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Abstract

Nicotinamide N-methyltransferase (NNMT) is a new regulator of energy homeostasis. Its
expression is increased in models of obesity and diabetes. An enhanced NNMT level is also
caused by an adipose tissue-specific knockout of glucose transporter type 4 (GLUT4) in mice,
whereas the overexpression of this glucose transporter reduced the NNMT expression.
Furthermore, the knockdown of the enzyme prevents mice from diet-induced obesity (DIO) and
the recently developed small molecule inhibitors for NNMT reverses the DIO. These previous
findings demonstrated the exclusive role of NNMT in adipose tissue and further make it to a
promising target in obesity treatment. However, the regulation mechanism of this

methyltransferase is not yet clarified.

The first part of the thesis focus on the investigation whether pro-inflammatory signals are
responsible for the enhanced NNMT expression in obese adipose tissue because a hallmark
of this tissue is a low-level chronic inflammation. Indeed, the NNMT mRNA in our study was
elevated in obese patients compared with the control group, whereas the GLUT4 mRNA
expression does not differ between lean and obese humans. To analyze whether
pro-inflammatory signals, like interleukin (IL-6) and tumor necrosis factor a (TNF-a), regulate
NNMT expression 3T3-L1 adipocytes were treated with these cytokines. However, IL-6,
TNF-a, and leptin, which is an alternative activator of the JAK/STAT pathway, did not affect
the NNMT protein or mRNA level in differentiated 3T3-L1 adipocytes. The mRNA and protein

levels were measured by quantitative polymerase chain reaction (QPCR) and western blotting.

In the second part of this study, 3T3-L1 adipocytes were cultivated with varying glucose
concentrations to show whether NNMT expression depends on glucose availability. Further
studies with activators and inhibitors of AMP-activated protein kinase (AMPK) and mechanistic
target of rapamycin (MTOR) signaling pathways were used to elucidate the regulation

mechanism of the enzyme.

The glucose deprivation of differentiated 3T3-L1 adipocytes led to a 2-fold increase in NNMT
expression. This effect was confirmed by the inhibition of the glucose transports with phloretin
as well as the inhibition of glycolysis with 2-deoxyglucose (2-DG). AMPK serves as an
intracellular energy sensor and the pharmacological activation of it enhanced the NNMT
expression. This increase was also caused by the inhibition of mTOR. Conversely, the
activation of mTOR using MHY1485 prevented the effect of glucose deprivation on NNMT.

Furthermore, the NNMT up-regulation was also blocked by the different autophagy inhibitors.



Taken together, NNMT plays a critical role in autophagy in adipocytes, because an inhibition
of this process prevented the augmented NNMT expression during glucose starvation.
Moreover, the effect on NNMT protein and mRNA level depends on AMPK and mTOR.
However, pro-inflammatory signals did not affect the expression. Further in vivo studies have
to clarify whether AMPK activation and mTOR inhibition as well as autophagy are responsible
for the increased NNMT levels in obese adipose tissue. In future this methyltransferase

emerges as an awesome therapeutic target for obesity.



Zusammenfassung

NNMT ist ein neuer Regler der Energiehomdostase. Seine Expression ist in Adipositas- und
Diabetesmodellorgansimen erhdht. Ein verstarktes NNMT Level wird auch durch einen
fettgewebs-spezifischen GLUT4 Knockout in Mausen hervorgerufen, wobei die
Uberexpression des Glukosetransporters die NNMT Expression reduziert. Des Weiteren
schitzt der Knockdown von NNMT die Méause vor Diat-induzierter Adipositas und die kirzlich
entwickelten kleinen Molekulinhibitoren gegen NNMT kehren eine durch die Erndhrung
bedingte Adipositas wieder um. Neuere Erkenntnisse zeigen die exklusive Rolle von NNMT im
Fettgewebe auf und machen das Enzym so zu einem vielversprechenden Target fur die
Adipositastherapie. Jedoch ist der Regulationsmechanismus dieser Methyltransferase noch
nicht geklart.

Der erste Teil der Arbeit befasst sich mit der Untersuchung, ob pro-inflammatorische Signale
verantwortlich sind fur die erhéhten NNMT Expression im adipdsen Fettgewebe, da sich dieses
Gewebe durch eine chronische Inflammation auszeichnet. Tatsachlich war die mRNA in
unserer Studie verstarkt exprimiert in adipdsen Patienten im Vergleich zur Kontrollgruppe,
wobei die GLUT4 mRNA Expression zwischen Schlanken und Adiptsen nicht verandert war.
Um zu untersuchen, ob pro-inflammatorische Signale, wie IL-6 und TNF-a, die NNMT
Expression regulieren, wurden 3T3-L1 Adipozyten mit diesen Zytokinen behandelt. Jedoch
beeinflussten IL-6, TNF-a und Leptin, welches ein weiterer Aktivator des JAK/STAT
Signalweges ist, NNMT Protein oder mRNA Level in differenzierten 3T3-L1 Adipozyten nicht.

Die mRNA und Protein Level wurden mittels gPCR und Western Blot analysiert.

Im zweiten Teil dieser Studie wurden 3T3-L1 Adipozyten mit unterschiedlichen
Glukosekonzentrationen kultiviert, um zu zeigen, ob die NNMT Expression von der
Glukoseverfiigbarkeit  abhangig ist. Fir die Untersuchung des genauen
Regulationsmechanismus von NNMT, wurden weitere Studien mit Aktivatoren und Inhibitoren
der AMPK und mTOR Signalwege durchgefuhrt.

Der Glukosemangel fuhrte zu einem 2-fachen Anstieg der NNMT Expression in differenzierten
3T3-L1 Adipozyten. Dieser Effekt wurde bestatigt durch die Inhibierung der Glukosetransporter
mit Phloretin sowie durch die Inhibierung der Glykolyse mit 2-DG. AMPK ist ein intrazellularer
Energiesensor und dessen pharmakologische Aktvierung erhéhte die NNMT Expression.
Dieser Anstieg wurde auch verursacht durch die Inhibierung von mTOR. Hingegen verhinderte
die Aktivierung von mTOR mithilfe von MHY1485 den Effekt auf NNMT wahrend des

Vi



Glukoseentzugs. Des Weiteren wurde die Auswirkungen auf NNMT durch

Autophagieinhibitoren unterbunden.

Zusammenfassend spielt NNMT eine kritische Rolle fur die Autophagie in Adipozyten, da eine
Inhibierung des Prozesses die erhdhte NNMT Expression wahrend eines Glukoseentzugs
verhinderte. Darlber hinaus ist der Effekt auf die NNMT Protein und mRNA Level abhéngig
von AMPK and mTOR. Jedoch beeinflussten pro-inflammatorische Signale die Expression
nicht. Weitere in vivo Studien mussen klaren, ob eine AMPK Aktivierung und eine mTOR
Inhibierung sowie die Autophagie in Adipozyten verantwortlich sind fir die verstarkte NNMT
Expression im adipdsen Fettgewebe. Zukinftig wird sich NNMT als ein beeindruckendes

Target fur die Adipositastherapie herausstellen.
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Introduction

1 Introduction

1.1 NNMT - nicotinamide N-methyltransferase

NNMT (EC 2.1.1.1) is a cytosolic methyltransferase which catalyzes the methylation of
nicotinamide to 1-methylnicotinamide (1-MN) (Aksoy et al., 1994). The methyl group is
provided by the universal methyl group donor S-adenosyl methionine (SAM) (Rini et al., 1990).
After an oxidation step by aldehyde oxidase or cyp2E1 the reaction product 1-MN is excreted
via the urine (Felsted and Chaykin, 1967; Real et al., 2013; Rudolphi et al., 2018).

The enzyme NNMT, itself, is primarily expressed in adipose tissue and liver, but also in brain,
lung, muscle, and kidney (Cantoni, 1951; Kraus et al., 2014; Pissios, 2017; Rini et al., 1990;
Yan et al.,, 1997). In various cancers the enzyme is up-regulated and contributes to
tumorigenicity, e. g. in hepatocellular carcinoma (Li et al., 2019), glioblastoma (Jung et al.,
2017), renal cell carcinoma (Tang et al., 2011), esophageal squamous cell carcinoma (Cui et
al., 2019), and bladder cancer (Wu et al., 2008). In addition, NNMT expression is increased in
mouse models of obesity (Kraus et al., 2014). Therefore, the methyltransferase is a promising
target for cancer and obesity treatment. Especially, the second mentioned disease has
reached epidemic proportions, because the prevalence has tripled in the last decades (Branca
et al., 2007). Overweight is responsible for many diseases, like type 2 diabetes (T2D) and it is
a risk factor for ischemic heart disease, and osteoarthritis (Branca et al., 2007). Moreover,
obesity is associated with many cancer types, e. g. colorectal cancer, postmenopausal breast

cancer, endometrial cancer, and liver cancer (Pischon and Nimptsch, 2016).

1.2 NNMT a target for obesity therapy

The predominant reason for obesity is the overconsumption of inexpensive, calorically dense,
inadequately satiating, highly palatable diets and a reduced physical activity (Petersen and
Shulman, 2018). The treatment of obesity is great challenge for our society and a successful
therapy could also be a big advantage for the cancer and T2D prevention. A part of the solution
could be NNMT that is the dominant methyltransferase in white adipose tissue (WAT) (Pissios,
2017), which has a huge influence in the regulation of systemic nutrient and energy
homeostasis (Stern et al., 2016). An early association of NNMT and obesity was shown by Lee
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Introduction

and colleagues (Lee et al., 2005). There the enzyme expression was enhanced in obese Pima
Indians compared with the non-obese control group (Lee et al., 2005). However, this was not
investigated further. Almost 10 years later NNMT was discovered as a novel regulator of
energy homeostasis (Kraus et al., 2014). It was not only elevated in db/db and ob/ob mice, but
also the knockdown by antisense oligonucleotides (ASOs) against NNMT protects mice form
DIO (Kraus et al., 2014). Similar effects were obtained with ASOs conjugated to thyroid
hormone T3 (Cao et al., 2017). Furthermore, NNMT” female mice fed a Western diet had a
reduced weight gain and fat tissue (Brachs et al., 2019). Interestingly, a higher NNMT
expression caused by high fat diet (HFD) seems to be exclusive for adipocytes. In hepatocytes,
where NNMT is also expressed, the expression is not altered (Hong et al., 2015). This indicates
the critical role of this methyltransferase for the adipose tissue. Additionality, patients with T2D
showed a higher NNMT expression in WAT and exercise and bariatric surgery reduce the
MRNA level (Kannt et al., 2015). The different studies investigated the NNMT expression.
However, NNMT is an enzyme and its activity strongly affected the NAD*" and SAM:SAH ratio
in fat cells, whereby the cellular metabolome is altered (Kraus et al., 2014). The enzymatic
activity is also heightened during DIO in epididymal white adipose tissue (Rudolphi et al.,
2018). Therefore, the manipulation of NNMT by small molecules is an interesting target for
obesity treatment. Indeed, different developed substances successfully inhibited NNMT
(Babault et al., 2018; Chen et al., 2019; Gao et al., 2019; Neelakantan et al., 2018; van Haren
etal., 2017). Moreover, such inhibitors could reverse DIO by reducing body weight and adipose
tissue mass (Kannt et al., 2018; Neelakantan et al., 2018). Notably, the treatment did not cause

observable adverse effects (Neelakantan et al., 2018).

The obtained results clearly show the central and exclusive role of NNMT in adipose tissue
and obesity. However, the regulation mechanism of NNMT behind these findings is not
analyzed yet. Therefore, the aim of thesis is to investigate how NNMT is regulated in
adipocytes. Since a high NNMT expression was discovered in the adipose tissue of a GLUT4
knockdown mouse (Kraus et al., 2014), it would be interesting whether NNMT serves as a
glucose or energy sensor for the cell. Obviously, the results obtained by Kraus and colleagues
in insulin resistant mice supports that glucose availability is important for NNMT regulation
(Kraus et al., 2014). If the enzyme really is an energy sensor, a manipulation of the glucose
metabolism at various levels could improve the knowledge of this methyltransferase. After a
fully glucose deprivation, the glucose uptake could be analyzed by phloretin, a typical inhibitor
of the glucose transporters. Without glucose the glycolysis, an important ATP generating
process, could be disrupted. The inhibition by 2-DG could determine the role of the glycolysis
for NNMT regulation. To obtain reproducible results, the established adipocyte 3T3-L1 cell line

is used in for the experiments.
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Nevertheless, pro-inflammatory signals could also contribute to the enhanced NNMT
expression in obese individuals and obesity mouse models (db/db and ob/ob), because a

hallmark of obese adipose tissue is a low-level chronic inflammation (Hotamisligil, 2006).

1.3 Inflammation in adipose tissue

The macrophages, that accumulated during DIO, contribute to adipose tissue inflammation
and mediate insulin resistance in adipocytes (Hotamisligil, 2006). Furthermore, WAT itself
produces different pro-inflammatory signals, like TNF-a and IL-6 (Klein et al., 2006). The first
is elevated in this tissue type of obese individuals (Gregoire et al., 1998). It reduces the
expression of adipocyte genes, as well as may contribute to insulin resistance (Gregoire, et al.
1998). A continuous IL-6 production also causes insulin resistance in adipocytes (Rotter et al.,
2003). This cytokine stimulates via STAT3 activation NNMT expression in HepG2, colon
cancer cells (Tomida et al., 2008), 3T3-L1 adipocytes (Balhoff and Stephens, 1998), and in
human airway smooth muscle cells (Robinson et al., 2015). Therefore, it is possible that

pro-inflammatory signals regulate NNMT.

In adipose tissue these signals are typically relayed by the JAK/STAT pathway (Richard and
Stephens, 2014). An alternative activator of this pathway is leptin that exerts paracrine and
autocrine effects on adipocytes (Kraus et al., 2002). This hormone is primarily produced by
this cell type and it binds to its receptors in the hypothalamus (Gregoire et al., 1998). There
various studies indicate that leptin is involved in the regulation of energy balance (Harris,
2014). However, the receptors for leptin are also found on many other tissues, including the
adipocyte membrane and this highlighted the autocrine function of it for WAT (Stern et al.,
2016). Therefore, leptin and pro-inflammatory signals could be responsible for augmented
NNMT expression in WAT of obese individuals. To investigate this hypothesis, the 3T3-L1
adipocytes could be treated with IL-6, TNF-a, and leptin. As mentioned above, the
inflammation in the adipose tissue could also contribute to insulin resistance (Guilherme, 2008
(Guilherme et al., 2008; Hotamisligil et al., 1996), that leads to an impaired glucose

metabolism.
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1.4 Insulin resistance and impaired glucose metabolism

The chronic inflammation is not the only hallmark of obesity. T2D and insulin resistance are
often associated with this disease. When higher insulin concentrations are necessary to reduce
the glucose level, it is called insulin resistance (Petersen and Shulman, 2018). Normally, the
binding of this hormone to its receptor leads to the translocation of GLUT4 from intracellular
vesicles to the plasma membrane, followed by the glucose uptake into the cell (Im et al., 2007).
Microarray analysis of adipose-specific Glut4-knockout mice (AG4KO) and adipose-specific
Glut4-overexpressing mice (AG4Tg) revealed that NNMT is reciprocally regulated (Kraus et
al., 2014). Interestingly, NNMT is strongly up-regulated in AG4KO mice (Kraus et al., 2014)
(Figure 1.1).

Systemic insulin Systemic insulin
hypersensitivity resistance

¢ L

Figure 1.1  NNMT expression in adipose tissue of AG4Tg and AG4KO mice.
Adipose-specific Glut4 transgenic (AG4Tg) mice overexpress GLUT4. They developed a
systemic insulin hypersensitivity. The adipose-specific Glut4-knockout (AG4KO) mice
had a systemic insulin resistance. The NNMT expression was reduced in the adipose
tissue of AG4Tg mice, whereby the AG4KO mice showed an enhanced NNMT
expression. The glucose transporters of the adipose tissue are shown as green tubes.
Based on the results of (Kraus et al., 2014; Yang et al., 2005).

