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CBG Cortisol binding globulin

DAG Diacyl glycerol

DHEA Dehydroepiandrosterone
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HPA Hypothalamic-pituitary-adrenal
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IRS-1 Insulin receptor substrate-1

LDL Low density lipoprotein

LHI Lipid/heparin infusion

NF«xB Nuclear FactokB

3-OHB 3-hydroxybutyrate

PAI-1 Plasminogen activator inhibitor-1

PCO Polycystic ovary syndrome

PPAR Peroxisome proliferator-activated receptor

PEPCK Phosphoenolpyruvate carboxykinase

SHI Saline/heparin infusion
TGF-I3 Transforming growth factor 3
THE Tetrahydrocortisone

THF 5R-tetrahydrocortisol

aTHF 5a-tetrahydrocortisol



TNFa Tumor necrosis factor
TZD Thiazolidinediones
UFF Urinary free cortisol

UFE Urinary free cortisone



1. Introduction

1.1. The burden of obesity

The increased prevalence of obesity and its co-iitds results predominantly from
multifactorial changes in lifestyle (1). In that mtext, low physical activity and
hyperalimentation especially with energy-dense fagelthe two major environmental
factors currently leading to the epidemic of obesiSpecifically, social and
environmental circuits have a fundamental impacttiom obesity risk, although a

genetic susceptibility of this phenomenon is algdl wnown.

Obesity is regarded as one of the main factors imgusietabolic disorders like
metabolic syndrome, insulin resistance and typ&aBeales. The impact of obesity on
insulin resistance, type 2 diabetes and cardioVascliseases was demonstrated in
several epidemiological trials (2-5). The growingidence of obesity over the last
decades is alarming (6) given that overweight abesity increase mortality by its
numerous co-morbidities. Consequently a substantiatease in the number of

individuals diagnosed with diabetes worldwide whsearved in the last years (1).

Apart from the increased risk of type 2 diabetesnerous further disorders are
associated with obesity (2). Thus hypertensionpgaithree times more frequently
observed in obese subjects (7). The obesity aseddipid phenotype with increased
levels of triacylglycerols and low density lipopeot (LDL), with particularly a high

portion of small close LDL particles, as well axcidased high density lipoprotein

(HDL) levels is characterized by a huge atherogpoiential (8).

In summary obesity is a substantial health problsridwide. However despite more
than millions of patients affected worldwide, thekl between obesity and type 2

diabetes is not yet completely understood.



1.2. The impact of adipose tissue as hormonal active gan

Insulin resistance, which leads together with imgibeta-cell function to the onset of
type 2 diabetes (9), is a common feature of obg&i®y. Even if it is not completely
understood, how obesity is linked to insulin resise, several mechanisms have been
suggested. Adipose tissue has been acknowleddeelda active participant in energy
homeostasis and other physiological functions rathan simply being a fat storage
organ. It is recognized as a highly active secyetmgan secreting a large number of
hormonally active factors (11). These factors miedseveral effects on whole body
metabolism. Thus, adipocyte-derived factors havenkb&hown to be involved in the
regulation of inflammatory processes, arterial bigwessure and fibrinolysis. In that
context adipose tissue is well known to express secdrete a variety of novel
adipocytokines and metabolic products which haveenbemplicated in the
development of insulin resistance and atherosdker¢s2,13). Dysregulation of
adipocytokine production has been shown to cause digvelopment of specific
features of the metabolic syndrome and vice-versanalization or elevation of
plasma concentrations of some adipocytokines redersharacteristics of the

metabolic syndrome (14,15).

A remarkably high portion of these secretion pragdielong to the class of cytokines
such as tumor necrosis factor(TNFa), plasminogen activator inhibitor-1 (PAI-1),
interleukin-1 (IL-1), IL-4, IL-6, IL-8, IL-10 andransforming growth factor 3 (TGF-[3).
Some of these cytokines are also involved in thpainment of local and systemic
insulin sensitivity. In that context TNFis a potent inhibitor of the insulin signaling
(16) whereas IL-6 blunted insulin's ability to suggs hepatic glucose production as
well as reduced insulin-stimulated glucose uptakekeletal muscle (17). IL-6 also
appears to suppress the expression of the insaiisitizing cytokine adiponectin in
adipose tissue (18). Adiponectin inhibits hepatiecgse output and suppresses the
inflammatory Nuclear Factox B (NFxB) pathway (19). In addition to adiponectin,
several other adipokines like leptin and resistriginate predominantly from the
adipocytes within the adipose tissue. These adiaskiplay a crucial role in the

regulation of food intake (20) as well as glucosé Bpid metabolism (21-23).



1.3. Metabolic effects of FFAS

Although it is well known, that these cytokines migik obesity and insulin resistance,
it has become increasingly clear that metaboliteh ss free fatty acids (FFAs) may
also play a crucial role with respect to insuligreling (24). FFAs are released from
adipose tissue and are increased in states oftpl§2Si26) and diabetes mellitus (27).
Especially abdominal adipose tissue secretes adngiunt of FFAs due to the higher
lipolytic activity compared to other fat depotsefztion of FFAs induces peripheral
and hepatic insulin resistance (28-31). The effatthepatic insulin resistance is
mediated at least in part via an increased hepgticoneogenesis (28,31-34) as
phosphoenolpyruvate carboxykinase (PEPCK) and gki6ephosphatase (G6Pase)
are up-regulated by FFA (31,35-37). Peripheral at$feof FFAs are induced by an
increase of intramyocellular lipid content and lhon of glucose uptake in skeletal
muscle (38). FFA-based metabolites like diacyl ghpt (DAG) activate protein kinase
C, which has been shown to inhibit the insulin @ctvia phosphorylation of the
insulin receptor and of the insulin receptor swdistl (IRS-1) (24). FFAs also inhibit
the insulin mediated stimulation of glycogen systhactivity in skeletal muscle (28)
leading to a decreased glycogen synthesis. Phgstallly the increase of hepatic and
peripheral insulin resistance is partially neusadi by FFAs mediated elevation of
insulin secretion (29,33,38-46). Taken together mhetabolic effects of FFAs are

investigated in numerous studies.

Notably, various data support that metabolic patamsethemselves modulate the
circulating levels of hormones and adipokines (8y-4rhus we aimed to analyze,
whether apart from the known metabolic actions, &Ffave additional effects on
several circulating hormones, which may play a mlebesity, insulin resistance and
type 2 diabetes. Although this manuscript will paniy focus on previously published

data of the applicant, some yet unpublished resulkslso be presented.



2. Impact of FFAs on hyperandrogenemia

2.1. Impact of androgens on insulin resistance and metalic

changes in Polycystic Ovary Syndrome

Polycystic ovary syndrome (PCOS) is one of the mmostmon endocrine disorders in
women. PCOS is characterized by hyperandrogenidmonic anovulation and
polycystic ovaries (50). About 40% of women with®® have been described to have
a metabolic syndrome (51). Insulin resistance, atrak feature of the metabolic
syndrome, has been suggested to be a major driveyperandrogenemia in these
subjects (52,53). Thus, androgen levels are pesjtisorrelated with hyperinsulinemia
(53). In addition, basal and ACTH-stimulated adteaadrogens are elevated in
patients with PCOS and type 2 diabetes mellitus paoyed to PCOS women with
normal glucose tolerance and controls (54). Treatmath insulin-sensitizing agents
improved androgenic features in obese and non oP€®S patients (55-58). A
potential mechanism was suggested by in vitro ssidiemonstrating that insulin
increases the adrenal sulfotransferase activity,d athereby stimulating
dehydroepiandrosterone sulphate (DHEAS) secrefiip However, although there is
no doubt that a considerable amount of data lirdulin resistance and androgen

production, other mechanisms affecting circulaangrogen levels may exist.

