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Abstract

Background: Along with the rising incidence of obesity, there has been an increase in patients
diagnosed with early-onset colorectal cancer (EOCRC)(<50 yo). In CRC, worse patient survival
is associated with certain cytokine expression and downregulation of peroxisome proliferator
activated receptor gamma (PPAR-y) expression. The effects of the obesity-hormone leptin and
macrophage-specific metabolite itaconate on these mechanisms are poorly understood. We
investigated their impact on PPAR-y and macrophage cytokine expression in vitro.

Methods: M2-like macrophages were treated with either leptin, 4-octyl itaconate (Ol) or
dimethyl itaconate (DI) in a dose and time dependent manner. Gene expression after treatment
with four doses(D1-4) of each compound was analyzed at four time points (3, 6, 18 and 24h).

Results: PPARy was downregulated following Ol treatment at 18h (FC —32.67,p=<0.001).
Interleukin-8 was upregulated after leptin and DI treatment at 6h (FC 26.35 at D4,p=<0.001
and FC 23.26 at D3,p=0.006). DI upregulated IL-1p at 24h (FC 18.00 at D4,p=<0.001).
Tumor Necrosis Factor-a showed maximum downregulation after Ol at 18h (FC —103.25 at
D4,p=<0.001).

Conclusions: Itaconate downregulates PPARy as a tumor suppressing factor and upregulates
anti-inflammatory cytokines in M2-like macrophages. Itaconate provides a link between obesity
and CRC and may be a key regulator in EOCRC.
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The aim of this study was to investigate the effect of the obesity hormone leptin, and the
membrane-permeable itaconate derivatives 4-octyl itaconate (4-Ol) and dimethyl itaconate (DI)
on M2-like macrophages, their cytokine expression profiles and on PPARy expression in vitro.
Itaconate affects PPARYy gene expression in M2-like macrophages and can thereby promote
carcinogenic mechanisms in colorectal cancer.

Introduction

The rising incidence of obesity and metabolic dysfunction is accompanied by an increasing
number of patients that are diagnosed with early-onset colorectal cancer (EOCRC) (14),
EOCRC is generally defined as colorectal cancer (CRC) occurring in individuals <50 years
of age. In patients younger than 50 years of age, incidence rates in the United States
increased by 22% from 2000 to 2013 and mortality increased by 13% ). This development
recently led to a significant change in recommendations for CRC screening by the US
Preventive Services Task Force (USPSTF), that reduced the recommended starting age for
average-risk CRC screening from 50 to 45 years (). While inherited conditions including
Lynch syndrome or familial adenomatous polyposis can cause an early cancer onset, more
than 80% of patients with EOCRC are diagnosed with sporadic cancers (7). The Nurses’
Health Study 11 also showed an association between both body mass index (BMI) and
weight gain since 18 years of age and an increased risk for EOCRC (). Furthermore, CRC
is the only gastrointestinal cancer associated with an increase in the number of surgical
procedures among patients that are young and also obese ®). In addition, recent studies have
shown a link between EOCRC and prenatal stress, which is a risk factor for obesity in the
offspring, mediated by inflammatory immune responses and metabolic dysfunction (1),

A systemic proinflammatory state and local immune mechanisms on a tissue level may link
obesity to early cancer onset and tumor progression in CRC ©). Current research focuses on
the tumor microenvironment (TME) surrounding the tumor which consists of cancer cells,
stromal cells, immune cells and extracellular matrix (19). Tumor-associated macrophages
(TAM) are key regulators of the dynamic pro- and anti-inflammatory signaling within the
TME that play a central role in CRC progression and patient survival (11.12). TAM are
highly plastic cells that can switch dynamically between a predominantly proinflammatory
M1-like subtype and a more anti-inflammatory M2-like state (13). Since macrophage
polarization states are driven by macrophage metabolism, M1-like macrophages prefer
aerobic glycolysis as their main source of cellular energy, while M2-like macrophages
mostly rely on oxidative phosphorylation 4. Advanced tumor stage, decreased overall

and progression-free survival are associated with TAM with a high M2/M1 ratio, with
expression of certain pro-and anti-inflammatory cytokines, such as IL-1p, IL-8 or I1L-10, and
with downregulation of peroxisome proliferator activated receptor gamma (PPARYy) gene
expression (15-18)_ Cancer cells and TAM both contribute to these expression patterns.