Insulin resistance, diabetes, and obesity are often characterized by a reduced GLUT4
expression in adipose tissue, but not in muscle (Shepherd and Kahn, 1999). Of note, the
skeletal muscle predominantly contributes to insulin-dependent glucose disposal, whereas the
adipose tissue has only a minor influence (Minokoshi et al., 2003). However, the insulin
resistance in WAT is the driving force for T2D (Minokoshi et al., 2003) and an adipose selective

reduction of GLUT4 leads to insulin resistance in mice (Abel et al., 2001). This genetic
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manipulation negatively affects insulin action in other organs, like muscle and liver (Abel et al.,
2001). In contrast to this, the overexpression of GLUT4 in adipose tissue enhanced the glucose
uptake and insulin sensitivity (Shepherd et al., 1993). Furthermore, the overexpression in
adipocytes could reverse the diabetes in mice lacking muscle GLUT4 (Carvalho et al., 2005).
Therefore, the expression of this glucose transporter in adipose tissue plays a critical role in

overall glucose metabolism.

To clarify the NNMT regulation during an impaired glucose metabolism, it is necessary to
investigate cellular mechanism inside the adipocyte. Consequently, the major metabolic
signaling pathways AMPK and mTOR should be investigated. Especially, the AMPK signaling
pathway should recognize the reduced ATP concentration, that is strongly affected by the
glycolysis, due to the diminished glucose uptake without GLUT4.

1.4.1 AMPK and mTOR signaling pathway

AMPK is the major sensor in adipose tissue for energy status (Ceddia, 2013). It is a trimeric
complex that contains a catalytic subunit (a) and the two regulatory subunits (8 and y) (Hardie,
2011). Starvation leads to the activation of this kinase that can quickly modify the uptake,
storage, and oxidation status of various compounds in the adipocyte (Gaidhu et al., 2006;
Gaidhu and Ceddia, 2009). Therefore, AMPK restores the energy balance at cellular level
(Garcia and Shaw, 2017). After the recognition of AMP:ATP and ADP:ATP ratios, AMPK
inhibits different anabolic processes, while the numerous catabolic reactions that provide ATP
are strengthened (Garcia and Shaw, 2017; Hardie, 2007). Thereby this kinase negatively
controls the mechanistic target of rapamycin complex 1 (mMTORC1) (Inoki et al., 2012).
Figure 1.2 shows both signaling pathways and the controlled cellular processes. Upon
activation the catabolic fatty acid oxidation, glucose uptake, and autophagy are promoted. In
addition, the anabolic reactions, including protein and fatty acid synthesis are impaired

(Tamargo-Gomez and Marino, 2018).

AMPK is activated by two mechanisms. There are two activation mechanisms of this kinase.
One depends on phosphorylation of Thrl72 by the calcium/calmodulin dependent kinase
kinase 2 (CAMKKZ2) (Hurley et al., 2005). The other way based on the binding of AMP or ADP
to the y subunit and the phosphorylation of Thr172 by liver-kinase B1 (LKB1) (Hawley et al.,
2003; Woods et al., 2003). Afterwards, AMPK promoted the translocation of GLUT4 to the
membrane (Hardie, 2013; Wu et al., 2013; Zhou et al., 2013). Furthermore, the activated AMPK

5
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phosphorylates acetyl CoA carboxylase 1 and 2, thereby the fatty acid synthesis is blocked
(Garcia and Shaw, 2017). Another target of AMPK is mTORC1 (Laplante and Sabatini, 2012).

It is the second important signaling pathway that controls energy and lipid metabolism (Caron

et al., 2015) and it is an interface between cell growth and starvation (Zoncu et al., 2011).
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AMPK and mTOR signaling pathway.

The kinase AMPK is activated by energy stress. This leads to GLUT4 translocation and
autophagy induction via different proteins. Under nutrient rich condition AMPK is inactive
and mTORCL1 is active. Consequently, autophagy is repressed. The autophagy induction
requires the inhibition of MTORCL1. Thus, mTORCL1 activity is directly repressed by AMPK
that also phosphorylates TSC1/2, whereby its GTPase activity is raised. When mTORC1
is activated by GTP-Rheb protein synthesis via S6K1 is promoted. For this, the TSC1/2
complex has to be interrupted and the Rheb-GTP is bound to mTORC1. However, after
MTORCL inhibition autophagy is promoted. The activating phosphorylation events are
shown in green; the repressing events are colored in red. Redrawn and modified from
(Garcia and Shaw, 2017; Kaushal et al., 2020; Laplante and Sabatini, 2009; Saxton and
Sabatini, 2017).

Since mTORC1, not mTORC?2, is predominantly affected by energy status of the cell (Saxton

and Sabatini, 2017), it is investigated in this study and subsequently described. Figure 1.2

shows the mTORC1 signaling pathway in detail. Nutrient rich conditions activate the mTOR

signaling pathway, whereas a disruption in energy homeostasis represses it (Laplante and

Sabatini, 2013). mTORC1 consists of mTOR, regulatory-associated protein of mTOR (Raptor),
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mammalian lethal with Sec13 (mLST8), prolinerich AKT substrate 40 kDa (PRAS40), and
DEP-domain-containing mTOR-interacting protein (Deptor) (Peterson et al., 2009). In addition
to the energy status, mMTORCL is stimulated by growth factors, amino acids, stress, and oxygen
to regulate protein synthesis, lipid metabolism, lysosome biogenesis, energy metabolism, and

autophagy (Caron et al., 2015).

Its kinase activity is controlled by Ras homolog enriched in brain (Rheb) that is a GTPase and
it is only active when GTP is bound (Zoncu et al., 2011). Rheb, itself, is regulated by the TSC1/2
complex, a GTPase-activating protein, that hydrolyses GTP (Lamming and Sabatini, 2013).
Under nutrient rich condition TSC1/2 is interrupted, whereby mTORC1 activation is promoted
(Laplante and Sabatini, 2012). For example insulin signaling leads to AKT activation via
phosphoinositide 3-kinase (PI3K) (Zoncu et al, 2011). Subsequently TSC1/2 is
phosphorylated and inactivated (Laplante and Sabatini, 2012; Zoncu et al., 2011).

In adipocytes an activated mTORC1 complex further promotes lipogenesis (Caron et al.,
2015), whereas an inhibited complex promotes catabolic process and autophagy induction
under sustained energy depletion (Corona Velazquez and Jackson, 2018; Kaushal et al., 2020;
Rabanal-Ruiz and Korolchuk, 2018). Then TSC2 is phosphorylated by AMPK (Garcia and
Shaw, 2017; Inoki et al., 2012) and the hydrolysis of the Rheb-bound GTP by TSC1/2 is
activated (Laplante and Sabatini, 2009). The inactive mTORCL1 could not prevent autophagy
due to unc-51-like kinase 1 (Ulk1l) and autophagy-related protein 13 (Atg13) phosphorylation
(Rabanal-Ruiz and Korolchuk, 2018). Further AMPK promote the autophagy induction by the
different components, like vacuolar protein sorting 34 (Vps34) complex (Corona Velazquez
and Jackson, 2018; Inoki et al., 2012). The process is more precisely described in the following

section because it might be possible that NNMT is up-regulated during autophagy.

Itis not known whether the adipocytes of the insulin resistant AG4KO mice induced autophagy.
However, before the autophagy induction could be investigated, AMPK and mTOR signaling
pathway have to be manipulated. mTOR could be inhibited by rapamycin and AMPK could be
activated 5-aminoimidazole-4-carboxamide-1-beta-D-ribofuranoside (AICAR). Afterwards, the
NNMT expression should be determined in 3T3-L1 adipocytes. Later, the autophagy should

be closely considered.
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1.4.2 Autophagy

Autophagy, a catabolic process, is responsible for the maintenance of cellular homeostasis in
response to cellular stresses, like nutrient starvation (Johansen and Lamark, 2011). There are
different kinds of it, including macroautophagy, mitophagy, autophagy of the endoplasmic
reticulum, and lipophagy (Corona Velazquez and Jackson, 2018). The macroautophagy
(hereafter autophagy) is regulated by AMPK and mTORCL1 (Figure 1.2).

When the activation of mMTORCL is prevented, the missing phosphorylations at Ukl and Atg13
lead to autophagy induction (Jung et al., 2010; Kim et al., 2011; Rabanal-Ruiz and Korolchuk,
2018). The missing Ulk1 phosphorylation allows an interaction with AMPK, whereby this kinase
phosphorylates Ulk1 at Ser317 and Ser777 to induce and promote autophagy (Kim et al., 2011;
Lee et al., 2010). Atg13, Ulkl, and Vps34 are responsible for autophagy coordination (Kim et
al., 2013). In afirst step a protein complex including Ulk1, Atgl3, Atg101, and focal adhesion
kinase family interacting protein 200 kDa (FIP200) is formed (Zachari and Ganley, 2017).
Afterwards, the Ulk1 complex regulates the organization of the Vps34-complex (Rabanal-Ruiz
and Korolchuk, 2018). It consists of the Vps34, Beclin-1, Vps15, and Atgl4-like (Atgl4L)
(Zachari and Ganley, 2017). Moreover, Vps34 stimulates autophagy due to an AMPK-

dependent regulation mechanism (Kim et al., 2013).

After activation of autophagy p62/SQSTM1 induces the nucleation of the autophagosome
membrane by the interaction with microtubule-associated proteins 1A/1B light chain 3B,
hereafter LC3 (Sanchez-Martin and Komatsu, 2018). The proteins p62 and LC3 are often used
as autophagy marker by immunoblotting, because p62 is degraded during this process and
LC3 showed two isoforms (Ichimura and Komatsu, 2010; Yoshii and Mizushima, 2017). Under
normal conditions LC3 is present in the cytoplasm and is called LC3I (Feng et al., 2015). During
autophagy it is processed to LC3Il, thereby phosphatidylethanolamine is conjugated to it
(Rabinowitz and White, 2010). Thus, the amount of LC3Il is an indicator of autophagosomes
in the cell (Mizushima and Yoshimori, 2007). After the interaction of p62 with LC3Il a
phagophore, followed by the autophagosome is formed (Corona Velazquez and Jackson,
2018) (Figure 1.3). Afterwards, the acidification is caused by vacuolar ATPases that originate
from the fused endosome (Feng et al. 2015). Thereafter, autolysosomes, a fusion of
autophagosome and lysosome, are formed (Rabanal-Ruiz and Korolchuk, 2018). There the
cargo is degraded into the individual components that are dispensed into the cytoplasm
through permeases (Singh and Cuervo, 2011). The sequestered components are reused to

survive the energy stress (Bhattacharya et al., 2018; Rabanal-Ruiz and Korolchuk, 2018).
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Of note, the autophagy could be interrupted at different levels. MHY 1485 activates mTORC1
and prevents the autophagy-inhibiting phosphorylations on Ulkl and Atgl3. The process of
autolysosome formation is blocked by bafilomycin A1 and chloroquine. They inhibited the
acidification of the amphisome and the fusion with the lysosome. To investigate the autophagy

in cell culture, glucose deprived adipocytes could be treated with the different inhibitors.

Cresent Autophagosome Endosomal Lysosomal
formation formation fusion fusion
..-LC3lI . _LC3l
Autophagosome Amphisome T

: , - p-Leai

.iﬁ ) ﬁ H" VATPase
Phagophore @ Autolysosome

Endosome Lysosome

Figure 1.3  The major steps of autophagy.

First the phagophore is formed and LC3l is recruited to the phagophore membrane.
Through the conjugation to phosphoethanolamine the membrane bound LC3II form is
generated. The cargo receptor p62 interacts with LC3II. After phagophore formation it
expands into the autophagosome with the typical double membrane. Through the fusion
with an endosome an amphisome is formed. It contains vacuolar ATPases (VATPase)
that lead to acidification. In a last step the amphisome fuses with a lysosome. The new
autolysosome degrades the cargo. Redrawn and modified from (Corona Velazquez and
Jackson, 2018; Feng et al., 2015).
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1.5 Aim of the study

NNMT is up-regulated in mouse models with obesity (Kraus et al., 2014) and the knockdown
of it protects mice from DIO (Cao et al., 2017; Kraus et al., 2014). Moreover, an inhibition of
the enzyme with small-molecule inhibitors reversed DIO (Kannt et al., 2018; Neelakantan et
al., 2018). Further studies showed the fundamental function of NNMT in energy homeostasis
(Brachs et al., 2019; Kannt et al., 2018; Rudolphi et al., 2018). Therefore, this
methyltransferase could be an innovative target for obesity treatment and a major advantage
in obesity-related cancer prevention. However, it is not known why NNMT is up-regulated
during DIO or in obese individuals (Kannt et al., 2015; Kraus et al., 2014; Lee et al., 2005). The
analysis of the regulation mechanism may help to develop new targeted therapies for obesity.

To obtain reproducible results the analyses are carried out in 3T3-L1 adipocytes. This
established cell line has numerous advantages and they are used in more than 5000 published
articles analyzing the biochemistry of adipocytes (Poulos et al., 2010). This cell line expresses
NNMT after differentiation into adipocytes and distinct effects could be measured during every
experiment. Since the regulation of NNMT is not clarified yet, 3T3-L1 cells are the appropriate

for first insight in the regulation mechanism.

The overall goals of the study included:

1. Different studies show that NNMT expression is enhanced by IL-6 (Balhoff and
Stephens, 1998; Tomida et al., 2008). Moreover, TNF-a and IL-6 produced by the
adipose tissue contributes to the low-level chronic inflammation of obese adipose
tissue (Gregor and Hotamisligil, 2011; Klein et al., 2006). Therefore, NNMT expression
is investigated after the stimulation of 3T3-L1 adipocytes with these cytokines.

2. Since this enzyme is up-regulated in AG4KO mice (Kraus et al., 2014), analyzes were
carried out whether NNMT expression is associated with glucose metabolism. The
NNMT levels are also investigated in 3T3-L1 adipocytes to determine the mechanism
of regulation. Therefore, glucose metabolism is interrupted at different levels.

a. First, differentiated 3T3-L1 cells were cultivated under glucose deprivation to
reflect the NNMT effects in AG4KO mice.

b. After the glucose deprivation, the glucose uptake is blocked by phloretin, an
inhibitor of the glucose transporters.

c. Furthermore, 2-DG is used to inhibit the glycolysis.