2.2. Effects of FFAs on androgens and androgen precurssr

Elevated FFAs, which are also associated with ingekistance, have been described
in women with PCOS (60). Interestingly, a cumulgtiset of data suggests a
regulation of androgens by dietary fat (61-63). dRle&South African men with a
customary low-fat diet had lower levels of urinamgdrogens than North American
black or white men on high-fat diets (64). An eligwa of testosterone levels was
described during a high-fat, low-fiber diet in héglmen (65). Vice versa, a decrease
of DHEAS, androstenedione, testosterone and-dihydrotestosterone was
demonstrated during a low-fat, high-fiber diet (62) contrast to long-term effects of

a diet, a single complex meal results in an acast-prandial reduction of FFA levels.
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Interestingly, this was associated with reducetbstsrone levels, while LH secretion
was not modified. These data suggest that chamgésty acids may also modulate
androgens (61). Thus, it is reasonable to speculb&ther primarily FFAs itself may
induce hyperandrogenemia. Therefore we aimed tdyzanahe effect of FFAs on

androgen levels.

Making thinks more complex, regulation of androgemduction may be tissue
specific and FFAs might have different effects aireamal or ovarian androgen
production. It is well accepted, that both ovary adrenal androgens contribute to
hyperandrogenemia in PCOS (66). Although the adireprdex is the primary source
of androgens in women, dehydroepiandrosterone (DHE®HEAS and
androstenedione are also produced in relevant amadaonthe ovaries (67,68). In
contrast, in men at least the androgen precursdiSA) DHEAS and androstenedione
are nearly exclusively (if not completely) produdedthe adrenal gland (69,70). To
exclude potentially opposed effects of FFAs in gvand adrenal gland and to
exclusively investigate the effects of FFAs on #urenal androgen production, we
decided to investigate healthy men in a first sfuallgile women were analysed in a

separate second study.

2.2.3. Effects of FFAs on androgens and androgen precurson men

8 healthy male volunteers were investigated in tareglomised controlled cross-over
trial analyzing the effects of a 4h-lipid/hepamiusion (LHI) and a 4h-saline/heparin
infusion (SHI) on sexual steroid hormones. After hburs an euglycemic

hyperinsulinemic clamp was performed in 6 of thesn to estimate the impairment

of insulin sensitivity during LHI.

There was an increase of FFA levels during LHI (iFggl). This induced an increase
of androstenedione, which can be synthesized frérhytiroxyprogesterone or from
DHEA (Figure 2 and 3). 17-hydroxyprogesterone Isvelere not differently

influenced by LHI or SHI, suggesting that androstiione production was not

increased via this pathway.
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Figure 1: FFAs during LHI (filled squares) vs. Sf@pen squares); *p < 0.005 vs.

saline/heparin infusion. Results are expressedeans S.E.M..

Copyright

Figure 2: Androstenedione during LHI (filled sgesY vs. SHI (open squares); *p
< 0.05 vs. SHI. AUC was 479+33 ng/ml*min during LM$. 397123
ng/mi*min during SHI (p<0.05). Results are expresses means *
S.E.M..
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Figure 3: Metabolic pathway of sexual steroid hones.

We observed increased DHEA levels during lipid sndm, which suggests that
elevation of androstenedione is induced by incidtdseels of its precursor DHEA
(Figure 4).

In summary, this was the first study presentingsoeable evidence that elevation of
FFAs increases adrenal androgen precursor produictieivo in men (71). Given that
PCOS is a female disease, we speculated that calbiipanechanisms might modulate

androgen levels in women and contribute to the ldgweent of PCOS.
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Figure 4:

Copyright

17-hydroxyprogesterone (A) and DHEA (Biying LHI (filled squares)

vs. SHI (open squares). p< 0.05 for LHI and SHI.G¥Jwere 619+85
and 4263+461 ng/mlI*min during LHI vs. 526+39 and 584380
ng/mi*min during SHI for 17-hydroxyprogesterone andHEA,

respectively (p=n.s. and p<0.05, respectively).uResare expressed as
means = S.E.M..
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2.2.2. Effects of FFAs on androgens and androgen precurson women

We enrolled 12 healthy young women with regular steral cycles and no signs of
hirsutism (72) in a randomized controlled trial X.78he LHI and SHI were performed
in the early follicular phase of two subsequent steral cycles (d 4-6). Briefly,

women were 25.5 + 1.0 years old, BMI was 21.9 +k@8n2, had a WHR of 0.76 *
0.01 and the body surface area (74) was 1.71 +r@°04

In analogy to the findings in men an elevation loé ®adrenal androgen precursors
DHEA, DHEAS and androstenedione could be detecteadng LHI, whereas
progesterone and 17-hydroxyprogesterone did nderdibetween LHI and SHI.
Androstenedione is known to be the precursor oh lestosterone and estrone in
women. Indeed, the elevated androstenedione ledkdimg lipid/heparin infusion
resulted in an increase of testosterone and DHT.e#sected, elevated levels of
estrone (AUC: 27074+1819 vs. 1286911527 pg/mi*npr0.05) and 1f-estradiol

were also detected (Figure 5).

In contrast to the findings in women, estrone bott testosterone was enhanced by
LHI in men (71). This is in agreement with the wa#scribed sexually dimorphic
conversion pattern of DHEA in humans, with predaaninconversion into estrogens

in men (71,75) and conversion into estrogens addogens in women (76).

These data strongly suggest that FFAs con modifiyagens and androgen precursors
in men as well as in women. However, although # Istudied intervention is a well
described model to investigate a FFA induced e$f€c7-81), FFAs and triglycerides
are both increased by LHI (82-84). Thus, the respeeffects are difficult to separate.
Given that triglycerides and FFAs are elevatedatigmts with PCOS, both, a FFA or
a triglyceride induced effect would be comparalgievant within the pathogenesis of

elevated androgens in those women.
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Figure 5:

Copyright

DHEA, DHEAS, androstenedione, testosteydHT and 1[(-estradiol
during LHI (filled squares) vs. SHI (open squaregk0.05; **p<0.01;
*p=0.117;"p=0.136 vs. SHI. The AUCs were DHEA: 36314610 vs.
2341+284 ng/ml*min; p<0.05; DHEAS: 538275100611 . vs
420300+£63471 ng/nl*min; p<0.01; androstenedioneé184t ng/ml*min
vs. 471+44 ng/ml*min; p<0.05; testosterone: 103@tWs. 412+62
nmol/I*min, p<0.005; DHT: 57771+5640 vs. 46636+39@4/ml*min,
p<0.005; 1p-estradiol: 23505+2840 vs. 11462+2811 pg/mli*min,

p<0.05. Results are expressed as means = S.E.M..
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2.2.3. Mechanisms of hyperandrogenemia during LHI

These data imply a novel physiological mechanisnkihig fat metabolism and
regulation of circulating androgens, although tleéaded mechanism is not yet clear.
Generally elevated circulating androgen levels iemult from increased synthesis or
reduced excretion of androgens and its precurddalification of central control
mechanisms might be a relevant aspect. However A&VEIs were not affected by
hyperlipidemia in men and women, suggesting no AGiiétliated effect on adrenal
androgen secretion (73). In accordance with thesknigs reduced androgens after a
low-fat diet were not mediated by inhibition of AEBT62).

While FSH and LH were unchanged in men, both gopates were reduced in female
subjects (85). Actually, the decrease of gonadbiraplevels during LHI may be the
result of the elevated estrogen levels rather thaprimary lipid induced effect,
although the nature of this study does not allopasation of these effects (86,87).
Anyway, reduced FSH and LH concentrations wouldiltda lower levels of sexual
hormones, thus suggesting that the effects ofvatraus LHI on circulating androgens

may have been underestimated.

However, the urinary excretion of DHEA, DHEAS andleostenediol were decreased
during LHI. Androstenediol represents a direct rnelide of DHEA, which can be
considered as a marker of the urinary excretionthef adrenal secreted DHEA.
Interestingly, the urinary excretion of androstenord and its metabolites, which were
strongly affected by gonadal androgen secretiol, (88s not substantially decreased.
This suggests that the effect predominantly existsadrenal androgen precursors
(Figure 6) (85).

22
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Figure 6: Urinary excretion rates of DHEA, DHEAS&ndrostenediol and all
metabolites of DHEA during LHI and SHI. Results angpressed as

means + S.E.M..