The metabolic states of cells within the TME can be affected by paracrine signaling
and the accumulation of systemic mediators. Obesity-related hormones are secreted by
adipocytes and have a direct impact on cytokine expression in CRC cells as well as
on macrophage polarization. Leptin acts as a central mediator of inflammation in CRC,
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inducing proinflammatory cytokine production in macrophages (9). With respect to obesity
and CRC, leptin has been the subject of metabolic research for decades, but there is as of yet
no defined association between leptin and obesity-specific tumor-promoting effects (29),

Recent studies have focused on the macrophage-specific metabolite itaconate as a key
mediator of metabolic reprogramming and inflammation in cancer 21, Itaconate is
produced within the Krebs cycle and has been demonstrated to have carcinogenic effects
in several types of cancers including ovarian carcinoma and glioma (¢1-23), M1-like
macrophages supposedly produce this anti-inflammatory metabolite to prevent excessive
inflammatory stress responses, but M2-like macrophages can also produce itaconate under
certain conditions (1), Itaconate increases reactive oxygen species (ROS) and affects
gene transcription through several pathways that are also regulated by leptin. Our own
investigations in human colon cancer samples have shown that the macrophage-specific
metabolite itaconate plays a role in CRC (unpublished observations). As a regulator of
inflammation and by its presence in cancer, itaconate may provide a link between obesity,
chronic inflammation and EOCRC.

The aim of this study was to investigate the effect of the obesity hormone leptin, and the
membrane-permeable itaconate derivatives 4-octyl itaconate (4-Ol) and dimethyl itaconate
(DI) on M2-like macrophages, their cytokine expression profiles and on PPAR~y expression
in vitro.

Background from the bench — leptin, itaconate and a new potential link in early-onset
colon cancer

The obesity-related hormone leptin circulates systemically as a 146-amino acid glycoprotein
that is primarily produced and released by adipocytes (4). Its role in central appetite and
energy regulation is only one facet of this hormone’s functions and does not describe its
complexity due to the numerous effects of leptin in obesity-related complications, such

as type 2 diabetes, cardiovascular disease and hypertension (20, In CRC, leptin has a
metabolic impact, affecting cytokine expression in CRC, as well as macrophage polarization
(25, 26) |eptin acts as a central mediator of inflammation in colorectal cancer inducing
proinflammatory cytokine production of Tumor Necrosis Factor Alpha (TNFa)) and/or
Interleukin 6 (IL-6) in macrophages and lymphocytes (27). In mouse models, leptin treatment
results in reduced colon cancer growth, an increased proportion of proinflammatory M1-like
macrophages in colon cancer and increased proinflammatory cytokine production (26.28),
An indirect relationship between obesity and CRC has been reported due to the association
of the function of leptin with several known risk factors of CRC, such as energy intake,

sex hormone levels, stress, and inflammatory immune responses (20). A causal link between
obesity and CRC through leptin, however, has never been demonstrated (29),

Acting through the JAK2-STAT3 pathway, a key pathway in tumorigenesis and metastasis,
leptin increases cell survival and cell growth in colon cancer cells, therefore promoting colon
cancer progression (8. 25.27) (Figure 1). The MAPK and the AMPK pathways are also
regulated by leptin, both altering gene transcription and inflammatory responses of cells.

