK). An internal standard
(d517:0-DAG; Avanti Polar Lipids, Ala, USA) was added and samples were cen-
trifuged for 1h (100,000 x g, 4 °C). Lipid droplet, cytosol and membrane fractions
were collected and lipids of each fraction were extracted according to Folch et al. %,
followed by solid phase extraction (Sep Pak Diol Cartridges; Waters, Milford, MA,
USA). The resulting lipid phase was dried under a gentle flow of nitrogen and re-
suspended in methanol. Lipid analytes were separated using a Phenomenex Luna
Omega column (1.6 pum 100A; Phenomenex, Torrance, CA, USA) on an Infinity
1290 HPLC system (Agilent Technologies, Santa Clara, CA, USA) and analyzed by
multiple reaction monitoring on a triplequadrupole mass spectrometer (Agilent
6495; Agilent Technologies), operated in the positive ion mode.

Gene expression analyses. Total RNA was extracted from 5-10 mg of muscle
biopsies from the same participants described above using miRNA micro kit
(Qiagen, Hilden, Germany) as per the manufacturer’s protocol, with additional
DNase treatment. All RNA samples with RNA integrity number RIN >7 (Bioa-
nalyser, Agilent Technologies, Germany), were selected for microarray analysis.
Transcriptome analysis was carried out by Oaklabs (Berlin, Germany) on their
experimentally validated ArrayXS Human (design ID 079407, Agilent 60-mer
SurePrint technology, Agilent Technologies). Gene ontology analysis was per-
formed using David data base tools®, with cutoff enrichment score set above 1.7
and enriched p value < 0.05 (Fisher test).

DNA methylation. Genomic DNA was extracted from 5 mg of skeletal muscle
biopsies using Invisorb® Genomic DNA Kit II according to the manufacturer’s
protocol. An amount of 500 ng of genomic DNA from each participant was
bisulfite-converted using Zymo EZ DNA Methylation-Gold kit (Zymo Research
Corporation, Irvine, CA, USA) and then hybridized on Infinium®

MethylationEPIC BeadChip, (Eurofins Genomics GmbH, Ebersberg, Germany).
EPIC chip covered 890,703 cytosine positions located in TSS200, TSS1500, 5UTR,
1Exon, gene body, 3UTR and intergenic regions of the human genome. Pre-
processing and normalization included steps of probe filtering, color bias correc-
tion, background subtraction and subset quantile normalization and was processed
with “ChAMP” background as previously described’®”!. Mean change in beta
methylation was calculated for a specific CpG site with comparing mean of beta
methylation before to those at 2 or 52 weeks after surgery. As our study included
both male and female participants, probes annotated to chromosome Y and X were
excluded. All probes annotated to contain SNPs were excluded for unpaired ana-
lysis, but included for all paired analysis.

Statistical analyses. Normally distributed parameters are presented as means +
SD or means + SEM, otherwise as median (interquartile range [IQR]). Not-
normally distributed data were log.-transformed to achieve near-normal dis-
tribution. Statistical analyses using covariance pattern model for repeated measures
analysis based on patients with baseline and at least one follow-up muscle biopsy
were performed. Analyses of the whole obese cohort were adjusted for age, sex,
body mass index, surgery type and diabetes status at baseline and performed using
SAS (version 9.4; SAS Institute, Cary, NC, USA). Phenotype traits were correlated
to gene expression and DNA methylation by Pearson. Heat maps were generated
with ggplots, R-package version 1.2.067. Programming and calculation of DNA
methylation and transcripts were performed with R version 3.4.1 (2017-06-30). P
values for transcriptome and methylome analysis were calculated by two-tailed
Welch’s t-test. P values of DNA methylation analysis were corrected by Benjamini
Hochberg. Correction for multiple testing was performed for the methylome data
and not for the transcriptome data. The reason for this is to avoid the number of
false negatives and oversee relevant effects according to suggestions of John

H. McDonald (McDonald, J.H. 2014. Handbook of Biological Statistics (3rd ed.).
Sparky House Publishing, Baltimore, Maryland; p. 254-260). However, we pro-
vided the results of the multiple correction in the Supplementary Data 1 from A-E.
A 4-field chi-square test was used for the enrichment analyses.

Reporting summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

The metabolic dataset and all relevant western blots analyzed and reported in this study
are included in the Source Data file. All array and methylation data analyzed and
reported in this work have been deposited and are available at: (accession number
GSE135066). R scripts used in this study have been uploaded to https://git.connect.dzd-
ev.de/markusjaehnert/pmid_31519890. Supplementary Data 1A-E are available at
https://git.connect.dzd-ev.de/markusjachnert/pmid_31519890. All data are available
from the corresponding author upon reasonable request.
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W) Check for updates

Dynamic changes of muscle
insulin sensitivity after metabolic surgery

Sofiya Gancheva, Meriem Ouni@®, Tomas Jelenik, Chrysi Koliaki, Julia Szendroedi, Frederico G. S. Toledo,
Daniel F. Markgraf@®, Dominik H. Pesta@®, Lucia Mastrototaro, Elisabetta De Filippo, Christian Herder®,
Markus Jahnert®, Jirgen Weiss, Klaus Strassburger®, Matthias Schlensak, Annette Schiirmann® &
Michael Roden

Correction to: Nature Communications https://doi.org/10.1038/s41467-019-12081-0, published online 13 September 2019.

The original version of this article included errors in the Results and Supplementary information. During analysis of annotation of
gene expression data, the skeletal muscle transcriptome data of the different microarrays used for the samples at different time points
(before and after the surgery), was combined and normalized, but the command “merge” of the Software R was used incorrectly in this
step. The incorrect R code used in the first submission was: “datasetl_2 <- merge(datasetl[, 1:49], dataset2[, 1:9]) dataset<-merge
(datasetl_2,dataset3[,1:31],by="TargetName”.

These two “merge” commands combined the expression values of all samples of three microarrays. The mistake was that the gene-
annotation information-columns were not considered. The “merge” command has the argument “sort”, which by default is TRUE,
leading to an alphabetical sorting of the “TargetName” column. This led to a wrong combining of the gene-annotation information-
columns and the “TargetName” in a later step.