10
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3. To identify the underlying mechanism of NNMT regulation the AMPK and mTOR
signaling pathways are also investigated.
a. Therefore, the AMPK is activated using AICAR and mTOR is inhibited with
rapamycin.
b. Since both signaling pathways are important for autophagy induction, NNMT

expression is also analyzed using autophagy inhibitors.
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2 Material

2.1 Reagents and chemicals

Material

Chemical

Manufacturer

Head Office

0.25 % Trypsin-EDTA
1,4-Dithiothreit (DTT)
2-Mercaptoehtanol

32 % Hydrochloric acid solution
Acrylamide solution (30%)
Ammonium persulfate (APS)
Aprotinin

Aqua ad injectable

ATX Ponceau S red staining solution

Bicinchoninic acid assay
Bromophenol blue

Dimethyl sulfoxide (DMSO)
EDTA (0.5 M solution)
Ethanol absolute

Ethanol for molecular biology
Glycerol

Glycine

IGEPAL® CA-630

Isopropyl alcohol

Leupeptin

Methanol
Methylthiazolyldiphenyl-tetrazolium
bromide (MTT)

Non-fat dry milk powder
NucleoZzOL

Oil Red O (ORO)

PBS tablets

Life Technologies

Roth
Sigma-Aldrich
Roth
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

B. Braun

Sigma-Aldrich
Sigma-Aldrich
Roth
Sigma-Aldrich
Ambion
Sigma-Aldrich
AppliChem
Sigma-Aldrich
Roth
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Cell Signaling

Macherey-Nagel

Sigma-Aldrich
Sigma-Aldrich

Karlsruhe, Germany
Karlsruhe, Germany
Miinchen, Germany
Karlsruhe, Germany
Minchen, Germany
Minchen, Germany
Minchen, Germany
Melsungen,
Germany

Minchen, Germany
Minchen, Germany
Karlsruhe, Germany
Miinchen, Germany
Carlsbad, USA
Minchen, Germany
Darmstadt, Germany
Minchen, Germany
Karlsruhe, Germany
Minchen, Germany
Minchen, Germany
Minchen, Germany
Minchen, Germany

Minchen, Germany

Frankfurt, Germany
Darren, Germany
Miinchen, Germany

Miinchen, Germany
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Chemical

Manufacturer

Head Office

Phenylmethylsulfonyl fluoride (PMSF)
Precision Plus Protein™ Kaleidoscope™
Prestained Protein Standards

Restore Western Blot Stripping Buffer

RNase AWAY®

Sodium chloride (NaCl)

Sodium dodecyl sulfate (SDS)

Sodium fluoride (NaF)

Sodium hydroxide (NAOH)

Sodium orthovanadate (NasVOa)
Sodium pyruvate (SP)
Tetramethylethylenediamine (TEMED)
Tris-Pufferan

Trizma®-hydrochlorid

Tween® 20

UltraPure™ DNase/RNase-Free Distilled
Water

Western Lighting Plus ECL

Sigma-Aldrich
Bio-Rad

Thermo Fisher
Scientific
Molecular Bioproducts
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Roth
Sigma-Aldrich
Sigma-Aldrich

Invitrogen

Perkin Elmer

Miinchen, Germany
Miinchen, Germany

Waltham, USA

Waltham, USA

Minchen, Germany
Minchen, Germany
Minchen, Germany
Minchen, Germany
Minchen, Germany
Minchen, Germany
Minchen, Germany
Karlsruhe, Germany
Miinchen, Germany
Minchen, Germany
Carlsbad, USA

Waltham, USA
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2.2 Antibodies

Material

The secondary anti-rabbit horseradish-linked antibody from Cell Signaling, Cambridge, UK
(#7074) was used in the indicated dilutions.

Dilution
Antibody Product primary secondary Manufacturer Head Office
number AB AB
NNMT 15123-1-  1:1000 1:5000 Proteintech Rosemont, USA
AP
actin ab8227 1:10000 1:10000 abcam Cambridge, UK
p62 #39149 1:1000 1:5000 Cell Signaling  Cambridge, UK
P-p70 S6K #9205 1:1000 1:5000 Cell Signaling  Cambridge, UK
AMPK #5832 1:5000 1:5000 Cell Signaling  Cambridge, UK
P-AMPK #2535 1:1000 1:5000 Cell Signaling  Cambridge, UK
LC3 14600-1- 1:2000 1:5000 Proteintech Rosemont, USA
AP
2.3 Reaction kits
Kit Manufacturer Head Office
Hexokinase Activity Assay Kit Abcam Cambridge, UK

(Colorimetric)

High-Capacity cDNA Reverse

Transcription Kit
iScript™ gDNA Clear cDNA Synthesis Kit Bio-Rad

MycoAlert™

NucleoSpin® RNA

NucleoSpin® RNA Set for NucleoZol
SsoAdvancedTM Universal SYBR®

Green Supermix

Applied Systems

Lonza
Macherey Nagel
Macherey Nagel
Bio-Rad

Foster City, USA

Munchen, Germany
Basel, Switzerland
Duren, Germany
Diren, Germany

Miinchen, Germany
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2.4 Primers

Material

The primers were purchased from Bio-Rad (Minchen, Germany). They were design as

unigue assays by Bio-Rad and used in the gPCR with SsoAdvancedTM Universal SYBR®

Green Supermix.

Gene Gene Symbol Unique Assay ID
Actin, beta Actb gMmuCEDO0027505
Eukaryotic translation elongation factor 1 EEF1Al gHSaCED0020436
alpha 1
GLUT4 (human) SLC2A4 gHsaCEDO0047488
GLUT4 (mouse) Slc2a4 gMmuCEDO0024734
Importin 8 IPO8 gHSaCEDO0056515
Nicotinamide N-methyltransferase (human)  NNMT gHSaCED0046403
Nicotinamide N-methyltransferase (mouse)  Nnmt gMmuCEDO0047226
Peptidylprolyl isomerase A (cyclophilin A) PPIA gHsaCEDO0038620
2.5 Activators and inhibitors
Substance Manufacturer Head Office
2-DG Sigma-Aldrich Munchen, Germany
AICAR Cayman Chemicals Ann Arbor, USA
Bafilomycin Al AdipoGen Life Science  San Diego, USA
Chloroquine Sigma-Aldrich Munchen, Germany
Cycloheximide Sigma-Aldrich Minchen, Germany
DHEA Sigma-Aldrich Minchen, Germany
MHY-1485 Sigma-Aldrich Miinchen, Germany
Phloretin Sigma-Aldrich Miinchen, Germany
Physcion Cayman Chemicals Ann Arbor, USA
Rapamycin AdipoGen Life Science  San Diego, USA
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2.6 Cell culture

2.6.1 Cellline

The cell line 3T3-L1 was established from disaggregated Swiss albino mouse embryos
(Todaro and Green, 1963; Todaro et al., 1965). The cells can convert from pre-adipocytes to
adipocytes, thereby pass from a rapidly dividing to a confluent and contact inhibited state. With

serum containing media the fat accumulation is enhanced (Green and Meuth, 1974).

2.6.2 Additives

Additive Manufacturer Head Office
3-Isobutyl-1-methylxanthine (IBMX) Sigma-Aldrich Munchen, Germany
Dexamethasone (Dexa) Sigma-Aldrich Munchen, Germany
FBS Superior Biochrom Berlin, Germany
Indomethacin Sigma-Aldrich Miinchen, Germany
Insulin (Ins) Sigma-Aldrich Munchen, Germany
NBCS Gibco Karlsruhe, Germany
Rosiglitazone Sigma-Aldrich Minchen, Germany
2.6.3 Cell culture media

Medium Manufacturer Head Office

DMEM no glucose, glutamine Gibco Karlsruhe, Germany
DMEM, GlutaMAX™ high glucose, Gibco Karlsruhe, Germany
pyruvate

DMEM, no glucose, no glutamine, no Gibco Karlsruhe, Germany

phenol red
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2.6.4 Media formulations

Material

Medium

Composition

0 mg/ml Glucose

DMEM, no glucose

1.5 mg/ml
DMEM, no glucose

Basic
DMEM, GlutaMAX™

Differentiation/4.5 mg/ml
DMEM, GlutaMAX™

Freezing
DMEM, GlutaMAX™

Induction
DMEM, GlutaMAX™

10 %
1mM
1uM

10 %
1mM
1 uM
1.5 mg/ml

10 %

10 %
1uM

20 %
10 %

10 %
1uM
100 nM
1uM
500 uM
250 uM

FBS
Sodium pyruvate

Insulin

FBS
Sodium pyruvate
Insulin

Glucose

NBCS

FBS

Insulin

NBCS
DMSO

FBS

Insulin
Dexamethasone
Rosiglitazone
IBMX

Indomethacin

17



2.7 Buffers and Solutions

Material

Buffer/Solution

Composition

4 x Leammli

1x TBS-T
1xTBS

10x TBS

10 x Running buffer

10 x Transfer buffer

Blocking buffer
1xTBS-T

Lysis buffer

0.25M
0.4 M

8 %

40 %
0.004 %

0.05 %

0.2M
1.49M

0.25M
1.918 M
1%

0.25M
1.918 M

5%

20 mM
5 mM
10 mM
100 mM
1%

1 mM
1uM
10 uM

Tris-HCI

DTT

SDS

Glycerol
Bromophenol blue

Tween® 20

Tris-Pufferan
NacCl

Tris-Pufferan
Glycine
SDS

Tris-Pufferan
Glycine

Non-fat dry milk powder

Tris-HCI
EDTA

NaszVO4

NaF

Igepal CA-630
PMSF
Aprotinin

Leupeptin
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Buffer/Solution

Composition

MTT
Stock 5mg MTT
1ml DMEM no phenol red
Working 1:10 Stock in DMEM no phenol red
ORO
Stock 0.5% ORO
100 % isopropyl alcohol
Working 0.2 % in ddH20
PBSpH 7,4 2.7 mM KCI
13.7 mM NaCl
TBS-TpH 7.4 0.2 mM Tris-Pufferan
1.49 mM NacCl
0.05 % Tween 20
Transfer buffer 0.25 mM Tris-Pufferan
1.918 mM Glycin
20 % Methanol
2.8 Instruments
Instrument Manufacturer Head Office
Accu-jet® pro Brand Wertheim, Germany

Analytic scale AE240
Analytic scale PM6100
CO: Incubator

Mettler-Toledo
Mettler-Toledo

Binder

Columbus, USA
Columbus, USA

Tuttlingen, Germany
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Instrument Manufacturer Head Office

CO: Incubator Binder Tuttlingen, Germany
Criterion Cell Bio-Rad Minchen, Germany
Ecomax X Ray Film Processor Protec GmbH Oberstenfeld, Germany
Electrophoresis- and blotting chamber Bio-Rad Minchen, Germany

Hemocytometer Neubauer
Laminar flow type 18
Mastercycler® Gradient
Microscope Wilovert 30
Mini Centrifuge
Mulitipette®stream

NanoDrop2000c spectrophotometer

Optical step tablet

Orbital shaker

Perfect Spin

pH-meter WTW series

Pipettes Research® Plus

Plate reader UVM 340
PowerPac® HC

Real Time PCR Detection System
CFX Connect

Thermomixer comfort

ULTRA TURRAX® T25 digital
Vortex-Genie®2

Water bath

X-Ray Cassette

Paul Marienfeld GmbH
Heraeus

Eppendorf

Hund

LMS Co.

Eppendorf

Thermo Fisher
Scientific

Biostep

Heidolph
Peglab-VWR
inolab
Eppendorf
ASYS
Bio-Rad
Bio-Rad

Eppendorf

IKA

Scientific Industries
Memmert

Perlux

Lauda, Germany
Hanau, Germany
Hamburg, Germany
Wetzlar, Germany
Tokyo, Japan
Hamburg, Germany
Waltham, USA

Burkhardtsdorf,
Germany
Schwabach, Germany
Radnor, USA
Weilheim, Germany
Hamburg, Germany
Dornstadt, Germany
Minchen, Germany

Minchen, Germany

Hamburg, Germany
Staufen, Germany
Bohemia, USA
Schwabach, Germany

Calbe, Germany
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2.9 Consumables

Material

Consumable Manufacturer Head Office
6-well plates Corning New York, USA
96-well plate Sarstedt Numbrecht, Germany

Cell culture plates 15 cm

Cell scraper

Empty cassettes
Filter Bottle Top
Microseal® 'C' Film
Millex-GV 0,22 uM

Nitrocellulose Membrane 0.2 uM

Nunc™ Cryovails

PCR Tubes 0.2 mL single/8-strip
PCR-Plates, 96 well

Pipette filter tips

Pipette tips

Pipettes serological

Polypropylene tubes 15 ml/ 50 ml

SafeSeal micro tubes 1.5 ml/ 2.0 ml
Syringes

Thick Blot Filter Paper

X-ray film Fujifilm Super RX-N

Greiner Bio-One

Sarstedt
Bio-Rad
Sarstedt
Bio-Rad
Merck
Amersham-GE
Healthcare
Thermo Fisher
Scientific
Eppendorf
Bio-Rad
Sarstedt
Sarstedt

Greiner Bio-One

Greiner Bio-One

Sarstedt

BD Biosciences
Bio-Rad

Fujifilm

Frickenhausen,
Germany
Numbrecht, Germany
Miinchen, Germany
Numbrecht, Germany
Minchen, Germany
Darmstadt, Germany

Buckinghamshire, UK

Waltam, USA

Hamburg, Germany
Minchen, Germany
Numbrecht, Germany
Numbrecht, Germany
Frickenhausen,
Germany
Frickenhausen,
Germany

Numbrecht, Germany
Heidelberg, Germany
Minchen, Germany

Tokio, Japan
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3 Methods

3.1 Cell culture

3T3-L1 preadipocytes were obtained from the American Type Culture Collection via LGC
Standards and maintained at 37°C with 5% CO- in a humidified atmosphere. A mycoplasma
contamination was excluded by MycoAlert™. Medium was changed every 2 to 3 days. The
preadipocytes were kept in basic medium containing DMEM GlutaMAX with 4.5 mg/ml glucose
and 1 mM sodium pyruvate, supplemented with 10 % newborn calf serum (NBCS). Cells were
cultivated in 15 cm cell culture dishes and passaged when 80 % confluence were reached. For
differentiation, 8500 cells/cm? were seeded on 6-well plates and kept in basic growth medium.
Two days after confluence, differentiation into adipocytes was induced using DMEM,
10% FBS, 1 pmol/l insulin, 100 nmol/l dexamethasone, 1 pumol/l rosiglitazone,
500 pumol/l IBMX, and 250 pmol/l indomethacin. After three days the medium was replaced
with DMEM GlutaMAX, 10 % fetal bovine serum (FBS), and 1 pumol/l insulin, and exchanged
every 2 days thereafter. Experiments were performed at least 20 days after induction. The cells
were treated with substances, explained in section 3.3. Except where noted otherwise, the
duration of the treatment was 10 days.

3.2 Freezing and thawing of 3T3-L1 adipocytes

3T3-L1 cells were removed from the 15 cm cell dish by using 0.25 % Trypsin-EDTA solution.
After determining the cell number, the preadipocytes were centrifuged for 5 min at 1200 rpm.
The cell pellet was resuspended in freezing medium containing 1 x 10° cells per ml and pipetted
into cryotubes. These were kept in a cryo-freezing container with isopropyl alcohol and
immediately stored at -80 °C for 24 h. For long time storage the cells were transferred into

liquid nitrogen.

To thaw the preadipocytes the cryotube was kept in 37 °C water bath. The 3T3-L1 cells were
immediately transferred into a 15 cm culture dish with 25 ml warmed basic medium. Overnight

the cells adhered, and the medium was replaced to remove the remaining DMSO.
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3.3 Cell stimulation and treatment

3.3.1 Pro-inflammatory signals

For the stimulation with pro-inflammatory signals, differentiated 3T3-L1 adipocytes were kept
in FBS-free medium overnight and then treated in serum free medium with IL-6, TNF-a, and
leptin for 24 h. The used cells were at least 10 d in differentiation media until they were fully
differentiated. In Table 3.1 the concentrations of the pro-inflammatory signals are mentioned.

Table 3.1: Concentrations of pro-inflammatory signals in cell culture.

Substance Concentration

IL-6 1, 10, 10 ng/ml
TNF-a 1, 4,8 ng/ml
Leptin 0.1, 1, 10 ng/ml

3.3.2 Inhibitors and activators

The substances phloretin, 2-DG, rapamycin, AICAR, and cycloheximide were used in culture
medium with 4.5 mg/ml glucose and 10 % FBS. The chemicals MHY 1485, bafilomycin A1, and
chloroquine were applied in no glucose medium with 10 % FBS. For all experiments stable
differentiated cells were used. They were at least 20 d in differentiation medium In Table 3.2

the substances and their concentration are mentioned.

Table 3.2: Concentration of inhibitors and activators in cell culture.