All three of these pathways affect Nuclear Factor-kappa B (NFxB) activity. An excessive
activation of NFxB plays a key role in colorectal carcinogenesis (29,
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NF«xB is a ubiquitous transcription factor that regulates cytokine, cytokine receptor and
adhesion molecule expression in an inflammatory setting, affecting both cancer cells and
tumor-associated macrophages (TAM) (29). The anti-apoptotic effect of leptin on cancer
cells is also mediated through NFxB, inducing proliferation, differentiation, metastasis,
angiogenesis and chemoradiotherapy resistance in cancer cells 30, PPARYy is an established
target in metabolic dysfunction and insulin resistance, also known as the glitazone receptor
(31), This protein is a potent inhibitor of NFxB. Low PPARY expression in CRC is
associated with worse clinical outcomes (16: 17). Leptin slightly downregulates PPARy
expression in human macrophages thereby contributing to this expression pattern (32),

As immune responses and inflammation play an increasingly important role in CRC
research, macrophages and their metabolic states are coming into focus of carcinogenic
mechanisms and clinical outcomes. The macrophage-specific metabolite itaconate is

a dicarboxylic acid derived from cis-aconitate in the Krebs cycle in macrophages

(21). Macrophage activation with lipopolysaccharide (LPS) or other cytokines, such as
interferons, can induce itaconate production by the enzyme aconitate decarboxylase 1
(ACOD1) in the mitochondrial matrix (1), Itaconate is highly polar and is therefore not able
to cross cell membranes easily (33). Due to this limitation, membrane-permeable itaconate
derivatives, such as 4-Ol and DI, are commonly used for in vitro experiments (34 35),

In addition to the effects of leptin, itaconate can enhance NF-xB activity by inducing
succinate accumulation and thereby increasing mitochondrial production of ROS (22.36), The
association between itaconate production and PPAR~y expression in macrophages and CRC
cells are widely unknown.

Cell culture and treatment of M2-like macrophages

THP-1 monocyte-like cells were differentiated and polarized into a distinct M2-like
macrophage subtype as previously described (37). Phenotypical characterization of cells
derived from this model has confirmed an M2-like macrophage profile and cell
characteristics mimicking human primary cells (manuscript under review). Dose-response
experiments were performed for each treatment by incubating cells with either leptin (n=20),
4-0l1 (n=20) or DI (n=20) (Sigma-Aldrich, St. Louis, USA). Cellular cytokine expression
after treatment with four different doses of each compound (n=5) was determined at four
time points including 3, 6, 18 and 24 hours of cell treatment.

Gene expression analysis using quantitative real-time PCR

Total RNA was extracted from cells using the RNeasy purification kit (Qiagen,

Maryland, USA). RNA was quantified with spectrophotometry (NanoDrop 1000, Thermo
Scientific, Massachusetts, USA) and 20ng of total RNA was used to perform reverse
transcription to cDNA according to the manufacturer’s protocol. TagMan Gene Expression
Assays (PPARy: HS01115513 m1, TNFa: HS00174128 m1, IL-1p: HS01555410_m1,
IL-6: HS00174131_m1, IL-8/CXCL8: HS00174103_m1, I1L-10: HS00961622_m1, CCL18:
HS00268113 _m1, RNA18S5: Hs03928990 g1) (Applied Biosystems, California, USA)
and Fast Advanced Master Mix (Applied Biosystems, California, USA) were used for
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quantitative real-time PCR (qRT-PCR) using StepOne Real-Time PCR systems (Applied
Biosystems, California, USA). 18S was used as a housekeeping gene to normalize results.

Statistical analysis

Results

The descriptive statistics for ACt values were compared among the treatment dose groups
for each respective gene by treatment and time point. The mean ACt values with 95%
confidence intervals were presented (38). Maximum fold changes (FC) over all doses at the
various time points are reported.