The mechanism linking elevated FFAs (and triglydes) and urinary excretion of
androgen precursors is unclear yet. As discusseldemyer (89) DHEA, DHEAS and
androstenedione are largely bound to albumin. Toereinteraction of FFAs (and
triglycerides) with the binding of circulating amdens to aloumin may substantially
modulate the free hormone concentration and thettedynetabolic clearance rate of

these hormones. Future studies are desirable éstigate this question in more detail.
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In addition to the reduced excretion of androgeecprsors, changes in the hepatic
DHEA sulfotransferase activity may also increaseiseDHEA levels. However, the
activity of hepatic DHEA sulfotransferase was ntieeted in the here investigated
subjects, as demonstrated by an unchanged DHEAGIEA ratio. As the calculated
5a-reductase activity was also not different, we md found any reasonable evidence

for a modification of hepatic androgen metabolism.

Elevation of circulating FFAs is well known to incki insulin resistance and
hyperinsulinemia (28,29,45). Thus, FFA induced hymselinemia and insulin
resistance and not FFAs itself, might be respoedits the observed changes during
LHI. Even if no association between physiologicadliaogen concentration and insulin
sensitivity was found in healthy men (90), the fiigs on insulin sensitivity and
androgen production are somewhat controversialeithe used study design, we
were unable to definitely differentiate the effeat hyperinsulinemia / insulin
resistance and the effect of FFAs on androgens.edery although an elevation of
FFAs is able to induce insulin resistance, thig@ffusually occurs not earlier than
about 210 minutes after lipid infusion (38) (Figuie

Copyright
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Figure 7: Peripheral insulin sensitivity (GIR) Irealthy men during LHI (filled
circles), SHI (open triangles) and during combihgtl (0-2h)/SHI (2-
4h) (open circles); *p < 0.088).

In our studies elevated androgens and androgenrges were already found after 1-
2 hours of lipid infusion. Therefore any effectldfll seems to appear before the FFA
induced decrease in insulin sensitivity occurrekisTsuggests an insulin sensitivity-
independent effect of the FFAs on adrenal andrqgeduction. In accordance with
these findings, the elevation of insulin by LHI wastectable after the elevation of
androgen levels. Although this time course alsagsats that LHI induced effects on
androgens may be independent of a subsequentlyceddinyperinsulinemia or
peripheral insulin resistance, this interpretatshiould not be overemphasized. There
Is no doubt that a considerable amount of dataestgghat insulin sensitivity directly
affects synthesis of androgen precursors. Thusirdustudies on this interrelation

between hyperlipidemia, insulin sensitivity, andliaogens are desirable.

Nevertheless these data present reasonable evidleaicéHI induced elevation in
FFAs and triglycerides increases adrenal androgestupsors and circulating
androgens due to lowering their urinary excretiorvivo in healthy young women.
Increased levels of DHEA subsequently result indmgpdrogenemia with elevated
levels of testosterone and DHT. This novel mechanisking fat metabolism and
androgens might contribute to the development g@ehgndrogenism in women with
PCOS.

Clearly it is tempting to speculate that the heesadibed mechanism might be of
therapeutic relevance in women with PCOS. Howetver,implied therapeutic option
cannot be directly transferred, on the basis cdehesults, to the treatment of patients
with PCOS. Therefore future intervention studiesestigating this question are
desirable. However, PCOS might be a heterogen@awdéir and given this scenario
the here presented mechanism of FFAs and trigiesrinduced hyperandrogenemia

may be relevant at least in a subcohort of woméh RCOS (60).
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3. Effects of FFAs on glucocorticoid metabolism

3.1. Metabolic impact of the HPA axis

Hypertension, central obesity, dyslipidaemia, g&&ointolerance and insulin
resistance are symptoms of the ,metabolic syndrof@#,92). These features are also
typical for Cushing‘s syndrome (93-96), which isaddcterized by high circulating
glucocorticoid (GC) levels. There is considerabMidence that glucocorticoids
decrease insulin sensitivity (97-99), suggestimatnogenic role of cortisol in insulin
resistance too. Two underlying mechanisms are wtiyrediscussed. First,
gluconeogenesis is enhanced by glucocorticoidsrdmysactivation of genes of key
enzymes for gluconeogenesis, including PEPCK an®aSé, leading to increased
hepatic glucose output (100-102). Otherwise gludommd excess causes also

peripheral insulin resistance (103).

Adrenal GC secretion is regulated by the pituithoymone ACTH. Free fatty acids
(FFAs) are known to modulate pituitary function. A&xample for such a regulation is
growth hormone (GH). GH secretion is reduced by $#HA men and women
(104,105). Given that GH has direct lipolytic etle@on adipose tissue (106), this
might be a potential negative feedback mechanism somatotropic function.
Comparably a lipolytic function of glucocorticoids also well established (107).
Furthermore several data suggest an increasedtaaifvthe hypothalamic-pituitary-
adrenal (HPA) axis particularly in central obesBpth, increased plasma ACTH and
cortisol concentrations were observed in respomsedorticotropin-releasing hormone
(CRH) stimulation in women with abdominal obesitgngared to normal-weight
controls (108,109). Equally, 24 h urinary cortisalels were found to be increased in
obese women and were associated with visceral sithp(108,110). Such a higher

sensitivity of the HPA axis was associated withnesates of insulin resistance (111).

Human studies have demonstrated hyperlipidemia entilanced triglyceride and FFA
levels particularly in abdominal obesity and digsemellitus (112-116), suggesting
that hyperlipidemia could link dysregulation of thEA activity with central obesity
or diabetes mellitus (108,115,117,118). Accordingly hyperactivity of the

33



hypothalamic-pituitary-adrenal (HPA) axis is assbed with an elevation of
circulating FFA levels (119,120).

One action of FFAs in rats seems to be at the Imgbamic or pituitary level of the
HPA axis (121). In addition, FFA"s, especially letigain unsaturated FFAs, directly
stimulate the steroidogenesis from cultured ra¢moicortical cells (122). Comparably,
lipids seem to modulate HPA activity in humans. Kold co-workers demonstrated a
blunted ACTH release in obese women after reducténcirculating FFAs by
acipimox treatment (118). Thus, one might assune tHFAs may induce the
activation of the HPA axis in the metabolic syndeonHowever, FFA lowering
treatment with nicotinic acid did not decrease wdating cortisol levels in men
compared to controls (123), suggesting a potegBalder specific regulation. Such a
gender-specific aspect was further supported kydysiemonstrating higher cortisol
levels after CRH-stimulation in women compared tenn§l124), suggesting a higher

stimulatory sensibility of the HPA axis only in wem

In contrast, studies evaluating the effects of meahposition on the HPA axis

showed that oral fat load did not modify the caitisesponse to stress in normal
subjects (125). Some data even suggest an inhybiémtion of FFAs on the

adrenocortical steroidogenic response to ACTH datian in cell culture (122,126).

Lanfranco and co-workers demonstrated decreasedHA&ill cortisol levels in young

lean female volunteers (127) and in women with exiar nervosa (128) during lipid

infusion compared to saline infusion. A hypothalardown-regulation of the HPA

axis by FFAs was suggested, given that the lipidsdt affect the ACTH and cortisol

responses to hCRH in those healthy women (127).

Given the controversial data regarding the effdcEBA on HPA axis activity in
humans, we aimed to evaluate lipid-induced effemiscorticotrope function. We
investigated, whether FFAs modify ACTH and cortisecretion or metabolism in-

vivo in both, men and women.
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3.2. Effects of FFAs on glucocorticoid metabolism in menand

women

We performed two randomized controlled trials im&le (129) and 13 female (130)
healthy normal weight subjects undergoing LHI or13H investigate, whether
hyperlipidemia has any effect on ACTH secretion ghatocorticoid metabolism. We
included lean subjects in this study to estimageetiect of an isolated hyperlipidemia
without further confounding of central obesity asated phenotypes. As the precise
mechanism linking hyperlipidemia and the HPA agisot clear, we aimed to estimate
the changes in metabolic glucocorticoid pattern aevderal steroid generating
enzymes, including activities of whole bodypiiydroxysteroid-dehydrogenase 11
HSD) type 1 and 2.