Substance Concentration Unit
Phloretin 5, 50, 100 UM
2-DG 1 mM
Rapamycin 100, 500 nM
AICAR 1 mM
MHY 1485 10 UM
Bafilomycin A1 20 nM
Chloroquine 25 UM
Cycloheximide 5 UM

23



Methods

3.4 Western blotting

3.4.1 Protein extraction

All handling during the protein isolation was done on ice. First cells were washed 2 times with
cold 1 x PBS. Then the adipocytes were harvested by mechanical disruption in 250 pl lysis
buffer and transferred into 1.5 ml reaction tube. After an incubation for 10 min on ice, followed
by a centrifugation for 20 min at 13 500 rpm (4 °C), total protein content was determined using
the bicinchoninic acid assay. 30 pg of total protein was diluted and prepared with 4 x Laemmli
buffer for the separation in a 6 - 15% gradient sodium dodecyl sulfate polyacrylamide gel.

3.4.2 SDS-Page (sodium dodecyl sulfate polyacrylamide gel electrophoresis)

A denaturing SDS-Page was used for separation. The SDS gels were prepared according to
the indicated formulae in Table 3.3. First the 6 -1 5 % gradient separation gel was cast into
Criterion Empty Cassettes. After polymerization the 4 % stacking gel was cast with the
formulation in Table 3.3. Before loading the samples on the polymerized gel, they were boiled
at 95 °C for 5 min. To determine the protein size the Precision Plus Protein™ Kaleidoscope™
Prestained Protein Standard was used. The electrophoresis was performed with 1 X running
buffer, at 100 V for 2 — 3 h.

Table 3.3: Formulae for two SDS gels.

Stacking Gel Resolving Gel

4% 6 % 15 %
30 % Acrylamide/bis 1.320 ml 3ml 7.5 ml
0.5 M Tris-HCI, pH 6.8 2.52 mi - -
1.5 M Tris-HCI, pH 8.8 - 3.75 ml 3.75 ml
10 % SDS 100 pl 150 pl 150 pl
diH.O 6 ml 8 ml 3.5 ml
TEMED 10 pl 7.5u 7.5u
10 % APS 50 ul 75 ul 75 ul
Total Volume 10 ml 15 ml 15 ml
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3.4.3 Western blot

The separated proteins were transferred to nitrocellulose membrane (0.2 um) by wet tank
western blot. The transfer was performed in 1 x transfer buffer with 20 % methanol at 55 mA
for 1 h. Then the blots were stained with Ponceau to control a successful transfer. After
documentation, the membrane was washed in TBS-T and blocked in 5 % non-fat dry milk. All
used primary antibodies were polyclonal and incubated at 4 °C overnight. The exact dilution is
shown in section 2.2. Afterwards, the membrane was washed 3 times for 10 min in TBS-T. The
horse radish peroxidase-linked secondary antibody was diluted, as indicated in section 2.2, in
5% non-fat dry milk and incubated for 1 h at room temperature. Subsequently, the blots were
again washed 3 times for 10 min in TBS-T. The peroxidase reaction was initiated by an
incubation in Western Lighting Plus ECL for 1 min. Then the blots were developed on X ray
films by the Ecomax X Ray Film Processor. The western blot bands were analyzed using a
transparency scanner and ImageJ software (NIH) after calibration with an optical step tablet.

Beta actin was used as loading control.

3.5 gPCR (quantitative polymerase chain reaction)

3.5.1 Cell culture

RNA from cell culture was extracted using NucleoSpin® RNA according to the manufacturer’s
instructions. RNA concentration and purity were measured with NanoDrop. Afterwards, 1 ug
total RNA was reverse-transcribed with the High-Capacity cDNA Reverse Transcription (RT)
Kit. Therefore, the total RNA was diluted in RNase free water in 10 ul total. Then 10 pl prepared
RT master mix was added to every reaction. The composition of it is indicated in Table 3.5.
After a short centrifugation, the samples were transferred into the Eppendorf Mastercycler

Gradient. The used running protocol is shown in Table 3.4.

Table 3.4: Running protocol for the RT-PCR.

Settings Step 1 Step 2 Step 3 Step 4
Temperature 25°C 37 °C 85 °C 4°C
Time 10 min 80 min 5 min Hold
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Table 3.5: Components of the RT-PCR master mix.
Component Volume [pl]
10 x RT Buffer 2.0
25 x dNTP Mix (100 mM) 0.8
10 x RT Random Primers 2.0
MultiScribe™ Reverse Transcriptase 1.0
RNase free water 4.2
Total per reaction 10.0

After the cDNA synthesis the 20 pl cDNA was diluted with 80 pl RNase free water and frozen

in smaller aliquots. The gPCR was performed with SsoAdvancedTM Universal SYBR®
Green Supermix and PrimePCR SYBR® Green Assays for NNMT (qMmuCEDO0047226),
GLUT4 (gMmuCEDO0024734), and beta actin (qMmuCEDO0027505) using the protocol in
Table 3.6. The detailed composition of one gPCR reaction is show in Table 3.7. NNMT and

GLUT4 expression was normalized to beta actin.

Table 3.6: Running protocol of the gPCR
Step Temperature Time Number of Cycles
Activation 95 °C 2 min 1
Denaturation 95 °C 5 sec
Annealing/extension 60 °C 35 sec 0
Melt curve 65°Cto95°C 5 sec/step 1

(0.5 °C increments)

Table 3.7: Components of the qPCR reaction.
Component Volume [pl]
SsoAdvancedTM Universal SYBR® Green Supermix  10.0
PrimePCR SYBR® Green Assays 1.0
RNase free water 4.0
cDNA 5.0
Total per reaction 20.0
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3.5.2 Human adipose tissue

RNA from human adipose tissue was extracted with NucleoZOL. Approximately 200 mg of fat
tissue was given in a 2.0 ml reaction tube and homogenized in 500 pl NucleoZOL using an
ultra turrax. Afterwards, the samples were centrifuged for 5 min at 12 000 x g. The fat layer on
top was removed and the supernatant was transferred into a new 2.0 ml reaction tube. Then
200 pl RNase free water was added to the sample and vigorously mixed for 15 s. After 15 min
incubation at room temperature the samples were centrifuged at 12 000 x g for 15 min. 500 pl
of the supernatant were transferred into a new tube by not disturbing the DNA/protein pellet.
Now the RNA is extracted by the NucleoSpin® RNA Set for NucleoZOL according to
manufacturer’s instructions. The concentration and purity of the eluted RNA was measured by
NanoDrop and 0.5 g total RNA was reversed-transcribed with iScript™ gDNA Clear cDNA
Synthesis Kit. First 14 pl total RNA was digested with 0.5 pl iScript DNase in 1.5 pl iScript
DNase buffer per reaction. The DNase reaction protocol is indicated in Table 3.8. Then 4 ul
iScript Reverse Transcription Supermix is added to the 16 pl DNase-treated RNA template and
finial reversed-transcribed using the protocol in Table 3.9. The gPCR was performed with
SsoAdvancedTM Universal SYBR® Green Supermix and PrimePCR SYBR® Green Assays
for human NNMT and GLUT4. As reference genes served IPO8, cyclophilin A, and EEF1A1.

Table 3.8: DNase reaction protocol for the iScript™ gDNA Clear cDNA Synthesis Kit.

Step Temperature Time
DNA digestion 25°C 5 min
DNase inactivation 75 °C 5 min
Storage conditions 4°C Until RT step

Table 3.9: Running protocol of the reverse transcription with the iScript™ gDNA Clear cDNA
Synthesis Kit.

Step Temperature Time
Priming 25°C 5 min
Reverse transcription 46 °C 20 min
Inactivation 95 °C 1 min
Hold 4°C 0
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3.6 Quantitative Oil Red O staining

This staining was performed based on the protocol of (Kraus et al., 2016). In detail, the cells
were washed 2 times with 1 ml 1 x PBS. Before fixation, the cells were removed, like shown in
Figure 3.1. Then the cells were fixed using 1 ml 4 % PBS-buffered formalin for 15 min at room
temperature. The fixed adipocytes were stained with 1.25 ml per well ORO working solution
and incubated for 30 min. After removing the staining solution, the cells were washed 5 times
with ddH-0. 100 % isopropyl alcohol was used for dye elution. After 10 min on an orbital shaker

the ORO was solved and 200 pl were transferred in duplicates in a 96-well plate. The

SO
SO

Figure 3.1  Shema for Oil Red O staining.
50 % and 100 % of the cells were removed from the wells to show an equal
differentiation of the adipocytes.

absorption was measured at 510 nm.

3.7 MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromid)

To investigate the viability of cells after treatment, the MTT assay was performed. The yellow
MTT working solution is converted into the dark blue, water insoluble MTT formazan by the
mitochondrial dehydrogenases of living cells. The differentiated adipocytes were stimulated
with the different substances for the longest experimental time. Afterwards, the cells were
washed one time with warm, sterile 1 x PBS and incubated with the 1 ml sterile MTT working
solution for 3 h at 37 °C with 5 % CO; in a humidified atmosphere. Then the MTT solution was
removed and the MTT formazan is resolved in 1 ml 40 mM HCI isopropyl alcohol on an orbital

shaker for 10 min. Afterwards, the solved formazan is transferred into 1.5 ml reaction tube and
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centrifuged at 13 000 rpm for 2 min. 100 ul from the supernatant were measured in 96-well
plate at 570 nm and 650 nm (reference). The viability is normalized to the control conditions
and quantified as percentage. Due to the long-time treatment and the needed autophagy
induction, a slight cytotoxicity was always expected. To categorize the cytotoxicity the
ISO-10993-5! was used as an orientation (Table 3.10).

Table 3.10: Cytotoxicity categories according to 1ISO-10993-5.

Cell viability [%0] Valuation

100 -80 non-cytotoxic

79 - 60 weak cytotoxic

59 -40 moderate cytotoxic
39-0 strong cytotoxic

3.8 Hexokinase activity assay

The colorimetric hexokinase assay kit from abcam (ab136957) is used to measure the
production of NADH during the oxidation of glucose-6-phosphate or of 2-DG-6-phosphate in
the 2-DG treated adipocytes. The assay is performed according to manufacturer’s instructions.
Only the sample preparation was modified. Briefly, the cells were lysed in 200 pl ice cold assay
buffer, homogenized by pipetting, and centrifuged 5 min at 4 °C at 12 000 rpm. The protein
content was analyzed by bicinchoninic acid assay and 40 ug of total protein was used per
assay reaction. After performing the assay according to the manufacturer’s instructions, the
reaction was measured at 20 min and 60 min. The hexokinase activity was calculated

according the manufacturer’s instructions, too.

! Biological evaluation of medical devices - Part 5: Tests for in vitro cytotoxicity (ISO 10993-5:2009);
German version EN ISO 10993-5:2009
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3.9 Data analysis

Data representing mean + SEM were analyzed by Wilcoxon test or Kruskal-Wallis test. The
analyzes and graph design were performed using R software. Differences with p < 0.05 were

considered to be statistically significant.
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4 Results

4.1 Pro-inflammatory Signals and NNMT regulation

4.1.1 NNMT expression in human adipose tissue

The adipose tissue itself produces a lot of pro-inflammatory signals (Gregoire et al., 1998; Klein
et al., 2006) and they contribute to a chronic low-level inflammation, so called metaflammation,
in obese adipose tissue (Gregor and Hotamisligil, 2011). IL-6 stimulates via STAT3 activation
NNMT expression in HepG2, colon cancer cells (Tomida et al., 2008), 3T3-L1 adipocytes
(Balhoff and Stephens, 1998), and in human airway smooth muscle cells (Robinson et al.,
2015). These signals could also be associated with NNMT up-regulation in the subcutaneous
white adipose tissue of obese, non-diabetic Pima Indians compared to the non-diabetic control
group (Lee et al., 2005). Therefore, the NNMT and GLUT4 mRNA levels is investigated in

adipose tissue of lean and obese patients.
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Figure 4.1: NNMT and GLUT4 expression in human adipose tissue.
NNMT (A) and GLUT4 (B) mRNA expression of obese and the lean control group. The
expressions were normalized to three reference genes (IPO8, cyclophilin A, and
EEFA1A). The relative expression is shown as boxplots (n = 12). *p < 0.05.
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The NNMT expression was significantly enhanced in obese individuals compared to the control
group (Figure 4.1 A), whereas the GLUT4 expression is not affect by obesity (Figure 4.1 B).
As mentioned above, the adipose tissue is a source of many pro-inflammatory signals including
IL-6 and TNF-a (Klein et al.,2016). In the following these inflammatory cytokines that are critical
for the development of T2D and obesity are analyzed. Furthermore, an also important

adipokine (leptin) is investigated.

4.1.2 Interleukin 6

The multifunctional cytokine IL-6 is secreted by the adipose tissue, whereby it contributes to
approximately 30 % of systemic IL-6 in humans (Klein et al., 2006). It impairs insulin signaling
and action by reducing insulin-stimulated glucose uptake (Rotter et al., 2003; Shi et al., 2019).
To identify a possible regulation of NNMT by pro-inflammatory signals, differentiated 3T3-L1
cells were incubated with three different IL-6 concentrations in FBS-free media for 24 h.
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Figure 4.2:  NNMT expression after stimulation with IL-6.
(A) NNMT relative normalized protein expression and (B) NNMT relative normalized
MRNA expression of 3T3-L1 adipocytes treated with IL-6 (1, 10, 100 ng/ml) in FBS-free
media for 24 h. Data represents relative NNMT mRNA and protein expression normalized
to the untreated control and beta actin with standard error of mean (SEM) (n = 3).
Figure 4.2 shows the protein content analyzed by western blot and the mRNA expression of
NNMT measured by qRT-PCR. After a 24 h IL-6 stimulation, no difference in NNMT expression

was observed even at high concentrations.
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4.1.3 Tumor necrosis factor a

TNF-a, a member of TNF family, is produced by macrophages in adipose tissue and is involved
in different metabolic disorders (Klein et al., 2006; Shi et al., 2019). Circulating TNF-a
concentrations are associated with impaired glucose tolerance and an enhanced T2D risk in
humans (Barra et al., 2010; Sun and Liu, 2015). Therefore, 3T3-L1 adipocytes were treated
with TNF-a for 24 h. Similar to the IL-6 results, the protein and mRNA levels of NNMT were
not affected by the treatment (Figure 4.3).
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Figure 4.3: NNMT expression after stimulation with TNF-a.
(A) NNMT relative normalized protein expression and (B) NNMT relative normalized
MRNA expression of 3T3-L1 adipocytes treated with TNF-a (1, 4, 8 ng/ml) in FBS-free
media for 24 h. Data represents relative NNMT mRNA and protein expression normalized
to the untreated control and beta actin with standard error of mean (SEM) (n = 3).

4.1.4 Leptin

The adipose tissue produces a lot of endocrine signals called adipokines (Stern et al., 2016)
and leptin is one of these adipocyte-derived hormones (Klein et al., 2006). It regulates the
energy homeostasis through the central nervous system (Pérez-Pérez et al., 2017; Zhang et
al., 1994). In addition, it exerts paracrine and autocrine effects on adipocytes (Kraus et al.,

2002). Interestingly, the metabolic disorders obesity and T2D showed increased leptin levels
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(Shi et al., 2019). Furthermore, higher leptin concentration positively correlated with adipose
mass (Wannamethee et al., 2007). It has got another important characteristic: Leptin signals
are transmitted by the JAK/STAT cascade (Kraus et al., 2002), and this pathway is also
activated by IL-6 in 3T3-L1 cells (Balhoff and Stephens, 1998). The effect of leptin on NNMT

expression is analyzed in Figure 4.4.
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Figure 4.4: NNMT expression after stimulation with the adiponectin leptin.
(A) NNMT relative normalized protein expression and (B) NNMT relative normalized
MRNA expression of 3T3-L1 adipocytes treated with leptin (0.1, 1, 10 ng/ml) in FBS-free
media for 24 h. (C) Representative western blot out of three independent experiments.
Data represents relative NNMT mRNA and protein expression normalized to the
untreated control and beta actin with standard error of mean (SEM) (n = 3). *p < 0.05.