A one-way Analysis of Variance (ANOVA) test was performed for each respective gene,
treatment and time point. Following a contrast analysis, the p-values were reported for the
comparisons between dose groups, with a treatment confirmed as significant in cases of at
least 2 significant changes in gene expression at 2 consecutive doses and 2 different time
points (39),

All calculations are performed using SAS System V9 statistical software (SAS Institute Inc.,
North Carolina, USA) (40),

An overview of the raw gene expression data, demonstrated as normalized PCR cycles
(ACT values), is shown in Table 1. Mean ACT values for all doses (D1, D2, D3, D4) of all
treatments with leptin, 4-Ol and DI and for each respective gene at all four time points are
shown in Figure 2.

PPAR<y gene expression was not altered in M2-like macrophages treated with either leptin
or DI. In contrast, Ol treatment resulted in a significant downregulation of PPARy at the
highest dose (D4) at 6h (FC —3.78, p=<0.001), 18h (FC -32.67, p=<0.001) and 24h (FC
-12.55, p=<0.001).

Leptin and DI had no significant effect on anti-inflammatory 1L-10 expression among doses
and over time. Ol treatment induced a clear downregulation of IL-10 using the two highest
doses (D3 and D4) over all time points (at 3h [FC -54.57 at D3, p=<0.001], at 6h [FC
-80.45 at D3, p=<0.001], at 18h [FC -101.13 at D4, p=<0.001] and at 24h [FC -28.84 at
D4, p=<0.001]).

Treatment of cells with leptin consistently upregulated 1L-8 expression among doses with
a maximum fold change using the highest dose at 6h (FC 26.35 at D4, p=<0.001) and 18h
(FC 12.82 at D4, p=0.006). DI showed this effect as an early response at 3h (FC 4.44 at
D4, p=<0.001) and at 6h (FC 23.26 at D3, p=0.006). Ol had no significant effect on IL-8
expression.

Investigating CCL 18 expression, there was no significant effect pattern among doses and
time points for leptin, DI or Ol treatments.

Proinflammatory IL-1f and IL-6 expression also were not affected in a time- and dose-
dependent manner by leptin or Ol. DI showed a significant upregulation of IL-1p at 6h (FC
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3.14 at D4, p=0.001) and at 24h (FC 18.00 at D4, p=<0.001) and no significant effect on
IL-6.

A significant downregulation of proinflammatory TNFa gene expression was demonstrated
following Ol treatment for 6h (FC —9.06 at D3, p=<0.001), 18h (FC -103.25 at D4,
p=<0.001) and for 24h (FC 36.00 at D3, p=<0.001).

Discussion

The expression of the metabolic nuclear transcription factor PPARy in CRC has a key role
in cellular lipid and glucose metabolism and mediates several antineoplastic mechanisms
in CRC (16.41) pPARYy is understood to function as a tumor suppressor, that can serve

as a marker of an indolent subset of CRC (7). Itaconate is a metabolic product of the
Krebs cycle in TAM and can alter macrophage cytokine expression as well as their
polarization state (21). In metabolic dysfunction and obesity, itaconate can provide a

link to early-onset CRC by enhancing carcinogenic mechanisms that are regulated by
obesity-related hormones such as leptin. Identifying this link is the basis for developing
new immunotherapeutic targets in CRC. In this study, we provide evidence that itaconate
promotes significant downregulation of the tumor suppressor PPARy in anti-inflammatory
M2-like macrophages and upregulation of M2-like macrophage cytokines. In this manner,
itaconate has the potential to mediate tumor-promoting mechanisms in EOCRC and obesity-
affected pathways through PPARYy.

The itaconate derivatives that have been used in this study demonstrated disparate effects on
gene expression in M2-like macrophages. While DI did not seem to alter PPAR-y expression,
Ol resulted in significant downregulation. Furthermore, Ol induced a clear downregulation
of anti-inflammatory 1L-10 expression as well as of proinflammatory TNFa expression.