In men, the levels of ACTH and cortisol declinedidg both lipid and saline infusion,
which reflects the circadian rhythm in HPA activitjowever, there was no difference

between saline and lipid infusion (Figure 8 A and B9).

In contrast to these findings in men, we demonrsstr#tat a lipid and heparin induced
increase of triacylglycerols and FFAs modifies ismitlevels in lean and apparently
healthy women. Actually, while ACTH declined duritgth LHI and SHI, cortisol
declined only during SHI. Substantial higher ciatirlg cortisol levels were detectable
during LHI (Figure 8 C and D). These data were pmiwlent of any change of
circulating insulin and were also confirmed by cédting the area under the curve and
the free cortisol index (cortisol-to-CBG ratio (331130).

This observation suggests a gender specific efiedtFAs, which is supported by
previous findings of Kok and co-workers, who denicated, that a drug induced
reduction of FFAs is associated with an impairedTAICsecretion in women only
(118).
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Figure 8: ACTH and Cortisol in men (A and B) andmen (C and D) during
lipid/heparin infusion (filled squares) vs. salineparin infusion (open

squares). Results are expressed as means = S.E.M..

Most interestingly, the high cortisol levels duribigl were correlated with the parallel
elevation of circulating FFAs (Figure 9). This wast observed for any other
metabolic parameter such as insulin, triglyceridegjlucose. We therefore assume
that the cortisol changes during LHI were mostliike result of FFA changes rather
than by LHI associated modulation of insulin oglycerides. The fact that cortisol did
not correlate to the FFAs during SHI otherwise caties that alterations of the HPA
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activity are particularly important in states oéwhted FFAs, such as in individuals

with abdominal obesity.

It should be mentioned, that our findings wereame contrast to the inhibitory effect
of LHI on ACTH and cortisol secretion in six yourgan women, as shown by
Lanfranco and colleagues (127). However, Lanfraamod co-workers did add heparin
only to the lipid but not to the saline infusionhieh makes results difficult to
compare. Thus, heparin per se might have an imnbieffect on adrenal function
(132,133), which may have affected the non-corgtblfindings of Lanfranco and

colleagues.
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Figure 9: Correlation between the individuals AUIGs FFAs and cortisol levels
during LHI.

In general, elevated cortisol levels within theehproposed setting may be either the
result of an increased central HPA stimulationjraproved sensitivity of the adrenal
glands to central stimulation or a changed cortisetabolism during LHI. Due to the

comparable decline in ACTH during LHI and SHI intlhanen and women (Figure 8),
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an effect on central stimulatory activity of HPAisxseems rather unlikely. We
analysed, whether changes of cortisol metabolisghtrexplain the observed effect.
Daily urinary excretion rates were determined fioe tmajor cortisone metabolites
(urinary free cortisone (UFE), tetrahydrocortisof€HE), [3-cortolone anda-
cortolone) and the major cortisol metabolites (@mn free cortisol (UFF),a-
tetrahydrocortisol THF), tetrahydrocortisol (THF), [-cortol andx-cortol).
Furthermore, the seven quantitatively most impdrtaminary glucocorticoid
metabolites (THE, THFTHF, a-cortol, 3-cortol,a-cortolone and [3-cortolone) were
summed to the major glucocorticoid metabolites (G4 previously described (134).
The findings were not suggestive for any changeasfisol metabolism, as urinary
excretion of glucocorticoid metabolites and tha-réductase activity were not
modified (Table 1) (130). Remarkably, the urinaggretion of all glucocorticoids and
glucocorticoid metabolites tended to be decreased Hl. Although those trends
slightly failed statistical significance, we cant memtirely exclude, that the increase of
serum cortisol was at least in part the result afeareased urinary glucocorticoid
excretion. This would be comparable to our datatloa regulation of adrenal
androgens (85).

Theoretically, a hyperlipidemia induced increase 3@#-HSD, 11-, 17- or 21-

hydroxylase activity might also result in elevatttenal cortisol generation (Figure
3). Given that the enzyme activities (calculated tynary excretion of GC

metabolites) were not modified during LHI, such megism is unlikely to exist

(Table 1).
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Table 1: Urinary glucocorticoid metabolites durigHl and LHI. Results are

expressed as means + S.E.M..
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Given that neither the central stimulation nor pleeral metabolism or urinary

excretion of cortisol was substantially modifiedyr aesults indicate an increased

sensitivity of the adrenal glands to ACTH stimwatiduring LHI in women. The

existence of a primary adrenal hypersensitivity AGTH has been previously

hypothesized by some authors in the context of miotkl obesity and elevated
39



triacylglycerols and FFAs (110,112-114). Indeeck tortisol increase after ACTH
stimulation was found to be higher in women witldaiminal obesity compared to
women with predominantly subcutaneous fat depots Ilean controls

(108,110,135,136). Cortisol levels were normalndividuals with abdominal obesity
despite lower ACTH levels (114). These data suppottigher sensitivity of the

adrenals to ACTH stimulation in addition to the Welown central modulation of the
HPA activity in abdominal obesity. Our findings gapt a comparable effect of
hyperlipidemia independent of abdominal obesity singlgest that hyperlipidemia may
represent at least in part a link between abdomifsity and increased adrenal
sensitivity. The mechanism of a lipid induced sereiion of the adrenal gland to
ACTH is completely unclear. Some authors observednareased response of the
adrenal gland to stimulation by ACTH during testoshe treatment in female-to-male
transsexual patients (137). Therefore the improadcenal sensitivity during LHI

might be mediated by a hyperlipidemia induced iasesin testosterone levels. As
already mentioned above, we indeed observed sutpidainduced elevation of

testosterone in women, but not in men (71,85).

Taken together, the current data support a genmsige effect of hyperlipidemia on
adrenal ACTH-sensitivity. Given that hyperlipidenaiad increased cortisol levels are
both associated with abdominal obesity, hyperlipidemight represent at least in part

a link between abdominal obesity and the increaseiisol levels in women.
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3.3. Effects of FFAs on 11[3-HSD1

Circulating glucocorticoids do not reflect the centration of cortisol in the target
tissues (e.g. liver, adipose tissue and muscleg. tildsue-concentration of cortisol is
controlled by two enzymes: 11R-hydroxysteroid debgdnase type 1 (11R-HSD1)
acts in vivo predominantly as an oxo-reductaseatalyzes the conversion of inactive
cortisone to active cortisol (138), thereby sigrahtly regulating intracellular levels of
active glucocorticoids. 11R-hydroxsteroid dehydragpe type 2 (11R3-HSD2)
inactivates cortisol to cortisone in the human kgncolon and placenta [for review
see (139)]. It was hypothesized, that a tissuetipeelevation of cortisol
concentrations in target tissues, due to localbyaased activity of the 113-HSD1 in
these tissues, may play a pathogenic role in thiaboéc syndrome (139-142). This
was supported by Kotelevtsev and Alberts, who destmated reduced hepatic
transcription of hepatic gluconeogenic enzymespmapanied by an increased hepatic
insulin sensitivity after treatment with a seleeti¥13-HSD1-inhibitor (143,144) and
in 113-HSD1 gene knock-out mice (140).

As already mentioned key enzymes of the gluconesgjenare up-regulated by
increased FFAs (31,35-37). Similarly, enhanced tiepbl3-HSD1 activity might
increase gluconeogenesis by induction of the glecganic enzymes (102). Studies in
11R-HSD1 gene knock-out mice or treatment withlacsiee 11R3-HSD1-inhibitor in
models of type 2 diabetes, demonstrated a reduseatib transcription of PEPCK and
G6Pase mRNA and an improvement in hepatic insudinsisivity (140,143-145).
Concordant results were found in humans treateld watbenoxolone, an unselective
inhibitor of both 11R-HSDs (146). These data imihlgt FFA induced hepatic insulin
resistance in humans could be mediated by localatdd cortisol levels due to
increased hepatic or whole body 113-HSD1 activity.