After 24 h stimulation, 10 ng/ml leptin significantly elevated the protein level of NNMT
(Figure 4.4 A, C). Additionality, the western blot verified that STAT3 is phosphorylated by leptin
treatment (Figure 4.4 C). However, the mRNA expression of NNMT did not change as
Figure 4.4 B demonstrated. Taken together, it is more obvious that NNMT is regulated in
adipocyte cell culture by another mechanism than by pro-inflammatory signals and the
JAK/STAT signaling pathway.
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4.2 Establishment of 3T3-L1 cell culture for glucose deprivation

4.2.1 Cultivation of stable-differentiated 3T3-L1 adipocytes

A typical marker for 3T3-L1 adipocytes are the lipid droplets that are generated by
triacylglycerol synthesis and storage after glucose uptake (Czech et al., 2013). This stored
energy, in form of triacylglycerol, is mobilized during energy deprivation (Gregoire et al., 1998).
To analyze the effect of glucose starvation in differentiated 3T3-L1 cells it is necessary that
they do not de-differentiate into fibroblasts. In literature numerous time points for a complete
differentiation are specified. They vary from 7 to 15 d after induction (Green and Meuth, 1974;
Zebisch et al., 2012).

Therefore, the stability of differentiation is investigated. In detail, the preadipocytes were kept
for 3 d in induction media to induce the differentiation into adipocytes. Afterwards, the 3T3-L1
cells were cultivated for 7 d (short-time) and for 17 d (long-time) in differentiation media. Then
these adipocytes were cultivated in 4.5 mg/ml, 1.5 mg/ml, and 0 mg/ml glucose for 10 d. The
short differentiation time led to unstable adipocytes in media without glucose, whereas the
longer differentiation time did not affect the overall lipid content, that was measured by

quantitative ORO staining (Figure 4.5). The method is described in subsection 3.6.
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Figure 4.5: Quantitative ORO staining after 10 d glucose deprivation.
All cells were kept for 3 d in induction medium. The unstable adipocytes were cultivated
for a short time (7 d) in differentiation medium, whereas the stable adipocytes were kept
for a longer time (17 d) in differentiation medium. Afterwards, the adipocytes were
incubated in 4.5 mg/ml, 1.5 mg/ml, and 0 mg/ml glucose media. The absorption is shown
as mean values with standard error of mean (SEM) (n = 2).
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The cultivation of unstable differentiated cells without glucose led to de-differentiation,
represented by a decrease of stained lipid droplets. Even 1.5 mg/ml glucose led to an
appreciable lipid loss in unstable cells. In contrast to these cells, the stable differentiated
3T3-L1 adipocytes were not affected by glucose deprivation. Therefore, all experiments were

performed with long-time differentiated cells.

4.2.2 Differentiation in various FBS batches

To ensure that the results are reproducible and valid, the differentiation of 3T3-L1 cells have
to be uniform and stable during the used passages. Before differentiation, these cells have a
fibroblast-like morphology. After a successful differentiation they accumulated the typical lipid
droplets. However, this requires a suitable protocol. One important factor is the right FBS for
the cell culture (Baker, 2016), beside the differentiation time (section 4.2.1). Therefore, the
performance of various FBS batches were initially investigated. The examined FBS batches
are shown in Table 4.1. 10 d after induction the differentiation of one passage was analyzed

my light microscopy (Figure 4.6).

Figure 4.6: Differentiation of 3T3-L1 cells in six FBS batches.
Three wells of passage p+11 were cultivated in differentiation media containing one of
the six FBS batches. 10 d after induction the differentiation of the middle well was
analyzed by light microcopy. A to D were sera purchased from Gibco. E and F were
standardized sera from PAA and Biochrom.
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Table 4.1: Analyzed FBS batches for differentiation.

Manufacturer Batch
A Gibco #1698221
B Gibco #1671047
C Gibco #1667399
D Gibco #1515306
E PAA PAA-Gold, standardized
F Biochrom Superior, standardized

The light microscopy confirmed that the differentiation differs between the FBS batches. Only
the Gibco serum A led to a satisfying result, whereas the cells only differentiated to almost
50 % in serum C, B, and D. These three sera were purchased from Gibco and they showed a
very slight differentiation potential. However, the both standardized sera E and F showed a
good performance, whereas the Superior serum from Biochrom (F) worked best. Therefore,
this serum was used in cell culture for all experiments and to ensure an equal differentiation
only the passages p+6 to p+14 were used, because the differentiation potential into adipocytes
declines with increasing passages numbers (Poulos et al., 2010).

4.3 Glucose deprivation affected NNMT expression

The methyltransferase NNMT has a fundamental role in energy metabolism. It is up-regulated
in different models of obesity and a knockdown of NNMT in adipose tissue by antisense
oligonucleotides protects mice from diet induced obesity (Kraus et al., 2014). Currently, it is
not known how NNMT is regulated. However, it is known that NNMT mRNA levels are
increased in insulin-resistant adipose-specific Glut4-knockout mice and reduced in insulin-
sensitive adipose-specific Glut4-overexpressing mice (Kraus et al., 2014). Due to this fact, |

hypothesized that glucose availability is responsible for NNMT expression in adipocytes.
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4.3.1 Glucose deprivation

In order to investigate the hypothesis fully and stable differentiated 3T3-L1 cells were cultivated
under glucose deprivation. This caused an increase in NNMT protein (Figure 4.7 A, D) and

MRNA (Figure 4.7 B) levels after 10 d.
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Figure 4.7:  NNMT expression during glucose deprivation.

(A) NNMT protein and (B) NNMT mRNA levels in 3T3-L1 adipocytes cultivated in medium
containing different glucose concentrations (4.5 mg/ml, 1.5 mg/ml, 0 mg/ml) for 10 d,
whereas 4.5 mg/ml was the standard condition. (C) Expression of GLUT4 mRNA after
starvation. (D) Representative western blot out of three independent experiments. The
mMRNA and protein were normalized to the untreated control and to beta actin. The relative
expression is shown as mean values with standard error of mean (SEM) (n = 3).
*p < 0.05.

Interestingly, the qPCR results even show a dose-dependent increase in mRNA expression
(Figure 4.7 B), whereas the mRNA of GLUT4 is only slightly diminished (Figure 4.7 C). As

expected, NNMT expression could be regulated by glucose availability.
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4.3.2 Phloretin treatment

Glucose availability could also be manipulated by phloretin treatment.It is a nonspecific
glucose transport inhibitor (Zhao and Keating, 2007) and it is used as a conformation of the
results in section 4.3.1. To test the cytotoxicity of this inhibitor an MTT assay was performed
(Figure 4.8).
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Figure 4.8: MTT assay of phloretin treatment.
3T3-L1 adipocytes were cultivated in medium containing 4.5 mg/ml glucose and phloretin
(5, 50 100, 150, 200 uM) for 10 d. The cell viability is shown as mean values in percent
with standard error of mean (SEM) (n = 2).

A treatment with 5 to 100 uM for 10 d is not cytotoxic. 100 puM phloretin showed a viability of
81 %. However, the last concentrations (150, 200 uM) are obviously toxic for the adipocytes.
In line with the MTT, to confirm the glucose deprivation results adipocytes were treated with 5,
50, and 100 pM phloretin for 10 d. The NNMT protein and mRNA expression were analyzed
by western blot and qRT-PCR (Figure 4.9).
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Figure 4.9: NNMT expression after phloretin treatment.
(A) NNMT protein and (B) NNMT mRNA levels in 3T3-L1 adipocytes cultured in medium
containing 4.5 mg/ml glucose and phloretin (5, 50 100 uM) for 10 d. (C) Representative
western blot out of three independent experiments. The NNMT mRNA and protein were
normalized to the untreated control and to beta actin. The relative expression is shown
as mean values with standard error of mean (SEM) (n = 3). * p < 0.05.

Indeed, the protein expression was significantly enhanced with higher phloretin concentrations.
The mRNA level was also affected by 50 uM and 100 puM phloretin. A higher inhibitor

concentration for a stronger effect could not be used due to the toxicity that was determined

by MTT (Figure 4.8).

4.3.3 Glycolysis inhibition

Based on the result in glucose starved and phloretin treated cells, as well as in the study with

GLUT4 knockout mice, it is interesting whether the glycolysis is involved in NNMT regulation.

Normally, glucose is converted into pyruvate for ATP production (Heinrich et al., 2014). The

availability of this energy source is diminished when glucose uptake or glycolysis is interrupted.
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To investigate the impact of the glycolysis on NNMT expression, this pathway is inhibited in
the following experiment. The cells are treated for 10 d with 1 mM 2-DG, which early interferes
the glycolysis between hexokinase and glucose-6-phosphate isomerase (Urakami et al.,

2013). In Figure 4.10 a schematic view of the glycolysis is shown.
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Figure 4.10: Shematic view of glycolysis.
Important steps of the glycolysis with enzymes and co factors. Redrawn and simplified
from (Heinrich et al., 2014).

2-DG increased NNMT protein in a similar manner as glucose deprivation (Figure 4.11). This
effect appeared to be enhanced by removal of sodium pyruvate, the glycolysis end product,
although this effect was not statistically significant. Nevertheless, this slight increase is also

detectable between the suitable conditions without glucose.
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Figure 4.11: NNMT expression after 2-DG treatment.
(A) NNMT protein level in 3T3-L1 adipocytes treated with 1 mM 2-DG in medium with or
without 1 mM SP or glucose for 10 d. (B) Representative western blot out of three
independent experiments. The protein expression was normalized to the untreated
control and to beta actin. The relative expression is shown as mean values with standard
error of mean (SEM) (n = 3). * p < 0.05.

An MTT assay was carried out to analyze the viability after 2-DG treatment.1 mM 2-DG was
not cytotoxic, whereas the higher concentration (6 mM) with 38 % viability compared to control
cells was strong cytotoxic (Figure 4.12 A). In addition, to verify a successful 2-DG uptake a
commercially available hexokinase activity assay was performed (Figure 4.12 B, C). Normally,
glucose is phosphorylated to glucose-6-phosphate (G6P) during the first step of the glycolysis.
G6P is further metabolized by glucose-6-phosphate isomerase and exactly here 2-DG acts as
an inhibitor (Urakami et al., 2013). 2-DG is also phosphorylated by hexokinase. However, this
new product 2-DG-6-phosphate (2DG6P), could not be processed by glucose-6-phosphate

isomerase (Xi et al., 2014).
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Figure 4.12: Cell viability and hexokinase activity after 2-DG treatment.
(A) 3T3-L1 adipocytes were cultured in medium containing 4.5 mg/ml glucose and 2-DG
(0.5, 1, 6 mM) for 10 d. The cell viability is shown as mean values in percent with standard
error of mean (SEM) (n = 2). (B) Hexokinase activity was determined by NADH production
after 24 h and 72 h cultivation with 2-DG (0.5, 1, 6 mM). The hexokinase activity is shown

as mean values with standard deviation (SD) (n = 1). (C) Schematic reaction of the
hexokinase activity assay.

Consequently, 2DG6P accumulated in the cytoplasm of 3T3-L1 adipocytes. Because of the
not metabolized 2DG6P, the hexokinase activity assay indicated a higher activity after the
2-DG treatment (Figure 4.12 B). In detail, the assay measured the production of NADH that is
part of the reducing reaction during the oxidation of 2DG6P to 6PDG by the
glucose-6-phosphate dehydrogenase (G6PDH) (Figure 4.12 C). The cells were treated 24 h
and 72 h to ensure that 2-DG works even 72 h after stimulation, that was the longest time
without a media change. Even after the longer time the inhibitory effect of 2-DG was present

in the cells.
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4.3.4 Pentose phosphate pathway inhibition

As shown in subsection 4.3.3, glucose is phosphorylated to glucose-6-phosphate (G6P) by
hexokinase and during glycolysis G6P is further processed. This sugar is also part of the
pentose phosphate pathway that generates the reducing agent NADPH (Figure 4.13) (Cole
and Kramer, 2016; Stincone et al., 2015). Therefore, this pathway could also be involved in
NNMT regulation.
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Figure 4.13: Shematic view pentose phosphate pathway.
Important steps of the pentose phosphate pathway with enzymes and co factors.
Redrawn and simplified from (Heinrich et al., 2014).

The inhibition of this pathway with dehydroepiandrosterone (DHEA), an inhibitor of G6PDH
(Mercaldi et al., 2014), and physcion, an inhibitor of phosphogluconate dehydrogenase (Lin et
al., 2015), could not enhance NNMT expression (Figure 4.14).

44



Results

< NNMT

2 31

o

o

x

O 2

=

2

0 ;. I =

o

=

© (-

& T T T
& N
& Q{(/?\%C\O

Q Q@\

Figure 4.14: NNMT expression after pentose phosphate pathway inhibition.
NNMT protein level in 3T3-L1 adipocytes treated with 200 uM DHEA or 20 uM physcion
for 10 d. The protein expression was normalized to the untreated control and to beta actin.
The relative expression is shown as mean values with standard error of mean (SEM)
(n=3). *p < 0.05.

4.3.5 Insulin and FBS

However, there are two remaining factors that could also play an important role in NNMT
regulation. The first is insulin. It is responsible for the membrane translocation of GLUT4, that
is the limiting factor for GLUT4 mediated glucose uptake (Augustin, 2010). To confirm whether
GLUT4 alone is responsible for increased NNMT expression, differentiated 3T3-L1 adipocytes
were cultivated with and without insulin for 10 d (Figure 4.15 A). The second factor is FBS, that
is essential for the differentiation of 3T3-L1 cells (Figure 4.6). FBS contains a lot of different
growth factors, simple nutrients like amino acids and vitamins, stability factors for nutrients,
etc. Some of these components could also affect the cell metabolism. Therefore, fully
differentiated adipocytes were cultivated without FBS for 10 d (Figure 4.15 B).
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Figure 4.15: NNMT expression of cells cultivated without Insulin or without FBS.
(A) NNMT protein level in 3T3-L1 adipocytes cultivated without insulin (- Ins.) for 10 d.
(B) NNMT protein expression in 3T3-L1 cells cultivated without FBS (-FBS) for 10 d. The
protein expression was normalized to the untreated control and to beta actin. The relative
expression is shown as mean values with standard error of mean (SEM) (n = 3). *p < 0.05.

A cultivation without insulin did not change the NNMT expression at all (Figure 4.15 A). Thus,
the basal glucose uptake supplies enough energy for the cell, whereas a removal of FBS led
to a significantly increased NNMT expression (Figure 4.15 B). This result indicates that NNMT
is not exclusively regulated by glucose deprivation. Since FBS and glucose are essential
nutrient sources, their deprivation affects the cellular energy status, which could change the
activity of the AMPK and mTOR signaling pathways.

4.4  Metabolic signaling pathways

Glycolysis and the pentose phosphate pathway provide substrates for cellular energy
metabolism but do not directly affect gene expression. To elucidate the mechanistic link
between glucose availability and NNMT expression, two major signaling pathways, that are
involved in metabolism, were investigated. In the following section the AMPK pathway, that
serves as an energy stress sensor, and the mTOR pathway, which is closely linked to cell

metabolism, are analyzed.