In contrast, DI had a clear impact on IL-8 expression, while Ol showed no significant
effects. The membrane-permeable derivatives of itaconate that are established in in vitro
investigation, have been reported to not necessarily show similar effects (34.42). Ol and DI
are the most commonly used forms of this macrophage-metabolite that are used to provide
itaconate intracellularly (42). Intracellular modification mechanisms of these derivatives
altering their function and potential transmembrane transport mechanisms of itaconate itself,

however, are not well understood and are therefore important subjects of current research
(34,35).

Treatment of cells with either leptin, Ol or DI led to significant effects on gene expression
among doses over time. Variation of PCR cycle values between plate replicates was shown
depending on the respective gene analyzed and upon the compound added for cell treatment.
The variability of cellular responses of M2-like polarized macrophages in cell culture
demonstrates the high plasticity of this cell type with dynamic and continuous switching
between either more M1-like or more M2-like marker expression. Characterization of

the distinct anti-inflammatory M2-like macrophage subtype that was used in this study,
however, revealed a clear M2-like polarization state. Despite variability of PCR cycle values
between cell plates, a clear pattern of cellular responses could be demonstrated for each
respective treatment.
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A limitation of this study is the focus on TAM and therefore on only one cell type within
the TME. On the other hand, the investigation of individual responses of the macrophage
population is important to define their individual contribution to gene expression patterns

in CRC. Cell line co-culture models or human CRC organoid cultures are necessary to
analyze intercellular mechanisms and paracrine signaling following treatment with leptin
and itaconate. Furthermore, this study is limited to the gene expression levels of pathway-
related cytokines and PPARy. After investigating dose- and time-dependent effects in
detail, protein expression and further macrophage subtype markers should be determined to
identify protein activation and TAM polarization due to leptin and itaconate. In addition, the
effects of leptin and itaconate on TAM should be analyzed using macrophages in different
polarization states. Anti-inflammatory M2-like macrophages are the most common subtype
of macrophage in more advanced tumor stages and have been shown to be associated with
worse clinical outcomes in CRC, such as overall or progression free survival (1), This
study limited to TAMs of this M2-like subtype, but the effects on macrophages of other
metabolic polarization states, such as MO or proinflammatory M1-like macrophages, should
be evaluated in future experiments.

In conclusion, this study provides evidence that the macrophage-specific metabolite
itaconate can exert cancer-promoting effects through cellular pathways that are regulated

by the obesity-related hormone leptin. Itaconate affects PPAR+y gene expression in M2-

like macrophages and can thereby contribute to downregulation of PPARy as a tumor
suppressing factor in CRC. Furthermore, itaconate promotes anti-inflammatory cytokine
expression in M2-like macrophages. These expression patterns, including downregulation of
PPAR-y and upregulation of anti-inflammatory cytokines representing M2-like polarization
of macrophages, are associated with worse clinical outcomes in patients with CRC.
Itaconate provides a link between metabolic dysfunction in obese patients and CRC and may
thereby function as a key regulator in EOCRC. Further studies are necessary to demonstrate
the pathway mechanisms of itaconate that directly mediate tumor-promoting effects, and the
specific role of itaconate in EOCRC.
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EMRE GORGUN: Young onset colorectal cancer is indeed a rising healthcare issue

and an increasing number of centers in the United States, including ours, are building
multidisciplinary care groups in order to provide better care to this young group of patients.
According to your results, you were able to find that itaconate provides a link between
metabolic dysfunction in obese patients and early-onset colorectal cancer. My questions are
following: Did itaconate only provide a link in obese patients, or can this also be found in
sporadic non-obese colorectal patients as well? Second, is there a similar link also found in

Surgery. Author manuscript; available in PMC 2023 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Scheurlen et al.

Page 8

non-colorectal cancer patients? And third and lastly, how do you think this information in
molecular data could be utilized in real clinical settings and daily practice.