The data has now been reanalyzed, only columns with the expression data were used, and the command “inner_join” was applied,
because this command always keeps the row-order. The correct code is: “datasetl 2 <- inner_join(datasetl[, 1:49], dataset2[, 1:9],
by="“TargetName”) dataset<-inner_join(datasetl_2,dataset3,by="“TargetName”. The corrected paper has been reviewed by the original
reviewers #1 and #2, and by a new reviewer. The conclusions are not affected. The following changes have been made in the text and
figures:

The sentence that read “To examine whether the metabolic differences reflect altered gene transcription, we initially compared the
muscle transcriptome between OB before surgery (OB 0 w) and CON and detected 1037 differentially expressed genes (Fig. 3a). Gene
ontology (GO) analysis indicated that several genes are implicated in the biosynthesis of long-chain fatty acyl-CoA and fatty acids as
well as reactive oxygen species (ROS) metabolism (Fig. 3b; Supplementary Table 3)”. now reads “To examine whether the metabolic
differences reflect altered gene transcription, we initially compared the muscle transcriptome between OB before surgery (OB 0 w) and
CON and detected 595 differentially expressed genes (Fig. 3a). Gene ontology (GO) analysis indicated that several genes are implicated
in the regulation of apoptotic processes (GO:0042981), MAPK cascade (GO:0043410), inflammatory response (GO:0006954,
GO0:0050729), oxygen transport (GO:0015671), and others (Fig. 3b; Supplementary Table 3).

The sentence that read “Comparing the muscle transcriptome of OB over the time course after surgery identified 783 out of 1287
upregulated and 504 downregulated genes at 2 weeks (Fig. 3a). GO analysis showed significant enrichments in genes controlling
catabolic processes, lipid metabolism, and phosphorylation (GO:0016310; Fig. 3¢, Supplementary Table 4). Among all transcripts, 1072
were transiently altered at 2 weeks and then returned to baseline values (see also below), whereas 215 remained constantly changed
(Fig. 3a). These transcripts comprise genes related to the adenylate cyclase-modulating G-protein coupled receptor signaling pathway,
lipid metabolism and regulation of gene expression (Supplementary Fig. 5a, Supplementary Table 5)”. now reads “Comparing the
muscle transcriptome of OB over the time course after surgery identified 937 out of 1528 upregulated and 591 downregulated genes at
2 weeks (Fig. 3a). GO analysis showed significant enrichments in genes controlling transcriptional regulation (GO:0000398,
GO0:0010501), small GTPase-mediated signal transduction (GO:0051056), and negative regulation of insulin receptor signaling
(GO:0046627) (Fig. 3c; Supplementary Table 4). Among all transcripts, 1244 were transiently altered at 2 weeks and then returned to
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baseline values (see also below, Fig. 6b), whereas 203 remained constantly changed (Fig. 3a). These transcripts comprise genes related
to regulation of gene expression (GO:0010467), calcium-mediated signaling (GO:0019722), and negative regulation of insulin receptor
signaling (GO:0046627) (Supplementary Fig. 5a, Supplementary Table 5)”.

The sentence that read “The genes exhibiting strongest changes at 2 weeks are involved in mitochondrial function (MTUS1, TRMTS),
fatty acid metabolism (SLC27A4), calcium signaling (ATP2C2), transcriptional regulation (ZNF329, GTF2E2), protein transport
(RAB3D), and inflammatory processes (ILIS8RAP) (Supplementary Table 1)”. now reads “The genes exhibiting strongest changes at
2 weeks are involved in mitochondrial function (HMGCS2), lipid metabolism (ANGPTL4, ABCAI, and ABCGI), calcium signaling
(PCDH15), protein folding (DNAJC28), and inflammatory processes (CISH) (Supplementary Table 1)”.

The sentence that read “This revealed 49 mitochondrial, 24 lipid metabolism and 36 calcium-related genes with significantly different
expression levels (Fig. 3d)”. now reads “This revealed 70 mitochondrial, 23 lipid metabolism and 60 calcium-related genes with
significantly different expression levels (Fig. 3d)”.

The sentences that read “At 12 weeks after surgery, 868 genes were significantly altered (604 up- and 264 downregulated), at 24 weeks
709 genes (563 up- and 146 downregulated) in comparison to their expression before surgery (Fig. 3a). The pathways affected at
12 weeks comprise—among others—glucose homeostasis (GO0042593) and negative regulation of phosphate activity (GO:0006814)
(Supplementary Fig. 5b, Supplementary Table 6). At 24 weeks, genes related to positive regulation of GTPase activity (GO:0043547)
and protein autophosphorylation (GO:0046777) as well as ion transmembrane transport (GO:0034765) are mostly higher expressed
than before surgery (Supplementary Fig. 5¢, Supplementary Table 7). At 52 weeks, 1535 transcripts were significantly altered (Fig. 3a;
Supplementary Table 6), which comprise genes involved in calcium and sodium transport and interferon-y signaling (Supplementary
Fig. 5b) including upregulation of those contributing to transcription (BACH1), cytoskeletal and tubulin reorganization (CCDC87)
(Supplementary Table 8)”. now read “At 12 weeks after surgery, 625 genes were significantly altered (341up- and 284 downregulated),
at 24 weeks 756 genes (519 up- and 237 downregulated) in comparison to their expression before surgery (Fig. 3a). The pathways
affected at 12 weeks comprise—among others—glycogen metabolic process (GO:0005977), translation (GO:0006413 and GO:0006364),
and transmembrane transport (GO:0055085) (Supplementary Fig. 5b, Supplementary Table 6). At 24 weeks, genes related to trans-
membrane receptor protein tyrosine kinase signaling (GO:0007169), cytoskeleton organization (GO:0007010), and regulation of cell
growth (GO:0001558) are mostly higher expressed than before surgery (Supplementary Table 7). At 52 weeks, 1449 transcripts were
significantly altered (Fig. 3a, Supplementary Table 8), which comprise genes involved glycogen metabolic process (GO:0005977),
protein polyubiquitination/destabilization (GO:0016567, GO:0031648), (Supplementary Table 8) and including upregulation of those
contributing to cytoskeletal and tubulin reorganization (MYH3, CCDC87, and ACTCI) (Supplementary Table 8)”.

The sentences that read “This enrichment explains the small overlap between differentially methylated CpGs and differentially
expressed genes, as only 1467 CpGs are located in/or close to regions of the 430 differentially expressed genes (Fig. 4a). Among
differentially expressed genes involved in mitochondrial function, lipid metabolism and calcium signaling, we detected 17, 4, and 15,
respectively, which were affected by DNA methylation at 52 weeks (Fig. 3d, highlighted in magenta)”. now read “This enrichment
explains the relatively small overlap between differentially methylated CpGs and differentially expressed genes, as only 2956 CpGs are
located in/or close to regions of the 921 differentially expressed genes (Fig. 4a). Among differentially expressed genes involved in
mitochondrial function, lipid metabolism, and calcium signaling, we detected 13, 6 and 30, respectively, which were affected by DNA

methylation at 52 weeks (Fig. 3d, highlighted in magenta)”.