46



Results

4.4.1 AMPK

The cellular energy status is recognized by AMPK that controls different metabolic pathways
and processes (Inoki et al., 2012). Under glucose deprivation the increase in AMP and ADP in
relation to ATP activates AMPK (Hardie, 2011). This kinase could be pharmacologically
activated by AICAR, too. It is transported into the cell by adenosine transporters and
phosphorylated to the AMP-mimetic (ZEP) (Corton et al., 1995; Sullivan et al., 1994). ZEP
binds to the AMPKYy subunit and does not change ADP:ATP ratio (Kim et al., 2016).
Nevertheless, the kinase is active and can regulate the different branches of the signaling
pathway (Figure 1.2). To mimic a starvation status after glucose deprivation, adipocytes were
cultivated with 1 mM AICAR for 3d and 9 d (Figure 4.17). Since AICAR led to a direct activation
of AMPK signaling pathway, without a reduction of the ATP:AMP ratio, a shorter incubation
time (3 d) was also investigated. A longer treatment than 9 d was not possible due to the

cytotoxicity (Figure 4.16 B).
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Figure 4.16: AMPK activation of AICAR treated cells, starved cells, and cell viability.
(A) P-AMPK to AMPK ratio of 3T3-L1 adipocytes cultivated with 1 mM AICAR for 3d and
9 d in 4.5 mg/ml glucose medium. (B) The cell viability after 1 mM AICAR is shown as
mean values in percent with standard error of mean (SEM) (n = 2). (C) P-AMPK to AMPK
ratio of 3T3-L1 cells under glucose deprivation. The protein expression was normalized
to the untreated control and to beta actin. The relative expression is shown as mean
values with standard error of mean (SEM) (n = 3). *p < 0.05.
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To ensure that AMPK is activated during the treatment the ratio P-AMPK to AMPK was
determined by western blot. Indeed, AMPK phosphorylation was affected after 3 d and 9 d
AICAR treatment (Figure 4.16 A). Interestingly, an increased P-AMPK/AMPK ratio was also
detected in starved adipocytes (Figure 4.16 C).
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Figure 4.17: NNMT expression after AICAR treatment.
(A) NNMT protein level in 3T3-L1 adipocytes cultivated with 1 mM AICAR for 3dand 9d
in 4.5 mg/ml glucose medium. (B) Representative western blot out of three independent
experiments. (C) NNMT mRNA expression in 3T3-L1 cells cultivated with 1 mM AICAR
for 3 d and 9 d. (D) GLUT4 mRNA expression after AICAR treatment. The protein and
MRNA expression were normalized to the untreated control and to beta actin. The relative
expression is shown as mean values with standard error of mean (SEM) (n = 3). *p < 0.05.
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The incubation with 1 mM AICAR for 3 d and 9 d led to a significant increase in NNMT protein
(Figure 4.17 A, B). According to this the mRNA expression of NNMT is also augmented in the
treated adipocytes (Figure 4.17 C). Furthermore, after 9 d AMPK activation the GLUT4 mRNA
expression was slightly elevated (Figure 4.17 D).

Due to the strong activation of AMPK even after AICAR treatment and in starved adipocytes,
the mTOR pathway that is an important target of AMPK is investigated (Figure 1.2).

4.4.2 mTOR inhibition

The previous subsection describes AMPK as regulator of NNMT. In the following experiments
the mTORC1, which is a major target of AMPK, is analyzed. Under nutrient rich conditions
MTORC1 promotes biosynthesis of proteins and lipids (Laplante and Sabatini, 2009) and
during glucose deprivation the mTORCL1 activity is controlled by AMPK (Garcia and Shaw,
2017). The signaling pathway, shown in Figure 1.2, describes the inhibition of mMTORC1 due
to AMPK activation. To analyze whether mTORC1 could also be involved in the regulation of
NNMT expression, mMTORC1 was inhibited by 500 nM rapamycin. Like during glucose
deprivation, the treatment time was 10 d.

After this treatment a significant higher NNMT expression was detected (Figure 4.18). The
NNMT protein level was augmented more than 2-fold by mTORCL1 inhibition (Figure 4.18 A, B),
whereas the mRNA expression was only slightly increased (Figure 4.18 C). To verify a
successful mMTORC1 inhibition the phosphorylation of p70 S6K, a typical mTOR target, was
examined by western blot. The missing phosphorylation of p70 S6K confirmed the rapamycin
effect (Figure 4.18 B). Thus, the mTORCL1 activity was blocked. Moreover, the mRNA analyses
of MTORC1 inhibition did not affect GLUT4 expression (Figure 4.18 D).
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Figure 4.18: NNMT expression after rapamycin treatment.

(A) NNMT protein level in 3T3-L1 adipocytes cultivated with 500 nM rapamycin for 10 d
in 4.5 mg/ml glucose medium. (B) Representative western blot out of three independent
experiments. (C) NNMT mRNA expression in 3T3-L1 cells cultivated with 500 nM
rapamycin for 10 d in 4.5 mg/ml glucose medium. (D) GLUT4 mRNA expression after
10 d 500 nM rapamycin treatment. The protein and mRNA expression were normalized
to the untreated control and to beta actin. The relative expression is shown as mean
values with standard error of mean (SEM) (n = 3). *p < 0.05.

Additionally, a 4 d inhibition of mMTORC1 was also be investigated, because the direct
manipulation of the signaling pathway could affect the NNMT expression even after a shorter
time. Already this manipulation led to an augmented NNMT protein level (Figure 4.19 A), as
well as seen after the short-time AICAR treatment (Figure 4.17 A). However, the 4 d rapamycin

treatment was not statistical significant. To analyze the mTOR signaling pathway under
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glucose starvation, the phosphorylation of p70 S6K was measured in glucose deprived
adipocytes. After 10 d, even a slight reduction of this kinase was seen in these cells although
the lower activity of mTOR was not statistically significant (Figure 4.19 B). Moreover, the

experiments were not cytotoxic for the adipocytes, as the MTT assay indicates (Figure 4.20 A).
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Figure 4.19: NNMT expression after 4 d rapamycin treatment and P-p70 S6K protein in glucose
starved adipocytes.
(A) NNMT protein level in 3T3-L1 adipocytes cultivated with 500 nM rapamycin for 4 d in
4.5 mg/ml glucose medium. (B) Phosphorylation of p70 S6K glucose deprived 3T3-L1
cells compared to control cells cultivated in 4.5 mg/ml glucose. The protein expressions
were normalized to the untreated control and to beta actin. The relative expression is
shown as mean values with standard error of mean (SEM) (n = 3).

Actually, mTORCL1 is a master regulator of translation and an inhibition of this complex should
reduce the protein expression in the cell, rather than increase it. Thus, it was also studied the
effect of an inhibitor of protein translation. Indeed, in the presence of cycloheximide, mMTORC1
inhibition with rapamycin failed to augment NNMT expression (Figure 4.20 B, C). Therefore,
MTORCL1 regulated NNMT via translation, rather than altered protein half-life.
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Figure 4.20: Cell viability for rapamycin and NNMT expression after inhibition of translation.
(A) The cell viability after 200 nM and 500 nM rapamycin treatment is shown as mean
values in percent with standard error of mean (SEM) (n = 2). (B) NNMT protein level in
3T3-L1 adipocytes cultivated with rapamycin (100 nM) and cycloheximide (5 uM) for 10 d.
(C) Representative western blot out of three independent experiments. The protein
expression was normalized to the untreated control and to beta actin. The relative
expression is shown as mean values with standard error of mean (SEM) (n = 3). *p < 0.05.

4.4.3 mTOR activation

As seen in 4.4.2, the inhibition of MTOC1 enhanced the NNMT level. Furthermore, the mTOC1

activity is slightly reduced under glucose deprivation (Figure 4.19 B), whereas the NNMT

expression is significantly increased (Figure 4.7). Therefore, the NNMT expression was

investigated under mTORCL1 activation in 3T3-L1 adipocytes that were kept again in culture

medium without glucose. As mTOR activator MHY 1485 was used (Choi et al., 2012; Vizza et

al., 2018).
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Figure 4.21: Activation of mTORC1 by MHY1485.

(A) NNMT protein and (B) NNMT mRNA levels in 3T3-L1 adipocytes cultured in medium
without glucose and MHY1485 (10 uM) for 10 d. (C) Representative western blot out of
three independent experiments, that showed the NNMT expression after MHY1485
treatment in glucose starved cells. (D) Representative western blot out of three
independent experiments, that confirmed the mTORCL1 activation. The protein expression
was normalized to the untreated control and to beta actin. The relative expression is
shown as mean values with standard error of mean (SEM) (n = 3). *p < 0.05.

In the presence of MHY1485, glucose deprivation no longer caused an increase in NNMT
MRNA or protein levels (Figure 4.21 A, B, C). Of note, when adipocytes were cultivated in
glucose containing medium, MHY1485 did not alter NNMT expression. The stronger
phosphorylation of p70 S6K confirmed the successful activation of mMTORC1 in starved
adipocytes treated with MHY 1485 (Figure 4.21 D). Taken together, a reduced mTOR activity

is responsible for the regulation of NNMT expression by glucose deprivation.
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4.4.4 Autophagy inhibition

Figure 4.21 demonstrated clearly that the starvation effect on NNMT is reversible by MHY 1485.
This activator of mMTORCL1 is also an autophagy inhibitor (Choi et al., 2012). Furthermore, the
signaling pathways mTOR and AMPK are known regulators of autophagy (Codogno and
Meijer, 2005). Interestingly, starvation is one of the most important stimuli of it (Singh and
Cuervo, 2011) and the necessary lysosomal breakdown of the cytoplasm and organelles
generates the energy for cell survival (Rabinowitz and White, 2010). To assess whether NNMT
is up-regulated during autophagy, this process is inhibited with bafilomycin A1 and chloroquine
(Bechor et al., 2017; Chinni and Shisheva, 1999; Mauthe et al., 2018).

Both autophagy inhibitors and MHY 1485 abrogated the increase of NNMT protein that was
caused by glucose deprivation (Figure 4.22). The inhibition of autophagy could be determined
by the autophagic adaptor proteins p62 and LC3 (Johansen and Lamark, 2011). LC3 shows in
western blot two bands. The upper one is called LC3I and it is in the cytosol, whereas the lower
band with the name LC3II is conjugated to autophagosome membrane (Choi et al., 2012).
Figure 1.3 showed the process in detail. During autophagy p62 is normally degraded and LC3II
is recycled (Corona Velazquez and Jackson, 2018). The three autophagy inhibitors interrupted
this process (Bechor et al., 2017; Chinni and Shisheva, 1999; Mauthe et al., 2018). Thus, the
stabilization of p62 and LC3lII strongly suggests that autophagy is inhibited in the 3T3-L1 cells
(Figure 4.22 B).
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Figure 4.22: NNMT expression after autophagy inhibition.
(A) NNMT protein expression of starved adipocytes cultivated with 10 uM MHY 1485,
20 nM bafilomycin Al, and 25 uM chloroquine for 10 d. (B) Representative western blot
out of three independent experiments. LC3 and p62 western blot band serve as control
for autophagy inhibition. The protein expression was normalized to the untreated control
and to beta actin. The relative expression is shown as mean values with standard error
of mean (SEM) (n = 3). *p < 0.05.

According to the protein results, the reducing effect was also detectable on mRNA level
(Figure 4.23 A). However, the significant reduction of cells treated with chloroquine was not so
pronounced as seen in western blot. An MTT assay showed only a slight viability reduction

during autophagy inhibition (Figure 4.23 B).

55



>

~

w
1

*

Ll

Relative mRNA expression
N

) .I‘ \ I
O-
-+ - - - -
- - + - -
- - - 4= -
- - - - +
B C
Viability
125 -
§100' .
— 1
2 751 | =
._(60
& 251
O-
-+ - - - -
- - + - -
- - - + -
- - - - +
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(A) NNMT mRNA expression of starved adipocytes cultivated with 10 uM MHY 1485,
20 nM bafilomycin A1, and 25 pM chloroquine for 10 d. (B) MTT assay of cells treated
with the different autophagy inhibitors for 10 d (n = 2). The mRNA expression was
normalized to the untreated control and to beta actin. The relative expression is shown

as mean values with standard error of mean (SEM) (n = 3). *p < 0.05.
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Taken together NNMT is up-regulated during autophagy that is induced by the glucose
deprivation. An inhibition of this process by three inhibitors prevented the NNMT
up-regulation. Thereby NNMT could serve as an energy sensor and play an important

role for cell survival under harmful conditions.
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5 Discussion

5.1 Glucose availability regulates NNMT expression

The expression of the methyltransferase NNMT is increased in obesity and diabetes (Kraus et
al., 2014). The knockdown or the inhibition of this enzyme prevents obesity (Brachs et al.,
2019; Cao et al., 2017; Kannt et al., 2018; Kraus et al., 2014; Neelakantan et al., 2018).
Additionally, this methyltransferase was even enhance in human muscle during caloric

restriction (Strém et al., 2018).

So far, the distinct regulation mechanism of NNMT is not known when the energy homeostasis
is disturbed. This study showed that glucose availability is important for NNMT expression in
adipocytes. Indeed, after 10 d glucose deprivation NNMT protein and mRNA level were
significantly enhanced (Figure 4.7). Thereby the cultivation without glucose did not cause a
de-differentiation of the 3T3-L1 adipocytes (Figure 4.5). Even if the cells were de-differentiated,
it would be more likely that the NNMT expression is reduced, rather than enhanced, as NNMT
is itself a marker for adipocyte differentiation (Riederer et al., 2009). The same effect on this
methyltransferase is measured in adipose tissue of mice that are unable to take up glucose in
an insulin insensitive manner due to a knockout of GLUT4 (AG4KO) and the constitutionally
augmented GLUT4 causes a reduction in NNMT expression (AG4Tg) (Kraus et al., 2014).

While this results were obtained in a GLUT4 knockdown study (Kraus et al., 2014), GLUT4
MRNA expression in 3T3-L1 cells was not affected by glucose starvation (Figure 4.7 C). In
contrast to this, a starvation of 3T3-L1 increased GLUT4 at the cell-surface (Kozka et al.,
1991). However, the analyses of the transporter protein levels are difficult by western blot,
because GLUT4 is always recycled between the plasma membrane and intracellular storage
vesicles (Shepherd and Kahn, 1999). It is not possible to distinguish, whether a GLUT4
transporter is bound in its active from in the plasma membrane or in its inactive form in a vesicle
using western blot. Of course, there are methods for investigation of GLUT4 location. Kozka
and colleagues used a method that based on photolabeling to analyze the cell-surface location
(Kozka et al., 1991). However, in 3T3-L1 cells the basal glucose uptake could also be
responsible for enough glucose transport into the cell, whereby the glucose uptake is
predominantly mediated by insulin responsive GLUT4 in adipose tissue. Furthermore, in this
study the cells were cultured in media without glucose and nevertheless the same effect could
be measured as during a GLUT4 knockout (Kraus et al., 2014). Therefore, this is strong

indication that the glucose deprivation and consequently the effect of a GLUT4 knockdown
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cause the augmented NNMT expression in mice. Furthermore, the inhibition of the glucose
transporter by phloretin confirmed the augmented NNMT expression due to glucose

deprivation (Figure 4.9).

Additionally, the signaling pathways that regulate expression and trafficking of the glucose
transporters could also be manipulated to affect glucose metabolism. For example, GLUT1
trafficking is strictly regulated by phosphatidylinositol 3-kinase and an inhibition of this enzyme
prevented GLUT1 mediated glucose uptake (Bentley et al., 2003). mTOR and AMPK are
involved in GLUT1 and GLUT4 expression and membrane translocation (Buller et al., 2008;
Fryer et al.,, 2002). Therefore, they are also good targets to analyze the transporters and

glucose metabolism.

Moreover, when GLUT4 are considered in a study, the insulin effects on 3T3-L1 adipocytes
should also been investigated, since the GLUT4 is an insulin-sensitive glucose transporter
(Shepherd and Kahn, 1999). A cultivation without insulin did not affect the NNMT protein
expression (Figure 4.13 A). There a reduced glucose uptake and a higher NNMT expression
would be expected. Unfortunately, cultured 3T3-L1 adipocytes contain more GLUT1
transporters as isolated adipocytes (Kozka et al., 1991). Therefore, the basal glucose uptake
by GLUT1 could quench the missing GLUT4 glucose uptake. Furthermore, this implies that
GLUT4 is generally responsible for the glucose uptake in the adipose tissue of animals and
humans. This explains the strong NNMT expression in AG4KO mice (Kraus et al., 2014).

