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ARTICLE INFO ABSTRACT
Keywords: Background: Chronic inflammation is a key feature of obesity and a hallmark of colon cancer (CC).
C°1°r_1 cancer The obesity-related hormones leptin and adiponectin alter inflammatory gene profiles in cancer,
Obesity but their specific role in CC is unclear. We have previously studied the effects of leptin and the
Inflammation . . . . .

) . macrophage-specific mediator itaconate on M2-like macrophages. This current study evaluates
Metabolic dysfunction .
M their effects on CC cells.

acrophages

Methods: HT-29 CC cells (derived from a young patient, stage III CC) were treated with either
leptin, adiponectin, 4-octyl itaconate (OI) or dimethyl itaconate (DI). Gene expression after
treatment was analyzed at four time points (3, 6, 18, and 24 h).

Results: CCL22 was upregulated after treatment with adiponectin (at 18 h [FC 16.3, p < 0.001]).
IL-8 expression increased following both adiponectin (at 3 h [FC 68.1, p < 0.001]) and leptin
treatments (at 6 h [FC 7.3, p < 0.001]), while OI induced downregulation of IL-8 (at 24 h [FC
—5.0, p < 0.001]). CXCL10 was upregulated after adiponectin treatment (at 6 h [FC 3.0, p =
0.025]) and downregulated by both OI and DI at 24 h, respectively (OI [FC —10.0, p < 0.001]; DI
[FC —10.0, p < 0.001]). IL-1p was upregulated after adiponectin treatment (at 3 h [FC 10.6, p <
0.001]) and downregulated by DI (at 24 h [FC —5.0, p < 0.001]). TNF-a expression was induced
following adiponectin (at 6 h [FC 110.7, p < 0.001]), leptin (at 18 h [FC 5.8, p = 0.027]) and OI
(at 3h [FC 91.1, p = 0.001]). PPARy was affected by both OI (at 3h [FC 10.1, p = 0.031],at 24 h
[FC —10.0, p = 0.031]) and DI (at 18 h [FC —1.7, p = 0.033]).

Conclusions: Obesity hormones directly affect inflammatory gene expression in HT29 CC cells,
potentially enhancing cancer progression. Itaconate affects the prognostic marker PPARy in HT29
CC cells. Leptin, adiponectin and itaconate may represent a link between obesity and CC.

Abbreviations: CCL22, C-C motif chemokine ligand (CCL) 22; FC, fold change; IL, interleukin; PPARy, peroxisome proliferator activated receptor
gamma; TNF, tumor necrosis factor.
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1. Introduction

Tumor immunology plays an essential role in colon cancer (CC), particularly since both tumor development and progression of CC
are directly linked to inflammatory mediators [1]. Cytokine networks can promote cell proliferation, migration, and resistance to
apoptosis in CC and are affected by systemic mediators as well as cellular signaling within the tumor microenvironment (TME) [1,2].
As part of innate and adaptive immune cells regulating the pro- and anti-inflammatory gene expression in tumors, cancer cells interact
with these cells within the TME and modify their gene expression profile to promote their own growth [1,3]. The obesity-related
hormones leptin and adiponectin can alter cytokine profiles in cancer cells and, thereby, either inhibit or promote carcinogenic
mechanisms [2]. These effects have been discussed as a potential link between metabolic dysfunction and early-onset CC (EOCC) in
young patients less than 50 years old [4,5]. A protective function of adiponectin has been postulated for several types of cancers,
inhibiting genes that promote apoptosis and cell migration [2,6]. Opposite effects have been identified for leptin affecting the
STAT3-NFkB axis, which is critical in CC [1,2]. The macrophage-specific metabolite itaconate and its cell-permeable derivatives
4-octyl itaconate (OI) and dimethyl-itaconate (DI) are strong inflammatory mediators with a potential role in different types of cancers,
but their effects on cytokine expression profiles in CC are poorly understood [7].

The acute inflammatory response is critical for host defense and mediates antitumorigenic effects. In contrast, chronic proin-
flammatory stress leads to an immunosuppressive environment over time, exerting predominately anti-inflammatory features [8].
Chronic inflammation is a key feature of obesity and is also a hallmark of CC, which is linked to a phenotype characterized by a high
M2/M1 macrophage ratio and secretion of immunosuppressive cytokines and chemokines by cells within the TME, such as interleukin
(IL)-10 and C-C motif chemokine ligand (CCL) 22 [8]. This induces recruitment of T-helper cells and regulatory T-cells and decreased
cytotoxic T-cell activity, thereby inhibiting cancer cell apoptosis [8].