Examples for such a local regulation of 11R3-HSD& abesity and treatment with
thiazolidinediones (TZD). Human studies in obesufich is often associated with

insulin resistance, have shown an increased expres$ 113-HSD1 in subcutaneous
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(147-149) and visceral adipose tissue (147). Irireshhepatic 13-HSD1 activity was

found to be decreased in obese patients (142,150).
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Figure 10: Hepatic 113-HSD1 activity expressedatisol/cortisone ratio (A), 11R3-
HSD1 expression in skeletal muscle (B) and adigsseie (C), whole
body 1B-HSD1 activity (D) and whole body 11R3-HSD2 activitl)
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before (open symbols) and after (filled symbolsigbtazone treatment
in 7 male and 9 female subjects with impaired gbactmlerance. Results

are expressed as means + S.E.M..

We demonstrated in 7 male (151) and 9 female (umhdd data) volunteers with
impaired glucose tolerance, that an amelioratiotot#l body (HOMA-IR; 3.10+0.48
vs. 2.30+0.48; p<0.05) and muscular (&b 0.05+0.01 vs. 0.09+0.01; p<0.001)
insulin sensitivity by the PPAR agonist rosiglitazone is accompanied by an
improvement of 11R3-HSD1 in human skeletal muscté saubcutaneous adipose tissue,
while hepatic 113-HSD1 is enhanced by rosiglitazoe@ment (Figure 10).

This opposed regulation of 113-HSD1 in differerguilin target tissues suggests a
tissue specific effect of rosiglitazone. This mighieast in part explain the unchanged
whole body 11R-HSDactivity (Figure 10). Even ifghivas no placebo-controlled
randomized cross-over trial, these data suggest,1if}-HSD1 may be regulated by
activation of PPAR. Thus some of the insulin sensitizing effectsasfiglitazone may

be partially caused by inhibition of the local esohe-cortisol shuttle BtHSD1.

FFAs activate PPAR as well as PPAR(152). Given the mentioned data concerning
the PPAR agonist rosiglitazone, a possible role of FFAgha regulation of 11R3-
HSD1 in the liver and throughout the whole body wagothesized. This might

eventually explain the observed elevation of cottikuring LHI in women.

The metabolic effects of the LHI in our participarnwere in agreement with other
reports showing that FFAs induce peripheral andatepnsulin resistance (28-31).
However, we did not find any modulation of wholedgoactivities of 11R3-HSDs,
neither in men (153) nor in women (130). This wasanwhile partly confirmed by
another group (154). Despite the comparable effestdiepatic glucose metabolism,
hepatic 113-HSD1 was not modulated by LHI in theltsn cohort of 6 men (Table 1
and Figure 11). Accordingly, both short-term andodiic high fat diet, which
increases FFAs (155), did not change the hepaftcH3ID1 activity in mice (156).
Even if some data suggest an inhibitory (156) iongatory effect of FFAs on adipose
11R3-HSD1 (154), an alteration of only adipose bot whole body 11R-HSD1 is
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unlikely to induce a change of circulating cortiselels, as those are predominantly
determined by the sum of the 113-HSD1 activitiealbhuman tissues (=whole body
11R-HSD1 activity). This may be most adequatelyregted by the urinary ratio of
steroid ring A-reduced metabolites of cortisol (TldRd a-THF) and of cortisone
(THE) (157,158). We suggest that changes in 113-H&® unlikely to be responsible

for the elevation of cortisol by FFAs.
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Figure 11: Whole body BtHSD1 (A) and 11R3-HSD2 activity (B) in n 6 men and
13 women. Hepatic 113-HSD1 activity expressed atisot/cortisone
ratio (C) during lipid/heparin infusion (filled sgtes) and during
saline/heparin infusion (open squares) in 6 mesuReare expressed as

means + S.E.M..
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4. Effects of FFAs on Fibroblastic Growth Factor 21

4.1. Metabolic characteristics of Fibroblastic Growth Factor 21

Fibroblastic Growth Factors (FGFs) are known tartwelved in the regulation of cell

differentiation, cell growth and angiogenesis. Savhéhese FGFs play a crucial role
in bone, liver and adipose tissue metabolism. Tittudes FGF-19 which regulates
energy expenditure, FGF-23 which is involved in gtttate metabolism and FGF-21.
FGF-21 is a recently discovered metabolic regulafofasting metabolism. FGF-21
activates glucose uptake in adipocytes and skeatataktle cells, protects animals from
diet-induced obesity, lowers blood glucose andlycigride levels, and increases
energy expenditure (159-163). Comparably, glucesktaglyceride lowering effects

were found in diabetic rhesus monkeys during cluréi@F-21 treatment over a period
of 6 weeks (164). Therefore FGF-21 was assumed: ta bovel target with potential
anti-diabetic properties, which might be usefultie treatment of hyperglycemia,
insulin resistance and hyperlipidemia. Furthermie@F-21 was recently described to

be involved in lipolysis (165) and increased haplkétone body production (160).

However, human data did not directly support thessmimptions, since serum FGF-21
levels were found to be increased in obesity, @plabetes mellitus and metabolic
syndrome (166-169). Circulating FGF-21 levels datesel positively with estimates of
adiposity but also with several parameters of thetatvolic syndrome like fasting
insulin and triacylglycerol levels (166). Furthenmoincreased FGF-21 mRNA
expression was found in obese individuals, at leastisceral adipose tissue (168).
The effects and regulation of FGF-21 appeared fferdoetween animal models and
humans. A recent study reported a significant iasee of FGF-21 levels during
prolonged fasting (161). This process was suggestecbe PPAR-dependent
(160,161) although exact mechanisms of the fastimiyiced FGF-21 elevations
remained unclear. As both obesity and starvatiencharacterized by elevated FFAs,
which activate PPAR, we speculated, that FFAs might regulate FGF-2Ais T
hypothesis is supported by recent data demongirttat FGF-21 levels are positively
associated with FFAs in humans (170). Although dmection of that relation is
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unclear in such a cross-sectional study, it offargpotential mechanism linking

starvation and obesity to the increased levelsGF21.

4.2. Fatty acid dependent regulation of FGF-21 in-vitro

We investigated the effect of several fatty acidd9=GF-21 secretion in HepG2 cells in
vitro. Incubation of HepG2 cells with a mixture p&lmitic, linoleic or oleic acid

induced an increase of FGF-21 expression and s@mtrebmpared to BSA control
(171).

The analysis of the individual fatty acids revedieal this increase was not detectable
for palmitic acid, while stimulation with oleic d¢inoleic acid resulted in a significant
elevation of the FGF-21 secretion. Within those ezkpents linoleic acid had the
strongest effect at about 4 to 8 hours (Figure IR)AThe dose response experiments
using different oleate to BSA ratios suggestedrameiase in FGF-21 secretion in a

dose dependent manner (171).

We also observed an increase of FGF-21 mRNA expres@igure 13). The
maximum of these effects was observed after 2houts for FGF-21 expression and

after 4 to 8 hours for protein secretion.
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Figure 12:
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Protein levels of FGF-21 in the supwnt of HepG2 cells after
stimulation with palmitate (A), oleate (B), linokea(C) and a FFA
mixture (D) for 1, 2, 4, 8 and 24 h. Results arprezsed as means *
S.E.M., *p<0.05 compared to BSA at the same timatp=0.072 for
FGF-21 protein levels during linoleate stimulatian2 h compared to
BSA, p=0.069 for FGF-21 protein levels during lieale stimulation at 8
h compared to BSA, respectively.
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Figure 13: Expression of FGF-21 in HepG2 cellsradtenulation with linoleate for
1, 2, 4 and 8 h. Results are expressed as meang&.iM.S*p<0.05
compared to BSA at the same time point.

A PPARn-specific siRNA induced knock-down of PPARabout 60% knock-down
of PPARx) abolished the increase in FGF-21 secretion and mBkpression during
stimulation with linoleate and FFA mixture (Figutd). These data indicate that the

FFA-induced effect depends on PP&Rtimulation.