5.2  Glycolysis inhibition confirmed the starvation effect

To address where the glucose deprivation is recognized in adipocytes, the glycolysis has to
be investigated, because glucose is the first sugar of this process. The inhibition of the
glycolysis reduces the ATP levels (Xi et al., 2011), and consequently a deprivation status
occurs in the cell. 2-DG is a well-studied glycolysis inhibitor. 1 mM 2-DG that targets the
hexokinase reaction caused an increase in NNMT protein expression (Figure 4.11).
Interestingly, this effect was strengthened by the removal of 1 mM sodium pyruvate. Moreover,
a cultivation without glucose and without sodium pyruvate led to the highest NNMT expression.

Both effects point out that the greater the deprivation is, the stronger the NNMT expression is.

The commercial hexokinase assay demonstrated a successful inhibition of the hexokinase

step (Figure 4.12 B). The 2-DG treatment led to the accumulation of 2-DG-6-phosphate that is
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only processed by the assay enzymes. Therefore, a higher hexokinase activity is measured by
the assay. Both 1 mM and 6 mM effectively inhibited the enzyme. However, the higher
concentration was quite cytotoxic (Figure 4.12 A). This was detected in different cell types and
occurs even after 24 h (DiPaola et al., 2008; Wang et al., 2011; Xi et al., 2011).

The glycolysis not only generates ATP but also supplies different important intermediates for
the cell, like glucose-6-phosphate (TeSlaa and Teitell, 2014). This sugar is also the starting
point for the pentose phosphate pathway that generates the reducing agent NADPH (Heinrich
et al., 2014). It was necessary to investigate this pathway, because NMMT could also be
regulated by the availability of the reducing agents. However, neither physcion nor DHEA
changed NNMT expression after 10 d treatment (Figure 4.14). Therefore, the availability of
glucose and not NAPDH regulates NNMT.

5.3 AMPK and mTOR are involved in NNMT regulation

As mentioned above to manipulate the GLUT1 and GLUT4 translocation AMPK and mTOR
signaling pathway could be examined. Moreover, these pathways regulate the cell metabolism
and glucose availability is one of the major inputs (Inoki et al., 2012). Indeed, increased NNMT
expression caused by glucose deprivation is mediated by AMPK and mTOR. The cultivation
of 3T3-L1 adipocytes without glucose led to the activating phosphorylation of AMPK
(Figure 4.16 C). Since the activity of mMTORC1 is negatively regulated by AMPK (Figure 1.2),
the phosphorylation of p70 S6K is slightly reduced in cell culture (Figure 4.19 B). This indicates
that mTOR is less active after glucose deprivation. To investigate the distinct role of AMPK
and mTOR in NNMT regulation both complexes were manipulated either with an activator or
an inhibitor. The early sensor for glucose deprivation AMPK (Garcia and Shaw, 2017) is
activated by AICAR. This caused a significantly higher NNMT expression even after a short
time treatment (Figure 4.17 A, B, C).

The GLUT4 mRNA expression is increased after AICAR treatment (Figure 4.17 D).
Interestingly, after glucose starvation the GLUT4 mRNA expression is not affected
(Figure 4.7 C), although the activated AMPK is known to control GLUT4 mRNA expression
(Zheng et al., 2001). However, the mRNA expression is not an evidence for the glucose uptake,
more important is the GLUT4 membrane translocation (Shepherd and Kahn, 1999).

Furthermore, the underling mechanisms of glucose uptake under pharmacological and
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non-pharmacological AMPK activation is not fully understood. In general, this process is
affected by the Rab GTPase-activating proteins TBC1D1 (Sakamoto and Holman, 2008) and
AS160 that are part of the GLUT4 vesicles (Sakamoto and Holman, 2008). A phosphorylation
of TBC1D1 and AS160 by AMPK or Akt promotes the membrane incorporation (Hatakeyama
et al., 2019). In literature there are contrary findings concerning the GLUT4 mediated glucose

uptake after AICAR administration.

On the one hand, this treatment increased the basal but inhibited the insulin-stimulated glucose
transport in 3T3-L1 adipocytes (Salt et al., 2000). On the other one, Yamaguchi and colleagues
demonstrated that AICAR accelerates the GLUT4 translocation and glucose uptake
(Yamaguchi et al., 2005). This effect was not quenched by an Akt inhibition, whereas only
insulin-stimulated glucose transport was strongly decreased by wortmannin, an Akt inhibitor
(Yamaguchi et al., 2005). Additionally, the insulin receptor expression is decreased after
AICAR treatment in HepG2 cells and is not affected in 3T3-L1 adipocytes (Nakamaru et al.,
2005). This indicates the insulin-stimulated glucose uptake is possible during AICAR
treatment. These findings show that, there are different GLUT4 regulation mechanism. This
could explain why GLUT4 expression is not affected by a normal glucose deprivation, whereby

AICAR treatment led to a higher transporter mRNA level.

Furthermore, at least two studies demonstrated that AICAR increases the GLUT1 mediated
glucose transport in 3T3-L1 cells (Abbud et al., 2000; Salt et al., 2000). Interestingly, cultured
3T3-L1 adipocytes contain per se more GLUTL1 transporters as isolated adipocytes (Kozka et
al., 1991). Taken together, it is not important whether the glucose uptake is mediated by
GLUT4 after AICAR treatment, because this activator could enhance the uptake by GLUT1
(Abbud et al., 2000; Salt et al., 2000). Consequently, enough glucose is provided for the 3T3-L1
adipocyte that nevertheless showed an augmented NNMT level. Therefore, the NNMT

expression is regulated as a downstream target of AMPK.

Since AMPK is the most important energy sensor that controls autophagy, lipid metabolism,
and protein translation in response to glucose starvation (Kim et al., 2013), it is involved in the
regulation of MTORC1, another essential metabolic pathway (Saxton and Sabatini, 2017).
After energy depletion AMPK can control the activity of mTORCZ1 directly or indirectly through
TSC2 phosphorylation (Inoki et al., 2003). Subsequently, the active TSC1/TSC2 complex
inhibited mMTORCL1 (Zoncu et al., 2011). Additionally, AMPK phosphorylates the mTOR binding
partner raptor and this leads to mTORC1 inhibition (Gwinn et al., 2008). Reduced glucose
availability as well as AICAR treatment represses the phosphorylation of p70 S6K (Kimura et
al., 2003). To investigate the mTORCL1 function in NNMT regulation, the complex was inhibited

by rapamycin. Indeed, this led to an increase in protein and mRNA level of NNMT after 10 d
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(Figure 4.18 A, B, C). Even when the results were not significant after a short time rapamycin
treatment, a trend was visible (Figure 4.19 A). However, AICAR significantly caused a
augmented NNMT expression after 3 d (Figure 4.17 A, B, C). All the results confirm that NNMT
up-regulation occurs only under extreme conditions, like a constitutively activated AMPK
pathway or the 10 d glucose starvation. There, AMPK phosphorylation was significantly
increased in 3T3-L1 adipocytes (Figure 4.16 C), whereby mTORC1 activity is slightly reduced
in starved cells (Figure 4.19 B). The pharmacological inhibition with rapamycin completely
hampered the phosphorylation of p70 S6K by mTORC1. This overall loss of p70 S6K
phosphorylation verified that mTORC1 was inhibited during the experimental procedure
(Figure 4.18 B). This complex also plays an important role in obesity, because S6K1 null mice
are resistant to DIO (Um et al., 2004). Additionally, the higher NNMT expression in mice with
DIO (Kraus et al., 2014) might be caused by a reduced S6K1 activity. Thus, NNMT might be
regulated by the mTORCL1. Furthermore, the activation of AMPK and the subsequent mMTORC1
inhibition are targets for different diabetes treatments (Sengupta et al., 2010).

5.4 Increased NNMT protein level even after mTORCL1 inhibition

However, another general question must be addressed, now. When mTOR, the master
regulator of protein translation, is inhibited, how is it possible that NNMT protein is
up-regulated. Therefore, the complete translation has to be interfered at ribosomal level.
Indeed, a treatment with rapamycin and cycloheximide, abrogated the NNMT increase
(Figure 4.20 B, C). Furthermore, cycloheximide alone reduced the NNMT protein expression.
This confirmed that NNMT protein translation is controlled by another regulation mechanism
and that the higher protein amount is not due greater protein stabilization. In BJAB lymphoma
cells and CTLL-2 T lymphocytes rapamycin induced the expression of nutrient catabolism and
energy production genes (Peng et al., 2002). The up-regulated gene profile induced by
rapamycin is similar to the gene effects that are caused by amino acid deprivation, not by
glucose deprivation (Peng et al., 2002). This could explain the slightly weaker NNMT
up-regulation after mTORC1 inhibition, than the strong NNMT expression after AICAR
treatment. Furthermore, mMTORC1 controls predominantly the translation of mRNA with
5"terminal oligopyrimidine (TOP) motifs (Thoreen et al., 2012). Of note, in vitro (NHI 3T3) and
in vivo rapamycin treatment reduced the cap-dependent, but not the cap-independent

translation (Beretta et al., 1996).
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There are different mediators that are part of mMTORCL1 translational control, e. g. the lack of
4E-BPs did not alter cell size, but proliferation was inhibited (Dowling et al., 2010). An active
S6K1 regulates different elongation and initiation factors (Dorrello et al., 2006; Wang et al.,
2001) as well as S6, a component of the 40S ribosomal subunit (Ruvinsky et al., 2005;
Sengupta et al., 2010). They are affected by mTORC1 phosphorylation in a translational
promoting manner (Ruvinsky et al.,, 2005; Sengupta et al, 2010). However,
non-phosphorylated S6 can also increases protein synthesis and cell division (Ruvinsky et al.,
2005). Since cycloheximide inhibited NNMT protein synthesis during rapamycin treatment, the
NNMT protein synthesis is regulated by another mechanism distinct from the typical mMTORCL1

control.

Cells have to challenge various stresses. Therefore, mMRNAs that are part of a stress response
evade the typical translation repression (Marques-Ramos et al., 2017; Spriggs et al., 2010).
One mechanism are the internal ribosome entry sites (IRESs) (Mitchell et al., 2005). They
directly recruit the ribosomes at the 5’UTR and promote the binding of the 40S subunit (Spriggs
et al., 2008). Of course, this process is strictly controlled by transacting factors (Powley et al.,
2009; Spriggs et al., 2005; Spriggs et al., 2009). This ensures that stress relevant mRNAs are
only translated under harmful conditions. A second regulation mechanism for NNMT might
involve microRNAs that play a major role in posttranscriptional regulation (Leung and Sharp,
2010). A further explanation for NNMT up-regulation is that the mRNA contains a start codon
in the upstream open reading frame (UORFs). In general, these AUG codons have an inhibitory
effect during a cap-dependent translation (Spriggs et al., 2010). However, when the normal
translation is down-regulated by elF2 phosphorylation, same stress-important mRNAs are
strongly expressed (Spriggs et al., 2010). Interestingly, these uUORFs exists in 50 % of all
MRNAs (Calvo et al., 2009). One example is ATF4 that is involved in autophagy regulation
(Ron and Harding, 2007). It is obvious that long-time glucose starvation, AICAR or rapamycin
treatment count to serve stress signals that may allow the NNMT expression by the mentioned
translational control. Of course, there are many arguments that a prolonged rapamycin
administration is quite harmful for cells. However, various tumors develop a resistance against
rapamycin (Gilley et al., 2013), whereby they could maintain their protein synthesis. In addition,
multiple injections of rapamycin over 4 weeks did not alter the translational activity in mice,
compared to the control group (Garelick et al., 2013). Furthermore, a single administration
caused a reduction of the translation process (Garelick et al., 2013). Taken together, there are
a lot of possibilities that rescues the protein synthesis during rapamycin treatment or long-time
starvation. Further studies are necessary to investigate the NNMT translation in detalil,

whereby different IRES activity or the uORFs should be analyzed in a new project.
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5.5 NNMT expression and autophagy

To confirm whether the reduced mTOR activity is part of the NNMT regulation during a glucose
starvation or rapamycin administration, the mTOR activator MHY 1485 was used in cell culture.
Indeed, 10 pM MHY1485 abrogated the increase in NNMT protein and mRNA (Figure 4.21),
whereby the phosphorylation of p70 S6K is enhanced (Figure 4.21 D). MHY 1485 is a typical
autophagy inhibitor due to its function as mTOR activator (Choi et al., 2012; Lin et al., 2019).

Of note, mMTORC1 as well as AMPK are the major regulators of autophagy (Gallagher et al.,
2016), that is induced by starvation (Kirkin, 2019). The two signaling pathway also control
NNMT expression, as this study shows. Interestingly, the NNMT effect caused by glucose
deprivation is reversed by chloroquine and bafilomycin Al (Figure 4.22 and Figure 4.23 B).
Both are strong autophagy inhibitors and they lately interfere this process. Chloroquine not
only prevent the increase in NNMT protein level, but even suppress it, whereas the effect of
bafilomycin Al was slightly weaker (Figure 4.22 A). The cause for this discrepancy could be
the distinct mechanism of action (Figure 5.1). Chloroquine impairs the fusion with lysosomes
(Mauthe et al., 2018) and bafilomycin Al inhibits the acidification (Mauvezin and Neufeld,
2015). Since a disrupted endosome acidification mimics insulin action on GLUT4 and GLUT1
translocation in 3T3-L1 adipocytes (Chinni and Shisheva, 1999), the bafilomycin Al effect on
NNMT expression might be caused by a possible feedback regulation due to the glucose

transporter location. Therefore, this enzyme appears to be sensor for energy depletion.

However, it is more important that mTOR activator and autophagy inhibitor MHY 1485 also led
to the significant reduction in NNMT protein and mRNA expression. This was similar to the
results of bafilomycin A1 and chloroquine. Finally, this demonstrates that NNMT plays a critical
role in autophagy, because even the early interruption using MHY1485 prevents the
up-regulation of the methyltransferase. The activation of mMTORCL1 leads to the inhibitory
phosphorylation of Ulk1 and Atg13 (Corona Velazquez and Jackson, 2018). Consequently, the
autophagosome formation is prevented and less LC3Il and p62 is generated than due to
bafilomycin A1 and chloroquine administration. Indeed, MHY 1485 had a weaker LC3Il and p62
signals (Figure 4.22 A and Figure 4.23 A). Additionally, the different amounts of LC3Il and p62
protein, shown in western blot (Figure 4.22 B), reflect the effects on NNMT protein level. The
strongest p62 and LC3II signals were detected with chloroquine which interferes autophagy at
the latest time point. Furthermore, these cells showed the weakest NNMT protein level. The
stabilization of p62 and LC3lII also indicates a successful autophagy inhibition. The same effect
on the LC3Il and p62 could be detected in starved 3T3-L1 preadipocytes treated with

chloroquine (Igawa et al., 2019).
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AMPK signaling and mTOR signaling during autophagy.

The kinase AMPK is activated by energy stress. Simultaneously mTORCL1 is repressed.
Both promotes autophagy. The inhibited steps of MHY1485, bafilomycin Al, and
chloroquine are highlighted. Due to the mTORC1 activation by MHY1485 the
phosphorylation of Ulkl and Atgl3 are repressed. Bafilomycin Al inhibits the vATPase
and prevents the necessary acidification. Chloroquine targets the fusion of amphisome
and lysosome. Redrawn and modified from (Corona Velazquez and Jackson, 2018; Feng
et al., 2015; Garcia and Shaw, 2017; Kaushal et al., 2020; Laplante and Sabatini, 2009;

Saxton and Sabatini, 2017).