The sentence that read “However, at 52 weeks, 1467 CpGs were identified in 430 differentially expressed genes (Fig. 4a). GO analysis
indicated enrichment in genes linked to 12 biological pathways, including cAMP biosynthesis, lysosomal organization, and muscle cell
differentiation (Fig. 4b; Supplementary Table 9). Among those, 230 contain >2 differentially methylated CpGs and levels of altered
DNA methylation ranging from 5 to 10%”. now reads “However, at 52 weeks, 2956 CpGs were identified in 921 differentially expressed
genes (Fig. 4a). GO analysis indicated enrichment in genes linked to several biological pathways, including protein phosphorylation,
glycogen metabolic process (GO:0005977), protein localization to plasma membrane, and vesicle-mediated transport (Fig. 4b; Sup-
plementary Table 9). Among those, 323 contain >2 differentially methylated CpGs and levels of altered DNA methylation are higher
than 5%”.

The sentences “Examples are TBC1D1, encoding a Rab-GTPase activating protein, TBC1 domain family member 1, and ASPSCRI,
encoding UBX domain-containing tether for GLUT4. Lower promoter methylation of TBC1D1 associated with higher expression (Fig.
5a), whereas hypomethylation of ASPSCRI in the gene body related to lower expression at 52 weeks (Fig. 5b). Of note, both genes are
involved in glucose transport via glucose transporter 4 (GLUT4)20,21. In addition, both NR4A1 (nuclear receptor subfamily 4 group A
member 1) and ELOVL5 (ELOVL fatty acid elongase 5) exhibited hypermethylated promoters and hypomethylated gene bodies
corresponding to lower expression (Fig. 5¢, d). ELOVLS5 is involved in the elongation of long-chain polyunsaturated fatty acids 22 and
upregulated upon high-fat feeding 23, NR4A1 encodes a nuclear receptor and transcription factor regulating the expression of genes
involved in glucose metabolism 24. In addition, the time course of the expression of the listed candidates was evaluated. TBC1D1
expression increased and ASPSCR1 decreased already at 2 weeks, whereas the changes of the expression of ELOVL5 and NR4A1
occurred only at 52 weeks (Supplementary Fig. 9)”. now read “Examples are PTPRE, a negative regulator of insulin receptor (IR)
signaling in skeletal muscle; PIK3R1, a regulator of the PI3-kinase; MLXIP, involved in transcriptional activation of glycolytic target
genes, and ACACB, a mitochondrial enzyme playing a role in fatty acid metabolism (Fig. 5a—d). A hypermethylation in the promoter
region of PTPRE gene related to lower expression at 52 weeks (Fig. 5a). A lower DNA methylation in the promoter and a higher
methylation in the gene body of PIK3R1 is linked to its higher expression after the surgery (Fig. 5b), whereas a hypomethylation in the
gene body of MLXIP and ACACB associated with their lower expression (Fig. 5¢, d). In addition, the time course of the expression of
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the listed candidates was evaluated. PTPRE expression decreased already at 2 weeks, whereas the changes of the expression of PI3KRI
occurred at 12 weeks and ACACB and MLXIP at 52 weeks (Supplementary Fig. 9)”.

The sentences that read “Table 2 lists the expression levels of several genes associated with changes in M-value (27), fasting glucose
(231), HMW-adiponectin (61), and mitochondrial content (13). GO analysis of the 231 affected genes, which correlated to glucose
concentrations, can be linked to regulation of DNA binding (GO:0043388), macromolecule catabolism (GO:0009057), exocytosis
(G0O:0006887), secretion (GO:0032940), and others (Supplementary Table 10). The correlation analysis of the 430 differentially
expressed and methylated genes (at 52 weeks) revealed 43 genes associated with BMI, 189 with M-value, and 31 with HMW-
adiponectin (Table 3). The correlations between methylation levels and M-value of the OB group for ASPSCR1 (R2=0.233; p =
0.0009, Pearson correlation) and ELOVLS5 (R2 = 0.234; p = 0.0009, Pearson correlation) indicate that their interindividual epigenetic
alterations are linked to the improvement in insulin sensitivity (Supplementary Fig. 10).” now read “In order to relate the differential
expression and changes in DNA methylation to the primary metabolic phenotypes, e. g. body weight, insulin sensitivity, we calculated
their correlation. Table 2 lists the expression levels of several genes associated with changes in M-value (27), fasting glucose (1219),
HMW-adiponectin (73), and mitochondrial content (29). GO analysis of the 1219 affected genes, which correlated to glucose
concentrations, can be linked to cytoskeleton organization (G0O:0007010), calcium signaling (GO:0016338), and others (Supplementary
Table 10). The correlation analysis of the 921 differentially expressed and methylated genes (at 52 weeks) revealed 177 genes associated
with BMI, 443 with M-value, and 70 with HMW-adiponectin (Table 3). The correlations between methylation levels and M-value of
the OB group for PTPRE (R2 =0.286; p =10—4, Pearson correlation) and PIK3RI (R2=0.312; p =5.10—5, Pearson correlation)
indicate that their interindividual epigenetic alterations are linked to the improvement in insulin sensitivity (Supplementary Fig. 10)”.

The sentence “As 1072 transcripts (encoded by 468 genes) were only transiently differentially expressed at 2 weeks (Fig. 3a) and
returned to baseline expression levels, we tested whether epigenetic alterations were responsible for this effect”. now reads “As 1150
mRNAs (encoded by 1126 genes) were only transiently differentially expressed at 2 weeks (Fig. 3a) and returned to baseline expression
levels, we tested whether epigenetic alterations were responsible for this effect”.

The sentence “Indeed, 93% (438) of these genes showed changes in DNA methylation at 52 weeks (Fig. 6a; Chi-square p < 10—255),
including genes involved in mitochondrial function (n = 22), calcium signaling (n = 20), lipid metabolism (n = 10). Representative
examples comprise FT'O, an obesity-related gene encoding a-ketoglutarate dependent dioxygenase 25, and TOMM?7, a translocase of
outer mitochondrial membrane 7 involved in translocation of pre-proteins into mitochondria 26,27 (Fig. 6b; Supplementary Fig. 9)”.
now reads “Indeed, 75% (849) of these genes showed changes in DNA methylation at 52 weeks (Fig. 6a; Chi-square p < 1072,
including genes involved in mitochondrial function (n =12), calcium signaling (n = 11), lipid metabolism (n =4). Representative
examples comprise HMGCS2 (hydroxymethylglutaryl-CoA synthase?0, and IMMP2L a mitochondrial inner membrane protease
subunit 2 involved in peptides translocation into mitochondria?!22 (Fig. 6b; Supplementary Fig. 9)”.

The sentence “Before surgery, as described previously!31%, particularly genes involved in lipid metabolism, such as SCD5 (stearoyl-CoA
desaturase 5), exhibited differential expression” now reads “Before surgery, as described previously!>1? particularly genes involved in
lipid metabolism, such as FFAR4 (free fatty acid receptor 4), exhibited differential expression”.