77



Copyright

Figure 14: (A) FGF-21 mRNA expression in HepG2<scduring linoleate or FFA
mixture stimulation after siRNA knockdown of PPARcompared to
control siRNA and linoleate or FFA mixture stimudst (100%)).
Results are expressed as means +* S.E.M., *p<0.0Bpaed to
expression during control siRNA, respectively. (B)Concentration of
FGF-21 in the supernatant of HepG2 cells after giRbdockdown of
PPARx and subsequent stimulation by linoleate or FFA tom
compared to control SIRNA and BSA medium. Resulessexpressed as
means = S.E.M., *p<0.05 compared to control siRMA 8SA medium.

4.3. Effects of FFAs on FGF-21 in-vivo

Based on these in-vitro data we performed a rangesncontrolled trial to explore
whether an increase in circulating free fatty a@dsd triacylglycerols modifies FGF-

21 levels in humans.

Comparable to our in-vitro findings a substantirease of FGF-21 was found during
LHI induced increase of FFAs (Figure 15 A). Thigeet was significant after about 4
hours of hyperlipidemia, a time course being irelwwith our in vitro experiments

demonstrating a maximum of the effects at 2 to dr&idor FGF-21 expression and 4
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to 8 hours for protein secretion. Interestinglye tbhange of FGF-21 levels was
positively correlated to the change of FFA levélgygre 15 B), even after adjustment
for additional confounders. Taken together, oureexpental data and the results of
this controlled, randomised cross-over human stabngly characterized free fatty
acids as stimulators of FGF-21 secretion in humansffect which was mediated via
PPARu. Physiologically, such a FFA-induced increase GFFR21 might contribute to

the observed adaption of the organism to starvatrgrolonged fasting.
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Figure 15: (A) Concentrations of FGF-21 during blben circles) and LHI (filled
circles). Results are expressed as means + S.EpMO0.05 (treatment-
vs.-time interaction: p<0.05.; AUC: 1191491 vs. @886 ng/ml*min,
p<0.05). (B) Correlation between changes of FGFagtli FFAs. The
saline group (open circles) and the lipid groupledi circles) were
included in the correlation analysis. Correlatiafier adjustment for sex,
age, BMI and change in insulin levels (r=0.474, 066).

Although our findings were supported by various ergc cross-sectional studies
describing a positive correlation between FGF-2lele and parameters of lipid
metabolism, specifically FFAs and triacylglycer$6,167,170), it is noteworthy that

FFA levels used in this study were in a marked aygtrysiological range. Thus, it was
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still unclear, whether physiological levels of FFAlso regulate FGF-21 in humans.
We therefore aimed to investigate the effect ofsublpgical enhanced FFA levels on
circulating FGF-21 levels in 14 healthy humans moael randomized controlled trial.
Metabolic changes during LHI and SHI are presentethble 2. As expected, the
increase of FFAs and triacylglycerol levels durithgs modified LHI containing a
lower heparin concentration was comparable to a siplggical FFA and
triacylglycerol elevation as observed during staora(172,173) and postprandially in
obesity (174).

Table 2: Hormonal and metabolic changes during ahtl SHI.
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This more physiological elevation of FFAs during ILHlIso resulted in the
characteristic decline of insulin sensitivity comg to SHI (IS¢jamp 0.14+0.02 vs.
0.10+0.09 (mg*kg*min™)/(mU*L™); p<0.005). In accordance with our previous
findings under supra-physiological FFA levels (17d significant increase of FGF-21
was also detected during physiologically elevatéds$- (Figure 16), although the
relative increase of FGF-21 was smaller. We werteabte to confirm our previously
described relation between the relative changeF#sFand FGF-21 within this “low
FFA” trial. Given that the only difference betwettiose two studies was the range of

FFAs, which was clearly higher in the initial stu@y71), we speculated that a linear
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relation between FFAs and FGF-21 may be observhdatmove a certain threshold of
FFAs, while changes below that threshold may haveffect. Indeed after exclusion
of the individuals within the lowest quartile of && a strong correlation between
changes of FFAs and FGF-21 was found in the remgimndividuals (r=0.608;

p<0.05), supporting that a linear relation betwEEAs and FGF-21 exists only above

a certain threshold, which appears to be biolotyigdhusible.
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Figure 16: FGF-21 levels in healthy subjects aebae and after 3 hours of either
LHI or SHI.

In fact the FFA-induced effects on FGF-21 are matdewithin the low FFA trial

(about 10 to 12 %). Although other studies demanstt, that FGF-21 levels might be
up to 50 % higher in obese compared to lean subjddi6,168), the here observed
elevation of FGF-21 levels may still have biologicelevance. Comparable moderate
differences of FGF-21 levels were found betweefetght stages of insulin resistance
(167,170,175). Thus FGF-21 levels were elevatedgproximately 13 % in subjects
with impaired fasting glucose (175) and 19 to 23nliabetics compared to healthy
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subjects (167,170). Moreover FGF-21 levels declibgdapproximately 20% during

fenofibrate treatment in hypertriglycerimic subge¢i61). Although all those studies
demonstrate that moderate differences of circudaiGF-21 exist and may be the
consequence of different metabolic phenotypes,ettgiadies and our data cannot
finally prove that these difference have biologicahsequences. This issue clearly

requires future studies with detailed dose-respansgyses.

Although the here performed intervention is a wesdtablished model investigating
metabolic effects of FFAs (77-81), FFAs and trigtyterols are both increased by
LHI (82-84) and the respective effects are diffidiol dissociate. Recent human data
indicate a specific role of FFAs on FGF-21 secreby showing a positive correlation
between both parameters in healthy subjects withoss sectional studies (167).
Dostalova and coworkers observed not only redudg&-#1 levels but also lower
FFAs in anorectic women compared to controls (1Wéilije no difference in insulin,
triacylglycerols and fasting glucose was detectedwben anorectic and healthy
women in this study. Those data suggest FFAs tanbenportant regulator of FGF-21
levels, which is supported by our in-vitro data aneé correlation between changes in
FFAs and FGF-21 found during our experiments. Altjfito FFAs modify FGF-21, we
cannot entirely exclude a role of triacylglyceras other compounds within the
applied infusions. In that context we also analyge effect of lecithin and glycerol
on FGF-21 secretion in HepG2 cells, as lipid indnscontains a mixture of different
fatty acids, glycerol and lecithin. Compared to teols no significant effect of both

substances on FGF-21 was detectable in HepG2 cells.

FFAs are known to activate PPARas well as PPAR(152). We aimed to analyse,
whether PPAR is involved in the regulation of FGF-21. Therefave evaluated the
effect of the PPARagonist rosiglitazone on FGF-21 in the already tmerd human

trial including male and female overweight subjesith impaired glucose tolerance
(151,171). Notably recent animal data suggesteegalation of FGF-21 by PPAR

(177). However, no change of FGF-21 levels wasalleteduring treatment with the
PPARy agonist in humans (Figure 17). Although PR/Aggonists may recruit different

nuclear co-factors, which may explain differentlbgical effects, our data do not
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support (but also not entirely exclude) that thesesbed effects on FGF-21 levels

during LHI were mediated by PPARtimulation.
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Figure 17:  Effect of PPARstimulation by rosiglitazone treatment on FGF-@dels
in subjects with impaired glucose tolerance. Resale expressed as

means + S.E.M.

4.4, Effects of insulin on FGF-21

Lipid infusion is usually accompanied by a mildwa#gon of insulin. The effects of
FFAs and insulin on FGF-21 are difficult to separaCross sectional studies
demonstrated a negative correlation between fastisglin and FGF-21 in diabetic
subjects (167,170), while this association was mepoto be positive in obese
individuals (166) Given this discrepancy, the relationship betwesnlin and FGF-21

is unclear. To delineate a potential interactioimfl- and insulin-induced effects on
FGF-21, we analysed the effect of an euglycemicechggulinemia in 17 subjects with
impaired glucose tolerance (171). An about 700%eiase of insulin levels was
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observed during this protocol (p<0.005). Under ¢éhaonditions, a small, but

significant increase in FGF-21 levels was obsel{#glure 18).
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Figure 18: Effect of insulin on FGF-21 levels inbgects with impaired glucose

tolerance. Results are expressed as means + S.E.M.