In further studies the precise role of NNMT must be clarified because autophagy is a cell

survival mechanism of diseases, like diabetes and cancer. Early studies already demonstrated

that inhibition of this process causes a reduction in white adipose tissue mass (Jung et al.,

2008; Singh et al., 2009). This makes NNMT to an interesting target for obesity therapy.
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5.5.1 NNMT - important for tumorigenicity and survival under stress conditions

In tumor research autophagy is investigated in different studies, whereas NNMT is becoming
more and more important. Its expression correlates always with a great tumorigenicity (Akar
et al., 2019; Cui et al., 2020; Eckert et al., 2019; Harmankaya et al., 2020; Li et al., 2019; Shu
et al., 2014; Song et al., 2020; Ulanovskaya et al., 2013). However, the distinct role of NNMT
is not fully elucidated. Since enough glucose is essential for the tumor tissue, cancer cells
developed mechanisms to survive glucose starvation. First it must be mentioned that the tumor
tissue consumed 47 to 70 % glucose, whereas the healthy tissue only uses 2 to 18 % (Hirschey
et al., 2015); and second the rescue mechanism often involves autophagy (Chen et al., 2018;
Endo et al., 2018; Khan et al., 2018; Palorini et al., 2016).

At the moment, there are only few studies that investigated NNMT expression and glucose
starvation. In serous ovarian cancer NNMT promotes resistance against glucose starvation
(Kanska et al., 2017). Moreover, in pancreatic cancer cells the knockdown of this
methyltransferase impairs the resistance against glucose starvation, rapamycin, and 2-DG (Yu
et al., 2015). Schmeisser and Parker showed that NNMT overexpression leads to more
autophagy, whereas the knockdown reduces it (Schmeisser and Parker, 2018). Additionally,

this effect is strengthened by starvation (Schmeisser and Parker, 2018).

Various studies suggest that higher NNMT levels are important for tumor growth, progression,
and survival, thereby cancer cells try to escape apoptosis (Mistry et al., 2020; Seta et al., 2018;
Xie et al., 2014). Interestingly, a knockdown of NNMT leads to up-regulation of pro-apoptotic
genes and down-regulation of anti-apoptotic genes (Zhang et al., 2014). Xie and colleagues
demonstrated that the sensitivity to 5-Fluoruracil is increased after NNMT down-regulation (Xie
et al., 2016). Even radiation resistance is associated with higher NNMT levels (D'Andrea et al.,

2011). These findings show the importance of NNMT for tumor tissue.

As mentioned above autophagy is also a mechanism to survive. Glucose starvation in tumor
cells leads to autophagy and the autophagy inhibition leads to cell death (Palorini et al., 2016).
Endo and colleagues showed that this autophagy is regulated by AMPK in different cell lines
(Endo et al., 2018). Therefore, it would be interesting to investigate which role NNMT has
played in both studies. In glioblastoma cells glucose starvation caused autophagy followed by
cell quiescence, survival, and chemoresistance (Wang et al., 2018). Of note, the treatment
with bafilomycin Al permitted cell quiescence and survival (Wang et al., 2018). Furthermore,
the glucose starved, and bafilomycin Al treated tumor cells were highly sensitive to
carboplatin, a chemotherapeutic agent (Wang et al., 2018). Similar results could be obtained

in ovarian cancer (Pagotto et al., 2017). Indeed, NNMT is up-regulated in both cancer types
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(Eckert et al., 2019; Jung et al., 2017; Kanska et al., 2017). Recently, in breast cancer cells it
was shown that the overexpression of NNMT attenuated autophagy, whereas the knockdown
promote autophagy (Yu et al., 2020). There, NNMT suppresses ROS increase, ATP decrease,
and AMPK-UIK1 activation resulting in autophagy inhibition (Yu et al., 2020). Here | show that
NNMT expression is again reduced in starved adipocytes after autophagy inhibition. Maybe
NNMT is regulated by a feedback loop. Due to an inhibited autophagy NNMT expression is not

necessary for the cell and the expression is attenuated.

5.5.2 Autophagy in obesity

The here obtained results show that NNMT also ensures cell survival under low energy
conditions in adipocytes. The glucose deprivation led to augmented NNMT expression, that is
abrogated by autophagy inhibition. The pharmacological inhibition of autophagy in 3T3-L1
adipocytes represses lipid accumulation, as well as adipocyte specific mouse knockout of Atg7
decreases the white adipose mass and increases insulin sensitivity (Singh et al., 2009). Zhang
and colleagues measured the same effect on white adipose tissue. Additionally, they showed
that the mutant mice were protected from high-fat-diet-induced obesity (Zhang et al., 2009).

Interestingly, a NNMT knockdown had the same effect (Kraus et al., 2014).

Actually, it would be expected that autophagy is reduced during overnutrition and obesity,
because one of the major inducers is energy depletion. Indeed, a study suggests that
autophagy is more down-regulated in obese mice (Yang et al.,, 2010). Conversely,
interventions in autophagy could have serve consequences for obese individuals. For
example, this process contributes to the normalization of lipid metabolism by the elimination of
lipid droplets (Singh et al., 2009; Singh and Cuervo, 2012) and an Atg7 haploinsufficiency
promotes diabetic pathologies during obesity (Lim et al., 2014). Furthermore, the Atg5
overexpression protects from obesity and insulin resistance (Pyo et al., 2013). Finally, a lot of
studies demonstrated that this process is present due to obesity and lipotoxicity in adipose
tissue of humans and mice (Jansen et al., 2012; Kovsan et al., 2011; Mei et al., 2011; Nufez
et al., 2013; Ost et al., 2010). Of note, insulin resistance causes a MTORC1 activity repression
and a strong up-regulation of autophagy (Ost et al., 2010). The study of Kovsan et al.
demonstrated that the autophagic proteins Atg5, LC3I, and LC3Il are elevated in omentum
majus compared with subcutan fat, whereby the effect was more pronounced in obese samples
(Kovsan et al., 2011). Nevertheless, the relationship between obesity and autophagy is not

fully understood. NNMT could contribute to a better knowledge.
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Taken together, autophagy has got an amazing potential in obesity treatment. The interruption
of autophagy decreases adipogenesis, and consequently body weight gain during obesity
(Singh et al., 2009; Zhang et al., 2009). To distinguish whether autophagy inhibition is a
suitable treatment for a patient, NNMT expression could be a promising marker. Figure 4.1 A
shows that NNMT is up-regulated in obese patients. This effect was also measured in non-
diabetic, obese Pima Indians (Lee et al., 2005). If the NNMT expression is enhanced in adipose

tissue, autophagy inhibition is another therapy, besides the NNMT inhibitors.

5.6 Differentiation of 3T3-L1 cells to stable adipocytes

This study was the first time to investigate the regulation mechanism of NNMT. To measure
specific effects the 3T3-L1 cell line was used. In more than 5000 published articles these cells
are used to investigate adipogenesis and the biochemistry of adipocytes (Poulos et al., 2010).
They were generated through clonal expansion of mouse-derived cells and they contain only
one cell type (Poulos et al., 2010). These cells offer further numerous advantages, like
mechanistic analysis and high reproducibility of the results. 3T3-L1 preadipocytes have a
fibroblast structure before differentiation into adipocytes (Wang et al., 2009). However, a stable
and equal differentiation of the cells is important to gain mentioned advantages. In literature
various cultivation methods for 3T3-L1 cells are found. Of note, the success of differentiation
depends on the media supplements, timing of induction, passage number, and even on the
personal handling. Especially, the standardization of the last parameter is quite difficult.
Therefore, it is necessary to validate all other aspects for differentiation. Rosiglitazone is one
example. Zebisch and colleagues demonstrated that this substance improves the
differentiation in early passages, and it is even required in later cell passages (Zebisch et al.,
2012). Moreover, Figure 4.6 shows that the FBS is also a critical factor. After the testing of six
different sera, only two of them led to 90 % to 100 % 3T3-L1 adipocytes. Because of the almost
100 % differentiation that was reached with the Biochrom Superior serum, it was used for the
experiments of this study. The differentiation degree was measured by the quantitative ORO
protocol, that was developed in our laboratory (Kraus et al., 2016). The typical lipid droplets
are stained by ORO and after dilution of the dye the differentiation status is quantitatively
determined. A long-time starvation of unstable or short time differentiated adipocytes led to the
loss of lipid and consequently to a de-differentiation (Figure 4.5). Therefore, the differentiation

time was expanded to gain stable 3T3-L1 adipocytes.
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5.7 Inflammation

5.7.1 IL-6 and TNF-a did not regulate NNMT in 3T3-L1 cells

The adipose tissue is a complex organ. The chronic metaflammation has huge influence on
adipocyte gene expression (Hotamisligil, 2006; Hotamisligil, 2017). Indeed, there are
alternative pathways for NNMT regulation. IL-6 and LIF control NNMT via STAT3 in cancer
cells and HEK293 (Tomida et al., 2008). Further investigations in IL-6 knockout mice showed
reduced levels of 1-MN, the reaction product of the methyltransferase, compared with control
animals (Sternak et al., 2015). However, the stimulation with IL-6 or TNF-a did not affect NNMT
protein level in 3T3-L1 adipocytes (Figure 4.2 and Figure 4.3). Nevertheless, the inflammatory
signals could influence NNMT in vivo. One problem is that NNMT is up-regulated only after a
long-time glucose deprivation or treatment. Unfortunately, TNF-a and IL-6 have to be
administered in FBS free media. Figure 4.15 B shows the obvious problem. A longer cultivation
without FBS led to augmented NNMT protein levels. Moreover, the inflammatory signal
cascade differs between in vivo and in vitro. Therefore, the next studies concerning NNMT

should focus on the investigation of autophagy and inflammation in adipose tissue.

Very interesting studies of both processes are done in vivo. For example, an insufficiency in
autophagy leads to insulin resistance and higher lipid loading, whereby the results provide
evidence for a higher inflammasome activation in Atg7*" - ob/ob mice (Lim et al., 2014). In
obese and insulin resistant adipose tissue LC3 is also increased (Jansen et al., 2012).
Additionally, the autophagy inhibition with 3-methylalanine enhance the IL-6 secretion of
human and animal explants (Jansen et al., 2012). Nufiez and colleagues found that obesity
caused by overfeeding is associated with a defective autophagy regulation (Nufiez et al.,
2013). Furthermore, they demonstrated that the pro-inflammatory signals TNF-a and IL-6 are
evaluated in adipose tissue of obese individuals (Nufiez et al., 2013). Since none of these
studies investigated NNMT, more experiments are necessary to elucidate the role of

inflammation on NNMT regulation.
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5.7.2 The adiponectin leptin affected NNMT protein expression

Leptin is secreted by adipocytes and mediates its function through the nerve system into the
hypothalamus (Stern et al., 2016). It also is an alternative activator of JAK/STAT pathway and
it exerts paracrine and autocrine effects on adipocytes (Kraus et al., 2002). Interestingly, the
NNMT protein level is elevated by 10 ng/ml leptin (Figure 4.4 A, C), whereas the
pro-inflammatory signals did not chance the expression (Figure 4.2 and Figure 4.3). Thus,
leptin regulates NNMT not due to its similarity to pro-inflammatory signals, it is more because
leptin is an adiponectin with autocrine effects. This hormone impairs insulin-stimulated
glucose-uptake in cultured primary rat adipocytes (Miller et al., 1997). Moreover, in muscle
leptin activates AMPK (Minokoshi et al., 2002) and hyperleptinemia increased phosphorylation
of AMPK in rats (Orci et al., 2004). Therefore, the effect of leptin on NNMT could be attributed
to an AMPK dependent mechanism, like shown under glucose starvation in this study. The
discrepancy between mRNA and protein cannot be explained. The short time treatment of 24 h
could be part of the solution. Maybe the higher NNMT protein content is caused by reduced
degradation of NNMT in these adipocytes. However, this has to be addressed in a new study,

because this hormone plays an important role during obesity.

Normally, it prevents overnutrition in presence of insulin by inhibition of AMPK in the
hypothalamus of lean individuals (Jeon, 2016). In contrast, it is elevated in obese humans and
animals (Gregoire et al., 1998). In this study a higher NNMT expression was measured in
obese patients (Figure 4.1 A). An equal effect was seen in AG4KO mice, ob/ob, db/db, and

DIO mice (Kraus et al., 2014) as well as in obese, non-diabetic Pima Indians (Lee et al., 2005).

Interestingly, the inhibition of autophagy repressed the expression of leptin (Hwang and Lee,
2020). The same positive effect on this process is caused by fasting in obese subjects (Boden
et al.,, 1996). Furthermore, leptin stimulates autophagy of adipocytes shown by elevated
expression of Atg5 and LC3II (Goldstein et al., 2019). This could explain the augmented NNMT
protein levels after a high concentration of leptin. However, more studies in vivo will explain

the association between NNMT, autophagy, and leptin.
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5.8 Perspective

Of course, further studies are necessary to investigate NNMT regulation in detail, especially in
vivo. However, | am convinced that NNMT and autophagy are very promising targets for
obesity treatment because the glucose deprivation led to increased NNMT expression, that is
abrogated by autophagy inhibition. The enzyme is up-regulated in the adipose tissue of obese
individuals (Figure 4.1). The same increase was seen in starved 3T3-L1 adipocytes
(Figure 4.7), obese Pima Indians (Lee et al., 2005), in AG4KO, ob/ob, db/db, and DIO mice
(Kraus et al., 2014).

Indeed, this is the first study that shows a connection between NNMT and autophagy that is
necessary for healthy adipose tissue metabolism. The pharmacological inhibition of autophagy
in 3T3-L1 adipocytes inhibited lipid accumulation, as well as adipocyte specific mouse
knockout of Atg7 decreased the white adipose mass and increased insulin sensitivity (Singh
et al.,, 2009). Zhang and colleagues measured the same effect on white adipose tissue.
Additionally, they showed that the mutant mice were protected from high-fat-diet-induced
obesity (Zhang et al., 2009). These studies are only a few examples that show that this process
is strictly regulated and highly selective. Moreover, not only the obesity therapy could be
expedited, but also the treatment of cancer. A combination between autophagy inhibition and
glucose deprivation in CR mice could be promising cancer therapy (Lashinger et al., 2016).
However, for the development of new treatments in obesity and cancer prevention some

important aspects have to be analyzed.

First, the mTOR and AMPK signaling pathway should be investigated in obesity when NNMT
expression is increased to demonstrate that NNMT is regulated by these signaling pathways
in vivo. Then further studies are necessary that analyze NNMT and autophagy. Since there is
a growing research of small molecule inhibitors for NNMT, they should be also part of the
investigations. In this context, the NNMT genotype also plays an important role because there
is an association between a distinct NNMT genotype, the 1-MN concentrations and obesity
(Bafales-Luna et al., 2020). This study shows how important the genetic background is and it
could be a partial explanation of the differential regulation of NNMT expression and activity
(Brachs et al., 2019; Rudolphi et al., 2018). In future studies the enzymatic activity has to be

investigated, too.

Second, the insulin resistance, that is often associated with obesity, cannot be neglected,
because various studies show that starvation causes insulin resistance in lean and obese
individuals (Duska et al., 2005; Mansell and Macdonald, 1990; Newman and Brodows, 1983).

Furthermore, in the adipose tissue the insulin sensitive GLUT4 is responsible for glucose
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uptake (Shepherd and Kahn, 1999). It would be interesting whether autophagy occurs during
insulin resistance and how NNMT expression is changed when the insulin sensitivity is restored

in vivo.

Taken together this study shows that NNMT is a promising target for obesity treatment. The
greatest advantage is that NNMT is predominantly expressed in adipose tissue. Therefore,
side effects could be rigorously reduced. Furthermore, a successful treatment of obese
humans can prevent obesity-related cancer types. Interestingly, the glucose availability
appears to regulate NNMT even in cancer. Both adipocytes and rapidly proliferating cancer
cells need a lot of energy, whereby increased NNMT levels are detected in obesity and many

tumors. Thus, this methyltransferase emerges as an awesome therapeutic target.
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