The sentence “Elevated SLC27A4 (fatty acid transporter 4) expression at 2 weeks likely reflects the higher FFA uptake 50. Also, genes
related to mitochondria and calcium handling showed higher expression levels, such as ATP2C2, encoding a manganese-transporting
calcium ATPase 51, and MCURI, a key regulator of oxidative phosphorylation 52, encoding a mitochondrial calcium uniporter protein
required for calcium”. now reads “Elevated ABCD3 (ATP-binding cassette sub-family D member 3) or NAPELD (N-acyl-phospha-
tidylethanolamine-hydrolyzing phospholipase D) expression at 2 weeks likely reflects the higher FFA uptake*>46. Also, genes related to
mitochondria and calcium handling showed higher expression levels, such as SLC25A25 (calcium-binding mitochondrial carrier
protein SCaMC-2) encoding a calcium-dependent mitochondrial solute carrier4””.

The sentences “Consequently, elevated MCURI expression can be linked to the evanescent stimulation of -oxidation. Another set of
transiently upregulated genes relates to inflammatory processes, such as ILIS8RAP, encoding the receptor accessory protein of the pro-
inflammatory interleukin 18 (IL18)%4. Interestingly, carriers of polymorphisms in the ILIS8RAP gene suffer from greater susceptibility
to obesity>*”. now read “Another set of transiently upregulated genes relates to small GTPase-mediated signaling, such as ARHGAP24,
RACGAPI, ITSNI and to negative regulation of insulin signaling, such as SOCSI, RPS6KBI. The latest mediates TNF-alpha-induced

insulin resistance by phosphorylating IRS1 at multiple serine residues, resulting in accelerated degradation of IRS149—51”,

The sentence that read “Likewise, MTUSI, possibly contributing to protection against pro-inflammatory response of endothelial cells
55, may be involved in the anti-inflammatory defense at 2 weeks. In addition, MTUSI has recently been shown to be involved in
mitochondrial motility, fusion, and in the maintenance of mitochondrial morphology 56 and its reduction at 2 weeks may serve to
support the evidence for alterations of mitochondrial content and function early after surgery.” has now been deleted.

The sentences “Nearly 1500 of the differentially methylated CpGs are associated with altered expression of the corresponding 430
genes, pointing towards the relevance of epigenetic mechanisms in response to weight loss. Metabolic surgery remodels DNA
methylation of glucose and lipid metabolism-related genes, such as TBCIDI, contributing to GLUT4 translocation?, ASPSCRI, a
tethering protein sequestering GLUT4-containing vesicles?! and ELOVLS5, which is essential for fatty acid synthesis?2 and known to be
upregulated in human skeletal muscle upon overfeeding?3”. now read “Nearly 3000 of the differentially methylated CpGs are associated
with altered expression of the corresponding 921 genes, pointing towards the relevance of epigenetic mechanisms in response to weight
loss. Metabolic surgery remodels DNA methylation of genes involved in insulin signaling, such as PIK3RI and PTPRE and ACACB

| (2022)13:3353 | https://doi.org/10.1038/s41467-022-29350-0 | www.nature.com/naturecommunications 3


www.nature.com/naturecommunications
www.nature.com/naturecommunications

AUTHOR CORRECTION

(also designated ACC2), which is essential for fatty acid metabolism>®. Mice lacking Acc2 exhibit higher fatty acid oxidation rates in the
soleus muscle than control mice®0”.

The sentences “The present study identified close to 100 epigenetic changes associated with altered expression of important metabolic
genes, likely contributing to improved insulin sensitivity and lipid metabolism. Pathway enrichment analysis of the 430 differentially
expressed and methylated genes indicates that several genes are implicated in the regulation of muscle cell differentiation, intracellular
signal transduction, and cAMP biosynthesis, reflecting improved skeletal muscle activity and metabolism®*. “now reads “The present
study identified close to 300 epigenetic changes associated with altered expression of important metabolic genes, likely contributing to
improved insulin sensitivity and lipid metabolism. Pathway enrichment analysis of the 921 differentially expressed and methylated
genes indicate that several genes are implicated in the regulation of glycogen metabolism, intracellular signal transduction, and cAMP
biosynthesis, reflecting improved skeletal muscle activity and metabolism®!”.

The sentence “Moreover, the present study found that changes in DNA methylation are associated with reprogramming up to 70% of
the transiently altered transcripts, which possibly normalize their expression levels at 52 weeks (Fig. 6)”. now reads “Moreover, the
present study found that changes in DNA methylation are associated with reprogramming up to 75% of the transiently altered
transcripts, which possibly normalize their expression levels at 52 weeks (Fig. 6)”.

The original version of this Article contained an error in Tables 2 and 3. The correct version of the ‘Number of genes’ row in Table
2 states 25 for Body mass index, 1219 for Fasting glucose, 76 for FFA suppression, 73 for HMW-adiponectin, 29 for Mitochondria
content, instead of the original values of 17, 231, 11, 61, and 13, respectively. The correct version of the row ‘Number of genes’ in Table
3 states 177 for Body mass index, 443 for M-value, 163 for Fasting glucose, 112 for FFA suppression, 70 for HMW-adiponectin, and 27
for Mitochondrial content, instead of the original values of 43, 189, 98, 38, 31, and 9, respectively.

The original version of the Supplementary Information associated with this Article contained errors in Supplementary Figs. 5, 7, 9, and
10. The HTML has been updated to include a corrected version of the Supplementary Information; the original incorrect versions of
these Figures can be found as Supplementary Information associated with this Correction.

All gene ontology terms depicted in Supplementary Fig. 5 are corrected. In Supplementary Fig. 7, the numbers shown in the Venn
diagram as well as the overlapping genes (PIK3R1, HMGCS2, MAPKI0...) were changed.

Genes shown in Supplementary Fig. 9 “ASPSCRI1, NR4A1, Elovl5, TBCID1, TOMM?7 and FTO” are replaced by the correct candidates:
“ACACB, PTPRE, PI3KR1, MLXIP, IMML2P, HMGCS2”. The correlation plots in Supplementary Fig. 10 were substituted with the
corrected ones (from “ASPSCRI, ELOVL5” to “PTPRE, PIK3R1”).

All genes shown in Supplementary Tables 1-10 are corrected. We included the following information “Gene names given in italics” in
the updated manuscript.

In the updated Supplementary Tables 3-10 the Go-terms used in dedicated figures are highlighted in green. Table annotations had
been changed accordingly.