This indicates that insulin increases circulatir@A-21 (171). However these data
were not based on a controlled randomized trialthedefore it was unclear, whether
these findings were the direct result of insulinaaly other confounders, i.e. circadian
effects. Furthermore this protocol induced suprapiiggical levels of insulin.

Notably, insulin levels did not differ between S&tid LHI within the study using the
“low FFA” protocol (Table 2) and no correlation wésund between the change of
FGF-21 levels and the change of insulin levels withll lipid trials. Even if these

findings argue against an indirect effect of LHIg(earesulting from hyperinsulinemia),
an additional role of insulin on FGF-21 could net éntirely excluded. We therefore
performed another randomized controlled trial analy FGF-21 levels in patients

with type 1 diabetes after withdrawal of their ilgureatment or during ongoing
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insulin supply in an attempt to dissect these twteptial mechanisms. The metabolic

changes during hypoinsulinemia are presented ie tab

Table 3: Hormonal and metabolic changes duringulims withdrawal and

continued subcutaneous (s.c.) insulin infusiorypetl diabetics.
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Notably, a significant increase in FGF-21 was detkcduring hypoinsulinemia
(Figure 19), while no change was detected duringicaous insulin infusion. These
data argue against a stimulating effect of inswdm FGF-21 under physiologic

conditions.

However hypoinsulinemia itself is known to changevesal other metabolites,
including FFAs and ketone bodies. The rise in FBAsn under hypoinsulinemia was
comparable to the increase during the “low FFA”tpcol (Table 2). Remarkably,
FGF-21 levels were also enhanced to a similar éxtering both experiments (about
10 to 12 %). This suggests that the elevation &d-@nd not insulin or triglycerides)
might be responsible for the up-regulation of FAE-Ihdependent whether the
increase of FFAs is induced by LHI with relative pleyinsulinemia or by

hypoinsulinemia.
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Changes of FFAs failed to be significantly correthto changes of FGF-21 during
insulin withdrawal, which may be due to the compleetabolic changes during

fasting under absolute insulin deficiency.
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Figure 19: FGF-21 levels in subjects with type idbdtes mellitus after insulin

withdrawal.

The studies do not exclude that supra-physiologicallin levels, as observed during
a hyperinsulinemic clamp, may affect FGF-21 levals, discussed above and also
observed by others (178). Notably, only obese sibjavith impaired glucose
tolerance were investigated in our study with sygrgsiological insulin levels (BMI
32.8+2.2 kg/rf), whereas the investigated individuals with typdidbetes were lean
(BMI 24.6 + 0.6 kg/m). Differences in body weight might also account fhe
observed difference. Such a variable effect oflinson FGF-21 levels in obese and
lean subjects was suggested by Mraz and colleg@6&3, who observed unchanged
FGF-21 levels during hyperinsulinemic clamp in lesubjects, whereas an insulin
induced increase in FGF-21 was found in obese stshj&ven if our lean subjects
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were no healthy volunteers, the effect of insulm FEGF-21 might depend on body
weight. On the other hand we detected an increaseng insulin withdrawal,
suggesting that insulin might even suppress FGIAls in lean individuals. Even if
those data suggest in summary that the FGF-21 mespon insulin may depend on
confounders such as existing obesity or existirgylin resistance, our experiments
indicate a direct effect of FFAs on FGF-21, whichindependent of insulin. As
mentioned, this offers a potential mechanism ligkmegulation of FGF-21 to the
switch of metabolism during starvation.
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4.5. Effects of weight loss on FGF-21

The function of FGF-21 in lipid metabolism and enebalance was underlined by
Potthoff and co-workers, who described the efféddE@F-21 on fatty acid oxidation
and on peroxisome proliferator-activated recep&mia coactivator protein-lalpha, a
key regulator of energy homeostasis (179). Transgeice overexpressing FGF-21
gained significant less weight under a high fat @i&9) and FGF-21 administration
resulted in a slight reduction in body weight aslwe an improved metabolic pattern
in monkeys (164). Given the existing data, it seegasonable to hypothesize that
FGF-21 might influence body fat stores or vice gensight itself be affected by the
degree of obesity, which is closely related todimetabolism. Therefore human data
regarding the relationship between body weight BGdF-21 would also improve the
knowledge of the FFA-FGF-21-interaction. Despiteesal studies suggesting that
FGF-21 may contribute to energy balance and bodghwat least in animals, data in
humans were basically missing and specifically réigg the relationship of FGF-21

and weight reduction no data existed in humans.

An association of FGF-21 levels and BMI was foumdome (166,169,175) but not all
(167,170) human studies. Even if such a relatiast&xthe direction of that relation
would be unclear. Thus, circulating FGF-21 migtieeff body weight, but vice versa,
body weight might also affect circulating FGF-21livé&h this partially unclear
situation in humans, we evaluated the effects ofienate weight reduction by a life-
style intervention program on FGF-21 levels. A ltath 30 obese individuals (24
female, 6 male) participated in a weight reducpoogram for 6 months. As expected,
the weight loss was accompanied by an improveménseweral metabolic and
anthropometric parameters including lipid metaboligTable 4), which was
comparable to previous findings (180,181). Desprvious animal and human data,
which suggested a strong correlation between BMI B&F-21, FGF-21 levels were
not modified by a moderate weight reduction. Thaswnore recently confirmed in a
randomized controlled trial investigating hormoredfects of a more pronounced

weight loss induced by different bariatric surgergthods (182).
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Table 4: Baseline characteristics of the 30 piaditts. Results are expressed as

mean + S.E.M.
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One study demonstrated a decrease in FGF-21 ofdiztteg a ketogenic diet which
was accompanied by weight loss (183). However teeused in our intervention was
not designed to induce pronounced ketosis, a fat rhight also contribute to the
differences between ours and those data, as F&e&s to be regulated by ketosis
(184). Otherwise the study of Christodoulides wamls and therefore type 1 error
may have been a problem. Considering the sampéedinur study, theoretically a
difference of 12 % of FGF-21 levels was detectablesrefore the 42 % difference of
FGF-21 observed by Christodoulides and co-workésulsl have been detectable,
which was not observed. Notably, a trial analyzihg effects of a ketogenic diet in
children did not induce changes in FGF-21 leved J1

Mraz and colleagues observed increased circuld&i@§-21 levels after 3 weeks of
very low calorie diet (VLCD), an intervention whickas also accompanied by a
moderate weight loss (168). However VLCD usualbdie to a pronounced catabolism
which may be responsible for the observed chang€&iF-21. Due to those catabolic

conditions the results might not be directly conajpée to our data.

In summary current data indicate that circulatiigF21 levels are unchanged after a
moderate weight reduction without periods of exsessiegative energy balance.
FGF-21 may not be directly regulated by a modecht@nge in fat mass and body
weight and otherwise FGF-21 does not substantiatigtribute to the endocrine
response counterbalancing a reduction of fat massontrast, mechanisms related to
the degree of negative energy balance may congribmtthe regulation of FGF-21
rather than fat mass per se. Accordingly multipiedr regression analysis suggests,
that FGF-21 levels at baseline did not predict Wweigss.