KATHARINA SCHEURLEN: Whether itaconate can only be found in obese patients, and
whether it is specific for colorectal cancer are very good questions. Itaconate may play a role
in certain different types of cancers. It has been found in ovarian carcinoma macrophages,
tumor-associated macrophages, and has been associated with cancer progression, so
advanced stages showed higher level of itaconate. We actually measured itaconate in our
own patients and compared cancer samples versus normal adjacent colon tissue, and we
found that the expression of the enzyme producing itaconate is actually specific for the
cancer tissue. Is it specific for colorectal cancer? Probably not. It might play a role in several
types of cancers. As to the role it plays in cancers in obesity - the interesting thing that

we found in this study was that it might have an effect on the pathways that are actually
regulated by obesity-related hormones. There has been a discussion going on for years now
where the leptin has a direct effect on colon cancer progression and what the effect of
adiponectin is, which is kind of like the counterpart, with an antiinflammatory role as well.
And if there is a mechanism that can actually enhance the effects of those obesity-related
hormones, this would provide a direct link between obesity and at least colon cancer in this
case. It might be specific for colon cancer when it comes to those hormones, but it might not
be exclusive.

EMRE GORGUN: Right, the clinical use - since it’s not specific for a certain type of
cancer, it might not have a big diagnostic value, but it potentially can provide a therapeutic
target for a more targeted immunotherapy in obese patients with colon cancer, because the
view of colon cancer as a genetic predisposition that causes it would switch towards a more
metabolic entity of those cancers, at least in patients that are young, and this could provide a
new point of view for actually treating those patients.

JOAL BEANE: Congratulations on a great talk. Is this pathway important in say, mismatch
repair sufficient colon cancers, where they’re not as reliant on the host immune response for
therapy? And then the second question: Kupffer cells in the liver, tons of macrophages in the
liver. Has this pathway been looked at in a metastatic model?

KATHARINA SCHEURLEN: Thank you for those questions. That’s a very good question
about the microsatellite instability, and whether that is the same mechanism. That’s
something that’s worth having a look at. And your second question was whether that has
been tested in a metastatic model... no, definitely not. So that would also be something that
should be tested in the future. First, we have to have a look whether clinical parameters and
outcomes in patients are actually related to itaconate levels.

SUSAN TSAI: You showed some nice data on how itaconate can change the macrophage
cytokine expression. Have you looked at the tumor itself or the tumor marker environment,
to see how that might affect that? Is it different in high-expressing itaconate versus low
tumors, and then as you have mentioned before, the leptin has a tumor-specific effect. Do
you see that with itaconate as well - independent of the immunologic effect?
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KATHARINA SCHEURLEN: Yes, the answer to the first question... have we tested that
with different itaconate levels? No, we haven’t. This might be something that’s worth having
a look at in a co-culture model or with primary patient samples as well. And the second
question was with the leptin can you use those pro-carcinogenic mechanisms independently
from itaconate? Yes, it can. So that’s something that’s known, colon cancers have those
leptin receptors, they express it on their surface, so... and there is a pro-carcinogenic effect,
meaning cells proliferating faster if you incubate them with leptin.

SUSAN TSAI: My question was does itaconate have a tumor-specific effect in and of itself
independent of the immunologic changes that you see? So if you just gave itaconate to
tumor cells, is it tumor-genic, or do you see increased proliferation?

KATHARINA SCHEURLEN: In colon cancer, that hasn’t been shown yet. In other types
of cancer, it actually has (applause).
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Fig. 1. Effects of leptin and itaconate on cellular pathways altering gene transcription, including
the MAPK, the JAK/STAT and the AMPK pathway

The three molecular pathways MAPK (purple), JAK/STAT (pink) and AMPK (green) and
their regulation through leptin and its receptor. Molecules in the cytoplasm (light blue) and
the nucleus (grey) are shown.