In addition, as part of the re-review to resolve this correction, it was also noticed that multiple correction was not applied to the data.
This has now been addressed, and in the Statistical Analysis section of the “Methods”, the following text was added “Correction for
multiple testing was performed for the methylome data and not for the transcriptome data. The reason for this is to avoid the number
of false negatives and oversee relevant effects according to suggestions of John H. McDonald (McDonald, J.H. 2014. Handbook of
Biological Statistics (3rd ed.). Sparky House Publishing, Baltimore, Maryland; p. 254-260). However, we provided the results of the
multiple correction in the Supplementary Tables from S11 to 15” in the Statistical Analysis section of the “Methods”.

The current version of the manuscript also adds in the Legend of Fig. 3, the text “For gene expression unadjusted p-value and DNA
methylation data are adjusted for multiple testing with Benjamini Hochberg correction”. In the legend for Fig. 4 the sentence that read
“Up- and downregulated genes are indicated by red and blue signals, respectively. *p < 0.05 (paired t test, n = 16, methylation data with
Benjamini Hochberg correction)” now reads “Up- and downregulated genes are indicated by red and blue signals, respectively. *p <
0.05 (unadjusted p-value paired t test for gene expression, n = 16, methylation data with Benjamini Hochberg correction)”. The legend
of Fig. 5, where it read “Only significantly differentially methylated CpGs are represented; *p < 0.05 (paired t test, n = 16, methylation
data with Benjamini Hochberg correction)” now reads “Only significantly differentially methylated CpGs are represented; *p < 0.05
(Gene expression unadjusted p-value paired t test, n = 16, methylation data with Benjamini Hochberg correction)”. The legend of Fig.
6, where it read “*p < 0.05 (two-tailed paired t test, n = 16, methylation data with Benjamini Hochberg correction)” now reads “*p <
0.05 (Gene expression unadjusted p-value two-tailed paired t test, n = 16, methylation data with Benjamini Hochberg correction) (b)”.

The results of the multiple correction testing, requested by the reviewers, are now included in Supplementary Data 1.

The original version of Table 2 and 3, and those of Figures 3, 4, 5, and 6 have now been replaced with corrected versions.
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The previous version of Table 2 was:

Table 2 Pearson correlations between gene expression levels and indicated clinical parameters.

Body mass index = M-value  Fasting glucose  FFA suppression HMW-adiponectin  Mitochondrial content (CSA)

Number of genes 17 27 231 n 61 13

The correct version appears as:

Table 2 Pearson correlations between gene expression levels and indicated clinical parameters.

Body mass index = M-value  Fasting glucose  FFA suppression HMW-adiponectin  Mitochondrial content (CSA)

Number of genes 25 27 1219 76 73 29

The previous version of Table 3 was:

Table 3 Number of genes differentially expressed and methylated at 52 and exhibiting at least one CpG significantly correlated
to the indicated clinical parameters.

Body mass index = M-value  Fasting glucose  FFA suppression HMW-adiponectin  Mitochondrial content (CSA)

Number of genes 43 189 98 38 31 9

The correct version appears as:

Table 3 Number of genes differentially expressed and methylated at 52 and exhibiting at least one CpG significantly correlated
to the indicated clinical parameters.

Body mass index = M-value  Fasting glucose  FFA suppression HMW-adiponectin  Mitochondrial content (CSA)

Number of genes 177 443 163 12 70 27
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The previous version of Figure 3 was:
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The correct version appears as:
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The previous version of Figure 4 was:
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The correct version appears as:
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The previous version of Figure 5 was:
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The correct version appears as:
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The previous version of Figure 6 was:
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The correct version appears as:
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These errors have been corrected in the HTML and PDF versions of the article. The HTML has been updated to include a corrected
version of the Supplementary information.
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Metabolic surgery-induced changes of the growth hormone
system relate to improved adipose tissue function
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AIMS: Body weight loss improves insulin resistance and growth hormone secretion in obesity, which may be regulated by leptin
according to preclinical studies. How changes in leptin, lipids and insulin sensitivity after bariatric (metabolic) surgery affect the
human growth hormone system is yet unclear.

PARTICIPANTS AND METHODS: People with obesity (OBE, n =79, BMI 50.8 + 6.3 kg/m?) were studied before, 2, 12, 24 and
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52 weeks after metabolic surgery and compared to lean healthy humans (control; CON, n = 24, BMI 24.3 + 3.1 kg/m?). Tissue-specific
insulin sensitivity was assessed by hyperinsulinemic-euglycemic clamps with D-[6,6-?H.]glucose. Fasting leptin, growth hormone
(GH), insulin-like growth factor 1 (IGF-1) and IGF-binding proteins (IGFBP1, IGFBP3) were measured using ELISA.

RESULTS: At baseline, OBE exhibited higher glycemia and leptinemia as well as pronounced peripheral, adipose tissue and hepatic
insulin resistance compared to CON. GH and IGFBP1 were lower, while IGF1 was comparable between groups. At 52 weeks, OBE had
lost 33% body weight and doubled their peripheral insulin sensitivity, which was paralleled by continuous increases in GH, IGF-1
and IGFBP1 as well as decrease in leptin. The rise in GH correlated with reductions in free fatty acids, adipose tissue insulin
resistance and insulinemia, but not with changes in body weight, peripheral insulin sensitivity, glycemia or leptinemia. The rise in
IGF-1 correlated with reduction in high-sensitive C-reactive protein.

CONCLUSION: Reversal of alterations of the GH-IGF-1 axis after surgically-induced weight loss is unlikely related to improved leptin

secretion and/or insulin sensitivity, but is rather associated with restored adipose tissue function and reduced low-grade

inflammation.

International Journal of Obesity; https://doi.org/10.1038/541366-023-01292-7

INTRODUCTION

The rising prevalence of obesity and its associated complications
such as type 2 diabetes (T2D), cardiovascular disease or cancers is
becoming an increasing burden to healthcare systems globally [1].
In addition, endocrine disorders such as thyroid dysfunction [2]
and particularly impaired growth hormone (GH) secretion [3] have
been linked to the obesity epidemic.

Body weight loss improves insulin sensitivity even leading to
remission of T2D, but may also normalise GH secretion by yet
unclear mechanisms [4]. Effective weight loss upon bariatric
(metabolic) surgery has been shown to profoundly alter gastro-
intestinal hormones controlling glucose and energy homoeostasis
[5] but also to increase circulating GH concentrations. In contrast,
cross-sectional studies on its impact on circulating insulin-like
growth factor 1 (IGF-1) revealed conflicting results, by showing
unchanged [6-8], decreased [9, 10] or even increased concentra-
tions [11, 12] in lean humans compared with people with obesity.

IGF-1 is involved in the regulation of both GH and insulin secretion
to promote physiological carbohydrate and lipid metabolism [13],
but its contribution to the improvement in tissue-specific insulin
sensitivity after bariatric surgery also remains unclear.