Even if FFAs were also reduced by weight reductite, unchanged FGF-21 levels
did not contradict the model, that FFAs regulateFEX3 levels. A significant

correlation was found at baseline to several mdiabad anthropometric parameters,
including FFAs. Eventually the slightly decreasdéehBE in our subjects do account for
the unchanged FGF-21 levels after weight loss. Thisupported by the already
mentioned fact that an effect of FFAs on FGF-21 maly exist above a certain

threshold of FFAs, while changes below that thr&shtay have no effect.
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4.6. Physiological impact of the relationship between F&s and
FGF-21

Recently FGF-21 was characterized as a novel migtalyp active protein, which
improves glucose uptake, increases energy expeadind inhibits lipolysis. FGF-21
is predominately secreted by the human liver. Téwetion is directly stimulated by
FFAs. Especially unsaturated FFAs have a substani@act on FGF-21 expression
and secretion. This effect is mediated by FFA imdu@ctivation of the nuclear
receptor PPAR, especially in hepatocytes. In addition, circulgtFGF-21 levels are
responsible for the inhibition of lipolysis (Figug®). This seems to be mediated by
attenuating the hormone-stimulated lipolysis in hanmadipocytes probably due to
reduced expression of perilipin, a phosphoproteet is thought to recruit several
lipases to the surface of the lipid droplets fdosequent triglyceride hydrolysis (165).
Physiologically, the FFA-induced increase of FGF-gfight counterbalance a

permanent FFA release by inhibition of lipolysis.

Insulin has antilipolytic properties and impairethibition of lipolysis is one common
feature of insulin resistance. In that context #itects of FFAs on FGF-21 may
counter-regulate the impaired inhibition of lipd/during insulin resistance. This
mechanism may partially explain the elevated lee¢l&GF-21 in obese or diabetic
patients and could represent a physiological attempliminish lipid induced insulin

resistance in obesity and type 2 diabetes. Suchsaiin sensitizing effect of FGF-21

has been convincingly demonstrated within severahal experiments.

As current data suggest differential effects ofissted and unsaturated fatty acids, and
especially polyunsaturated fatty acids, on glugoséabolism (185), it is also tempting
to speculate that some of those effects might bgiaied by FGF-21. Various studies
suggested that the FFA-induced activation of PBAfRpends on the degree of
saturation of those FFAs (186). Therefore the whifé effects on FGF-21 secretion

may be caused by different PPARInding of saturated and unsaturated fatty acids.
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Glucose uptake

Figure 20:  Physiological impact of FFAs and FGF-21

FGF-21 is also thought to induce hepatic ketogenékr9), even if this was not
consistently found in all studies (187). Thesedmadal properties suggest that FGF-21
may also contribute to the anabolic switch of thrgaoism under conditions of

starvation, a situation also associated with a maddencrease in FFA levels.

Together these mechanisms may cause the inducti&iGB-21 seen in the fasting

situation, but also in type 2 diabetes and obesity.
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5. Summary

The metabolic effects of FFAs on peripheral andaltiegnsulin resistance were well
demonstrated in numerous studies (28-31). FFAstiaddily act as endocrine
mediators regulating on the levels of several ¢atbog hormones. Potential
mechanisms include different expression, but alsmlifitd excretion of affected
hormones. These effects might play an importam imlbobesity, insulin resistance and
type 2 diabetes. The work of the applicant focusedthe role of FFAs in the

regulation of androgens, glucocorticoids and FGF-21

The effects of FFAs on both adrenal steroids wexestigated using randomized
controlled lipid infusion trials in men and in womeFFAs were found to regulate
androgens and androgen precursors. This effectimeaged by a reduced urinary
excretion of androgens and was observed predontyfantsecreted adrenal androgen
precursors. The effect was independent of FFA iadutyperinsulinemia and insulin
resistance.

Hyperandrogenemia in women with PCOS is usuallyigi to result from impaired
insulin sensitivity and subsequent hyperinsulinenitze here presented data indicate a
novel physiological mechanism linking fat metabwlignd regulation of circulating
androgens, which might be relevant in the pathogien®COS in women. This
mechanism might have therapeutic relevance in womgh PCOS. Antilipolytic
nicotinic acid analogues decrease FFAs (188,186)saich drugs might lead to an
improvement of hyperandrogenism. However, the ietpliherapeutic option cannot
be directly transferred to the treatment of PCOSOB is a heterogeneous disorder.
Thus, the link of FFAs and androgens might be maléwn a subcohort of women with
PCOS (60), although future intervention studiesesiigating this question are

required.

The clinical features of the metabolic syndrome @mparable to those observed in
patients with hypercortisolism (91-96). Accordinglpeveral data support an
involvement of HPA axis particularly in insulin isance and other features of the

metabolic syndrome. We here investigated the effett-FAs, which play a crucial
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role in several metabolic disorders, on HPA axise here presented data support a
pathogenic role of FFAs on adrenal ACTH-sensitivigpding to increased cortisol
levels. Such a primary adrenal hypersensitivitA@TH in the context of abdominal
obesity and elevated FFAs and triacylglycerols ugpperted by several studies
(110,112-114), even if the specific effect of FFAss not demonstrated so far.
Notably this effect is apparently gender-specifi avas observed in women only.
The gender-specific regulation of HPA activity isasupported by previous studies
(118,123,124). Thus hyperlipidemia with elevatedAEFmight represent a link
between the increased cortisol levels and abdonoibasity in women. In contrast to
these effects on circulating cortisol levels, FFAd not modulate hepatic 113-HSD1
activity, which was found to play a role in obesdpd type 2 diabetes (140,142-
145,150). FFAs therefore may not act via changekliiR-HSD1 activity, even if the
results regarding adipose 113-HSD1 are confliggigiy(154,156).

FGF-21 was assumed to be a novel target with pateatti-diabetic properties. FGF-
21 was also characterized as an important regutdtéasting metabolism. However
the exact regulation was not known in humans, ega¢td serum FGF-21 levels were
detected in obesity, type 2 diabetes mellitus amtiabolic syndrome (166-169). We
aimed to evaluate the regulation of FGF-21 in husreamd investigated the modulation
of FGF-21 by FFAsn- vivo andin-vitro. Free fatty acids increased the expression and
secretion of FGF-21 in HepG2 cell cultures, ancffghich was found to depend on
the degree of saturation of FFAs. This effect wB&Ru dependent, as demonstrated
in knock-down experiments. This PPARJependent regulation of FGF-21 is also
supported by others (160,161). Tirevitro effects were confirmed in human trials.
Supraphysiological as well as physiological FFAelevwere investigated in two
human trials. A randomized insulin withdrawal wasfprmed in subjects with type 1
diabetes mellitus to separate insulin and FFA medi&ffects. According to those

trials, insulin is unlikely to directly regulate F&1.

A human trial using the PPARagonist rosiglitazone suggested that any effetts o
FFAs on FGF-21 do not depend on PRARhysiologically, an FFA-induced increase

of FGF-21 might contribute to the adaption of tlhgamism to starvation or prolonged
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fasting. Furthermore the stimulation of FGF-21 dyAS might counter-balance the
impaired inhibition of lipolysis during insulin ris¢éance. This mechanism may
partially explain the elevated levels of FGF-2lolrese or diabetic patients and could
represent a physiological mechanism to diminisid lipduced insulin resistance in

obesity and type 2 diabetes.

In summary, the applicant has demonstrated thatsFfe§ulate several endocrine
circuits involved in energy homeostasis, but alexase and lipid metabolism. Those
endocrine systems being modified by FFAs includeral steroids, but also proteins
such as FGF-21. Other examples such as the reducfi@irculating adiponectin
levels (190) and the inhibition of growth hormorecietion (104,105) have been
demonstrated previously, supporting the complexerplay of FFAs and other

hormonal factors in several metabolic states.
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lifeline and teach me unconditional love every dayhank you so much for your
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Declaration

Erklarung

8 4 Abs. 3 (k) der HabOMed der Charite

Hiermit erklare ich, dafl3

- weder friher noch gleichzeitig ein Habilitatioesfahren durchgefuhrt oder

angemeldet wurde;

- die vorgelegte Habilitationsschrift ohne fremddfédverfasst, die beschriebenen
Ergebnisse selbst gewonnen wurden, sowie die velsten Hilfsmittel, die
Zusammenarbeit mit anderen Wissenschaftlerinnenr ddéssenschaftlern und

technischen Hilfskraften und die Literatur vollsdépnangegeben wurden,

- mir die geltende Habilitationsordnung bekannt ist

Datum Unterschrift
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