All three of these pathways alter gene transcription affecting inflammatory responses
induced by the NFxB system. MAPK and STAT3 initiate induction of NFxB mediated

gene expression, enhancing pro-proliferative and anti-apoptotic mechanisms. On the other
hand, AMPK signaling can indirectly inhibit NFxB activity by induction of several
downstream factors, such as p53. Furthermore, AMPK plays a key role in macrophage
polarization by regulating mitochondrial oxidative phosphorylation and glycolysis. Itaconate
can enhance mechanisms mediated by leptin through activation of the JAK/STAT pathway
and downregulation of PPARy (red arrows).

MAPK = mitogen-activated protein kinase; JAK/STAT = Janus kinase-signal transducer
and activator of transcription, AMPK = AMP-activated protein kinase; NFxB = Nuclear
factor kappa light chain enhancer of activated B cells; p53 = tumor protein p53; PPARy

= peroxisome proliferator activated receptor gamma, SHP2 = SH2 containing protein
tyrosine phosphatase-2; GRBZ2 = Growth Factor Receptor Bound Protein 2; RAS/RAF

= Rapidly Accelerated Fibrosarcoma-Rat sarcoma protein; MEK = MAPK /extracellular
signal-regulated kinase kinase; PGCla = peroxisome proliferator-activated receptor gamma
coactivator 1-alpha; RXR = retinoid X receptor; IL = interleukin; TNFa = Tumor Necrosis
Factor Alpha
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Fig. 2. Dose and time response after cell treatment with leptin, 4-octyl itaconate (Ol) and

dimethyl itaconate (DI)

Mean PCR gene expression values (ACT values) for each cell treatment and for each
respective gene, including four different doses (see legend within figure) and four time

points (3h, 6h, 18h, 24h).

LEP = leptin; Ol = 4-octyl itaconate; DI = dimethyl itaconate; IL = interleukin; TNFa =
Tumor Necrosis Factor Alpha; PPARy = peroxisome proliferator activated receptor gamma
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Tab. 1
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Maximum fold changes (FC) and associated mean ACT values for the respective treatment and gene