The complex regulation of the GH-IGF-1 axis includes hypotha-
lamic neuropeptides, ghrelin, insulin, free fatty acids (FFA),
nutritional factors and IGF1-binding proteins (IGFBPs) [14]. Leptin,
a key signal of long-term energy availability and an indicator of fat
mass, inhibits GH secretion [15] and has been implicated in the
regulation of IGF-1 secretion [16]. Indeed, recent studies showed
that leptin substitution in children increases IGF-1 levels [17].
Furthermore, improvement of insulin sensitivity after metabolic
surgery determines the restoration of leptin sensitivity through a
molecular mechanism involving fatty acid-control of muscle
malonyl-Co-A synthesis [15], indicating a direct link between
leptin levels and lipid availability. Furthermore, increased muscle
lipid oxidation pathways and regulation of muscle differentiation
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Table 1. Participants’ characteristics.

Parameter CON OBE

Baseline 2w 12w 24w 52w
N (male) 24 (10) 79 (16) 66 (14) 76 (15) 73 (16) 68 (15)
Age (years) 437+11.8 403+9.2
BMI (kg/m?) 243+3.1 50.8+6.3° 470+59° 417 +58° 37.7+57° 33.8+5.5°
Glucose (mg/dl) 84+8 98+ 26° 92+23° 85+ 16° 82+ 12° 80+ 10°
Insulin (uU/ml) 6(3;8) 21(17;31)° 19(14;23)° 12(8;17)° 9(7;,13)P 8(5;11)°
HbA1c (%) 52+04 5.9+0.9° 5.5+0.8° 53+0.5° 52+0.5° 5.1 £04°
FFA (umol/l) 388 (316; 630) 679 (509; 822)° 1003 (864; 1169)° 658 (566; 833) 592 (460; 779) 466 (357; 618)°
Triglycerides (mg/dI) 105 + 91 131+63 129 + 46 115 +35 101 £31° 88 +30P
hsCRP (mg/dl) 0.2+0.1 1.0+0.8° 11+18 0.6+0.4° 0.4+04° 03+05°
CCL18 (pg/ml) 37682 + 14453 74662 + 25808° 74502 + 23446 73024 + 26199 67003 + 22096° 49535 + 16623°
Adipo-IR (AU) 2538+ 1651 17064 + 10720° 21764 + 14247° 8876 + 5492° 7732 +10000° 4443 +37097°
FFA suppression (%) 90.3+5.3 854+12.7 59.3 +21.7° 90.5+7.2° 943 +3.5° 946 +3.5°

Mean = SD or median (Q1;Q3).
Adipo-IR adipose tissue insulin resistance index, BMI body mass index, CCL18 CC chemokine ligand 18, FFA suppression (FFAfasting-FFAclamp 360 min)*100/
FFAfasting, CON lean healthy controls, FFA plasma free fatty acids, hsCRP high-sensitive C-reactive protein, HIS hepatic insulin sensitivity index (100/(fasting

endogenous glucose production*fasting insulin)), OBE people with obesity at baseline.

ép <0.05 vs CON.
Pp <0.05 vs OBE at baseline.

in people with obesity at 52 weeks after metabolic surgery [18]
could relate to improved leptin and GH secretion. However, a
direct association and possible mediators have not been
demonstrated so far.

Previous studies were performed on rather small cohorts
without detailed metabolic characterisation or without a lean
control group and longer-term recording of the GH-IGF-1 axis after
metabolic surgery [9, 15, 19-22]. The present study closely
monitored the post-surgical time course of changes in the GH-
IGF1 axis in comprehensively phenotyped individuals with class 3
obesity to elucidate factors associated with the reversal of altered
GH-IGF-1 secretion. We hypothesised that post-surgical GH-IGF-1
axis improvements relate to the restoration of adipose tissue
dysfunction and insulin sensitivity via changes in the secretion
patterns of adipokines and pro-inflammatory cytokines.

METHODS

Study population

We studied people with obesity of Caucasian origin (OBE, n = 79) before
and 2, 12, 24 and 52 weeks after sleeve gastrectomy (n =30) or gastric
bypass surgery (n=49). Healthy Caucasians without obesity were
examined once as controls (CON, n=24). T2D was present in 19 of the
participants with obesity. All participants were non-smokers, engaged only
in light physical activity and neither had previous pituitary disease
(including known GH deficiency) or surgery nor received GH replacement.
Data of some participants were part of previous reports of the BARIA_DDZ
cohort [18, 23]. They provided informed written consent to this registered
clinical cohort study (NCT01477957), which was approved by the ethics
board of Heinrich-Heine University and University Hospital Diisseldorf and
the ethics board of the North Rhine regional physicians’ association.

Clamp test

Each participant underwent 3 h hyperinsulinemic-euglycemic clamps
employing the isotopic dilution technique using D-[6,6-*H,lglucose for
measuring whole-body (mainly skeletal muscle) insulin sensitivity from
insulin-stimulated rate of glucose disposal (clamp-Rd) [18, 23]. Fasting
hepatic insulin sensitivity (HIS) was calculated by the formula: 100/[fasting
endogenous glucose production (EGP)*fasting insulin] [23]. Adipose tissue
insulin resistance was assessed in the fasted state from Adipo-IR, calculated
as  FFAfasting*insuling.sing, [24, 251 and during the hyperinsulinemic-
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euglycemic clamp from the percent suppression of FFA concentrations,
calculated as [FFAfasting -FFAclamp3so minl*100/FFA¢sing [26, 27]. Steady-
state rates of glucose appearance (Ra) were calculated as [tracer infusion
rate]*[tracer enrichment]/[percent tracer enrichment in plasmal-[tracer
infusion rate] [28]. While in the fasted state, EGP equals Ra, clamp-Ra and
-Rd were calculated using Steele’s steady state equations.

Blood analyses

Blood samples were collected before and during clamps for measuring
hormones and metabolites. Metabolites, insulin, C-peptide, hsCRP,
transforming growth factor $1 (TGF(1), interleukin 1 receptor antagonist
(IL-1ra), CC chemokine ligand 18 (CCL18), total adiponectin and leptin were
quantified as described [29-31]. In vitro lipolysis was prevented by
collecting blood into orlistat-containing vials [32] for microfluorimetrical
FFA quantification (Wako Chem USA Inc. Osaka, Japan). Serum concentra-
tions of GH, IGF-1, IGFBP1 and IGFBP3 were measured by ELISA
(Quantikine® ELISA immunoassay, R&D Systems, Inc., MN, USA) in samples
obtained in the morning after overnight fasting. The intraassay coefficients
of variations (CVs) for GH, IGF-1, IGFBP1 and IGFBP3 were 3.6%, 2.3%, 2.7%
and 1.4%, respectively, and interassay CVs for GH, IGF-1, IGFBP1 and
IGFBP3 were 6.5%, 3.5%, 6.8% and 9.6%, respectively.

Statistical evaluation

Normally distributed parameters are presented as means £ SD or means +
SEM, otherwise as median (Q1;Q3). Not-normally distributed data were
loge-transformed to achieve near-normal distribution. Statistical analyses
using covariance pattern model for repeated measures analysis were
performed. Analysis of covariance (ANCOVA) models of the cohort of
participants with obesity as well as regression models were adjusted for
age and sex and performed using SAS (version 9.4; SAS Institute, Cary, NC,
USA).

RESULTS

OBE exhibit lower circulating GH, but not IGF-1 levels than
CON

Before surgery (baseline), OBE had similar age, but higher fasting
glycemia and Adipo-IR as well as lower clamp-Rd and HIS when
compared to CON (Table 1, Fig. 1a, b). They also had higher plasma
FFA but comparable triglycerides (Table 1). Serum insulin, leptin and
IGFBP3 were higher, IGF-1 similar, while GH and IGFBP1 were lower

International Journal of Obesity
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Fig. 1 Time course of changes in insulin sensitivity, adipokines and cytokines. Changes in rate of glucose disposal during the
hyperinsulinemic-euglycemic clamp (clamp-Rd) (a), hepatic insulin sensitivity index (HIS) (b), leptin (c), total adiponectin (d), interleukin 1
receptor antagonist (IL-1ra) (e) and transforming growth factor 1 (TGFf1) (f). Control humans depicted by green circles, people with obesity
before (0 w) and 2, 12, 24 and 52 weeks after surgery depicted by orange circles. Data are mean + SEM, *p < 0.05 vs controls, *p < 0.05 vs obese

at baseline (0 w).

in OBE (Table 1, Fig. 2a-d). BMI was higher in individuals with T2D
compared to those without T2D, but levels of leptin, GH, IGF-1,
IGFBP1 and IGFBP3 were comparable (Suppl. Fig. 1).

GH rapidly and continuously rises, while IGF-1 levels
transiently decrease upon metabolic surgery

At 2 weeks after surgery, body weight loss of 10+3kg was
paralleled by a transient increase in FFA, Adipo-IR and HIS, but no
change in whole-body insulin sensitivity (Table 1, Fig. 1a, b). Serum
insulin, insulin-mediated percent FFA suppression and leptin
decreased in OBE early after surgery (Table 1, Fig. 1c). In parallel,
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the pro-inflammatory biomarkers, IL-1ra and TGFB1, were
transiently higher (p<0.01) or tended to be higher (p=0.11),
respectively, compared to baseline (Fig. 1e, f).

Until 52 weeks after surgery, OBE exhibited an average weight
loss of 33% and continuous improvements in whole-body, adipose
tissue and HIS (Fig. 1a, b, Table 1). Similarly, glycemia, Adipo-IR,
FFA, hsCRP and IL-1ra were normalised at 52 weeks (Table 1,
Fig. 1e). Serum insulin, CCL18 and leptin levels were decreased by
63%, 34% and 65% at 52 weeks, respectively (Table 1, Fig. 1c),
while total adiponectin markedly increased (Fig. 1d). Time courses
of changes in BMI, insulin, glucose, HbA1c, triglycerides, FFA,

SPRINGER NATURE
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Fig.2 Time course of changes in growth hormone and its mediators. Changes in growth hormone (GH) (a), insulin-like growth factor-1 (IGF-
1) (b), IGF-1 binding protein 1 (IGFBP1) (c) and IGFBP3 (d). Control humans depicted by green circles, people with obesity before (0 w) and 2,
12, 24 and 52 weeks after surgery depicted by orange circles. Data are mean + SEM, *p < 0.05 vs controls, *p < 0.05 vs obese at baseline (0 w).

hsCRP, Adipo-IR and IL-6 have been reported in a previous analysis
of the BARIA_DDZ cohort [18].

At 2 weeks, serum GH and IGFBP1 were already increased, but
IGF-1 and IGFBP3 levels dropped by 28% and 6% from baseline,
respectively (Fig. 2b, d). During the follow-up, GH and IGFBP1
levels continuously rose and were higher or equal to that of CON,
respectively, at 52 weeks (Fig. 2a, c). IGF-1 rose only later, at 24 and
52 weeks after surgery (Fig. 2b).

In participants with T2D, body weight loss was lower, but
improvement of adipose tissue insulin sensitivity was higher at 24
and 52 weeks after surgery compared to participants without T2D
(Suppl. Fig. 1). Increases in IGFBP1 at 12 weeks and IGFBP3 at
52 weeks were higher in individuals without T2D compared to
participants with T2D (Suppl. Fig. 1). Despite lower peripheral insulin
sensitivity at baseline (p < 0.0001, data not shown), participants with
T2D had greater improvements in insulin-stimulated Rd at 2, 12, and
52 weeks compared to participants without T2D (p =0.007,
p =0.0006 and p = 0.02, respectively, data not shown).

Of note, there were no differences in the time courses of
changes of BMI, hepatic and adipose tissue insulin sensitivity as
well as GH, IGF-1, IGFBP1, IGFBP3 and leptin concentrations
between participants undergoing sleeve gastrectomy and gastric
bypass surgery (Suppl. Fig. 2).

Reversal of the GH/IGF1 system relates to improved FFA and
adipose tissue insulin sensitivity, but not whole-body insulin
sensitivity

Multiple regression analysis adjusted for age and sex revealed no
association between the long-term improvement in GH
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concentrations and changes in body weight, peripheral or HIS,
glycemia or leptin levels, but a negative association with the
reduction in insulinemia, FFA, and Adipo-IR (Table 2). The 52-week
increase in IGF-1 related positively to the changes in leptin and
insulin and negatively to the changes in hsCRP (Table 2). Of note,
the transient lowering of IGF-1 at 2 weeks related to the increase
in hsCRP, while the decrease in IGFBP3 related to the increase in
Adipo-IR and hsCRP (p = 0.04, p = 0.04 and p = 0.03, respectively,
data not shown). The 2-week increase of IGFBP1 related positively
to the higher FFA concentrations (p = 0.008, data not shown).

DISCUSSION

This study demonstrates that the reversal of alterations of the GH-
IGF-1 axis after bariatric surgery relates to improvements in
adipose tissue function, but not whole-body and HIS. In particular,
normalisation of the obesity-related so-called “functional hyposo-
matotropism” by surgical weight loss is associated with the
reduction in lipid availability, adipose tissue insulin resistance and
low-grade inflammation, underlining an important role of adipose
tissue also for the regulation of GH-IGF-1 axis in metabolic
diseases.