D1 D2 D3 D4
Time %ﬁ%t;,?' [mean [mean [mean [mean max.
Gene Treatment [hours] ACT ACT ACT ACT ACT FC p-value
g (95% (95% (95% (95% (dose)
° ClI)] o)) cI] cI]
18.84 18.08 18.11 18.64
PPARy leptin 18 18;2158%1585 (18.48 - (17.40 - (17.76 - (18.28 - ‘(éi’)l ns
: 19.20) 18.77) 18.46) 19.00)
18.75 19.60 20.77 23.95
PPARY it‘;‘c‘z"%{e 18 18;9129%%50 (18.40 - (18.75 - (19.80 - (2372 - 3267 | <0.001
: 19.11) 20.46) 21.74) 24.17)
. 18.60 18.31 18.11 17.89
PPARY ﬂ;’?g;g{; 24 18@%%2528 (18.36 - (18.02 - (17.76 - (17.49 - 1.71 (D4) ns
: 18.83) 18.60) 18.46) 18.29)
17.00 15.58 14.97 13.73
IL-8 leptin 6 18;4158%3531 (16.68 - (1431 - (13.86 - (12.62 - Z(gjf <0.001
: 17.32) 16.84) 16.07) 14.84)
17.00 15.58 14.97 13.73
IL-8 leptin 6 1814158%2531 (16.68 - (1431 - (13.86 - (12.62 - 2635 | <0.001
: 17.32) 16.84) 16.07) 14.84)
. 16.13 15.37 13.26 13.71
IL-8 dimetny! 6 17;8108%%66 (14.62 - (13.73 - (11.01 - (12.44 - 23.26 0.006
: 17.64) 17.01) 15.50) 14.97)
18.54 19.22 18.20 18.07
ccLis leptin 18 18;1158%586 (17.60 - (18.28 - (17.74- 17.73- ‘(é%)o ns
: 19.48) 20.16) 18.65) 18.42)
16.19 18.60 16.67 21.14 ~
ccLig | oc 18 1616212%%33 (1021 - (10.88 - (1038 - (1425 - (2541)0 ns
: 22.18) 26.33) 22.95) 28.04)
. 17.12 17.09 17.19 17.32
ccLig | dimethyl 6 181859%2504 (15.97 - (15.81 - (16.23- (1648- | 339(D2) | ns
: 18.26) 18.37) 18.15) 18.17)
14.09 16.10 19.71 14.64
IL-10 leptin 3 1910159%%16 (13.71- (13.86 - (19.37 - (12.28 - ?lei)z ns
: 14.47) 18.33) 20.05) 17.01)
19.58 21.72 24.12 25.72
Lo | Aot 18 1910261(%8594 (17.92- (19.42 - (2258 - 2342- | -10013 | <0.001
: 21.24) 24.02) 25.65) 28.03)
. 18.16 17.76 17.78 18.43
IL-10 dimethyl 18 19;1291%518 (17.00 - (16.29 - (16.25 - (17.62 - 2.69 ns
: 19.32) 19.24) 19.30) 19.23)
20.61 20.20 19.41 18.04
IL-18 leptin 6 21;2281(523%74 (19.88 - (19.34 - (18.10 - 16.74- | 9.45(D4) ns
: 21.35) 21.05) 20.73) 19.33)
20.41 22.80 22,47 21.18 ~
IL-1p octyl 3 1815281(%2599 (2017 - (22.46 - (22.07 - (20.08 - (13'2‘;4 ns
: 20.65) 23.14) 22.88) 22.27)
. 21.70 21.08 20.48 17.84
iLap | dimetnyl 24 22;0212(5%75 (20.71 - (20.85 - (19.90 - (17.46 - 1(%2? <0.001
: 22.70) 21.30) 21.06) 18.21)
22.64 2151 21.39 22.19
IL-6 leptin 3 24;2238%3546 (19.11 - (16.84 - (1855 - 1926- | 7.16(D3) ns
: 26.17) 26.18) 24.24) 25.12)
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D1 D2 D3 D4
Time (Eg%t;g I [mean [mean [mean [mean max.
Gene Treatment [hours] ACT ACT ACT ACT ACT FC p-value
el (95% (95% (95% (95% (dose)
° cn] cnl o)) cI]
soctyl 27,56 (26.50 28.65 28.50 27.01 2331 10,03
IL-6 octyl 2 A (28.02- (27.60 - (24.66 - (18.97 - o ns
: 29.29) 29.40) 29.36) 27.66)
dimethyl 24.99 (20.99 27.86 28.72 28.27 29.03 -16.45
IL-6 dimethyl 18 o o0} (26.86 - (27.93- (@7.52- (28.25 - o8 ns
: 28.87) 29.51) 20.03) 29.80)
18.38 (18.15 18.15 17.77 17.27 16.72
TNFa leptin 6 ~18.60) (17.99 - (1753 - (16.73 - 1601- | 31604 | ns
18.30) 18.01) 17.80) 17.43)
19.36 20.56 22.28 24.94
TNFa | ol 18 18;2159%;515 (18.80 - (19.49 - @117- (23.05 - '%OD%ZF’ <0.001
: 19.93) 21.62) 23.40) 26.83)
. 18.45 18.40 16.76 17.78
TNFa | fimethyl 2% 19;1179(%59 (17.48 - (17.88 - (16.49 - 1756- | 531(03) | ns
: 19.43) 18.93) 17.03) 18.00)

Leptin treatment [ng/ml]:

D1: 100
D2: 300

D3: 500

D4: 1000

4-octyl itaconate [ug/ml]:

D1:10
D2: 30
D3: 50

D4: 100

Dimethyl itaconate [ug/ml]

D1: 20
D2: 50
D3: 100

D4: 200

LEP = leptin; Ol = 4-octyl itaconate; DI = dimethyl itaconate; IL = interleukin; PPAR~y = peroxisome proliferator activated receptor gamma

ns = not significant
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