First, this study found lower GH concentrations in humans with
obesity than in lean humans in the setting of similar IGF-1
concentrations, indicating a preserved IGF-1 feedback mechanism.
Alterations of the GH-IGF-1 axis in obesity have been demon-
strated previously by reduced fasting or stimulated GH [8, 33] and
controversial data has been reported for IGF-1 concentrations
[3, 34]. The latter is likely due to the complex regulation of IGF-1,

International Journal of Obesity



Table 2. Multiple regression analysis (adjusted for age and sex) for
changes in serum GH and IGF-1 levels over 52 weeks after surgery.
Dependent Parameter Estimate P value
Change in InGH from A body weight —0.017 0.395
baseline to 52 weeks A fasting blood ~ —0.015 0.384
(A InGH) glucose
A HbA1c —0.585 0.219
A InFFA —0.941 0.027
A Inlnsulin —1.410 0.027
A InClamp-Rd 1.725 0.117
A InLeptin —0.098 0.757
A InhsCRP —0.325 0.066
A InAdipo-IR —1.479 0.002
A FFAsuppr 0.111 0.012
Change in InIGF-1 A body weight 0.002 0.666
g;::,ebeiiel(zei:%p—n gljgztggg blood —0.002 0.428
A HbA1c 0.011 0.912
A InFFA 0.144 0.108
A Ininsulin 0.243 0.042
A InClamp-Rd —0.044 0.832
A InLeptin 0.209 0.007
A InhsCRP —0.093 0.018
A InAdipo-IR 0.204 0.091
A FFAsuppr 0.007 0.471

FFA free fatty acids, GH growth hormone, IGF-1 insulin-like growth factor 1,
hsCRP high-sensitive C-reactive protein, A refer to the difference between
values at baseline and 52 weeks, In natural logarithm, clamp-Rd insulin-
stimulated rate of glucose disposal.

Bold values identify statistical significance (P < 0.05).

which in addition to GH involves several other factors, e. g.
hypothalamic neuropeptides, ghrelin, insulin, FFA, macronutrients
and IGFBPs [14, 35].

The observed increase in GH and IGF-1 levels confirms data at 6-
and 12-m follow-up from other prospective bariatric surgery
cohorts [9, 19, 22, 36], while the novel data for the 2-w timepoint
allows further insights into short-term changes. These revealed a
transient reduction in IGF-1 and IGFBP3 levels, which associated
with increased hsCRP, suggesting a tight link between inflamma-
tory processes and IGF-1 signaling. This is supported by data
showing that interleukin 1 (IL-1), tumour necrosis factor a and the
mitogen activated protein kinase pathway regulate IGF-1 and
IGFBPs in cross-sectional human [37] and mechanistic rodent
studies [38]. The present study also showed a negative association
between circulating GH and insulin levels in line with the
observation of fasting insulin as a predictor of integrated 24-h
GH release [39]. Indeed, insulin infusion lowers the GH response to
GH-releasing hormone via the pituitary [40], suggesting an IGF-1-
like effect [41]. In addition, the postoperative GH response in
persons with obesity undergoing bariatric surgery seems to be
mainly modulated by insulin [21]. GH is also a determinant of lean
(muscle) mass after metabolic surgery [42] and exercise training
[43]. In this context, the improved insulin and GH levels could be
responsible for the increase in muscle lipid oxidation pathways
and epigenetic regulation of muscle differentiation, as assessed
from Gene Ontology analyses in people with obesity at 52 weeks
after bariatric surgery [18]. Despite lack of lean body mass
measurements in the present study, the improved muscle
differentiation and GH levels after bariatric surgery possibly
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contribute to preservation of lean mass after surgery as seen
with GH treatment during hypocaloric diet [44].

Of note, this study uncovers a direct link between the surgically-
induced improvement in GH levels and adipose tissue insulin
sensitivity as well as lipid availability. Adipose tissue dysfunction
has developed as the key mechanism underlying the pathophy-
siology of whole-body insulin resistance mediated by lipotoxicity
and low-grade inflammation [27, 45, 46]. GH action also targets
lipolysis, lipogenesis as well as adipocyte proliferation, differentia-
tion and function, including adipose tissue inflammation and
adipokine secretion [47]. A possible mechanism underlying this
link may be upregulation of the GH-dependent signal transducer
and activator of transcription-5 phosphorylation as shown in
skeletal muscle during acute FFA-suppression by acipimox [48],
which is mediated by adipocyte JAK2 signaling [49]. Notably,
presence of T2D does not seem to play a relevant role for the
reversal of the alterations of the GH-IGF-1 axis, as most observed
changes were not dependent on T2D status and no association
was found between glycemia and GH-IGF-1 changes. This
suggests that early metabolic alterations in insulin sensitivity
and adipose tissue function rather than overt diabetes and
hyperglycemia are linked to changes in the GH system [50].

Furthermore, the adipokine leptin, which signals adipose tissue
mass and energy balance to the brain, also inhibits GH secretion
[15, 51] and contributes to IGF-1 regulation [16] and could therefore
account for the changes in the GH-IGF axis induced by surgical
weight loss. While this study confirms the substantial and
continuous improvement of hyperleptinemia following metabolic
surgery, no relationship was found between the decrease in
circulating leptin and the improvement of GH levels. Of note, leptin
secretion may be inhibited under conditions of greater insulin
sensitivity [52, 53], so that the present results suggest a dissociation
between adipose tissue and skeletal muscle insulin sensitivity with
regard to leptin control of the GH-IGF-1 axis. Of note, leptin levels
remained elevated at 52 weeks after surgery when compared to
lean healthy controls, while the circulating GH concentrations at
52 weeks reached those of the nonobese control group. In line with
previous reports, the type of metabolic surgery did neither affect
change in GH and leptin [22] nor in body weight loss as well as in
improvements of hepatic and adipose tissue insulin sensitivity [18].

Finally, IGFBP1 is negatively associated with impaired glucose
tolerance [54] and obesity [55] and serves as a marker of HIS [56],
while IGFBP3 correlates directly with hepatic insulin resistance and
diabetes incidence [57, 58]. Thus, the long-term changes in IGFBP1
and IGFBP3 after metabolic surgery, as seen in the present study,
reflect the glucometabolic improvement in line with previous
reports [20]. The transient changes in IGFBP1 and IGFBP3 at 2 weeks
after surgery and their relationship to changes in FFA and hsCRP
point to a previously unknown link between IGFBPs and adipose
tissue function and low-grade inflammation in obesity. This may be
due to IGF-1-independent effects of IGFBP3 and IGFBP1 on adipose
tissue, such as action via type V TGFf receptors [59, 60].

In conclusion, the present findings provide detailed insights into
dynamic endocrine changes in persons with obesity following
metabolic surgery by linking reversal of the dysregulation of the GH-
IGF-1 axis to adipose tissue metabolism and function. Specifically,
these results point to a future role of modulating GH and its
mediators in the treatment of obesity and obesity-related disorders.
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