CC cells have been shown to secrete mediators that modify TAM polarization and cytokine expression, further enhancing tumor
growth and progression through IL-6 [4,8].

Leptin, adiponectin, and itaconate affect cellular metabolism and marker expression of cancer and immune cells. The two isotypes
of adiponectin receptors, adiponectin receptor 1 and 2 (AdipoR1 and AdipoR2), are both expressed in CC cells and are associated with
decreased epithelial cell proliferation [9]. Leptin receptor expression as well as expression of the actual hormone leptin is increased in
CC as compared to normal colon cells and promote tumor growth [10,11]. Furthermore, leptin can reduce the cytotoxic effects of the
common chemotherapeutic agent 5-fluorouracil on CC [12]. A tumor inhibiting role of leptin under certain circumstances is, however,
still discussed [13]. We have recently shown that leptin and itaconate can exert cancer-promoting effects on macrophages in vitro [14].

The aim of this study was to define cytokine and gene expression profiles in CC cells as a response to the obesity-related hormones
leptin and adiponectin and the macrophage-specific mediator itaconate.

2. Methods
2.1. Cell culture and treatment of HT-29 cells

The HT-29 cell line was purchased from the American Type Culture Collection (ATCC, Manassas, USA). These cells were derived
from a 44-year-old woman with stage III CC. Short tandem repeat (STR) analysis was performed to authenticate the HT-29 cell line
(ATCC STR Profiling Service, Manassas, USA). Cells were grown at 0.5 x 10° cells/mL in 150 cm? cell culture flasks (Corning, New
York, USA) containing 20 mL of RPMI-1640 growth media (ATCC, Manassas, USA) supplemented with 10% fetal bovine serum (ATCC,
Manassas, USA) 1% L-glut, 10,000 units/mL penicillin, and 10 mg/mL streptomycin.

The treatment compounds leptin (BioVendor R&D, Brno, Czech Republic, Catalog no. RD172001100), adiponectin (BioVendor
R&D, Brno, Czech Republic, Catalog no. RD172023100), 4-octyl-itaconate (4-OI) (Sigma-Aldrich, St. Louis, USA, Catalog no.
SML2338-25MG), and dimethyl itaconate (DI) (Sigma-Aldrich, St. Louis, USA, Catalog no. 592498-100MG) were prepared according
to the manufacturer’s instructions. Compounds were diluted, if applicable, using phosphate-buffered saline (PBS) to final treatment
concentrations of 300 ng/ml leptin, 20 pg/ml adiponectin, 50 pg/ml 4-OI, and 50 pg/ml DI.

HT29 cells were seeded at a concentration of 0.2 x 10° cells/well into 24-well cell culture plates. Cells were treated in duplicates
with either leptin (n = 10), adiponectin (n = 10), 4-OI (n = 10), or DI (n = 10) in a time-response experiment. Negative controls were
performed for each individual treatment and time point (n = 10) using 10 pl/ml PBS. Gene expression was measured at 3, 6, 18, and 24
h post-treatment for each compound.

2.2. Gene expression analysis using quantitative real-time PCR

The RNeasy purification kit (Qiagen, Maryland, USA) was used to isolate total RNA from the harvested HT29 cells. RNA was
quantified using spectrophotometry (NanoDrop 1000, Thermo Scientific, Massachusetts, USA). We used 20 ng of total RNA paired with
high-capacity ¢cDNA reverse transcription kit (Applied Biosystems, California, USA) to perform reverse transcription to cDNA ac-
cording to the manufacturers protocol. Quantitative real-time PCR (qRT-PCR) was run with Tagman Gene Expression Assays and Fast
Advanced Master mix (Applied Biosystems, California, USA) using Step-One Real-Time PCR systems (Applied Biosystems, California,
USA). The 18S ribosomal RNA (rRNA) gene was used as the housekeeping gene to normalize results for each target gene listed
(Supplemental Table S1).

Gene expression of the following genes was measured (all primers were purchased from Thermo Scientific, Massachusetts, USA):
Tumor necrosis factor-alpha (TNF-a), CCL22,IL-1f, C-X-C motif chemokine ligand 10 (CXCL10), peroxisome proliferator-activated
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receptor y (PPARy), IL-8, CCL18, IL-10, cluster of differentiation 80 (CD80), IL-6, aconitate decarboxylase 1 (ACOD1), and nuclear
factor k B (NF-xB) (Supplemental Table S1 lists all primers with their corresponding assay IDs).

2.3. Statistical analysis

Statistical analysis was performed by using a random effect linear regression model for each combination of treatment and gene.
The model to predict the CT value includes as predictors all combinations of time point (3, 6, 18, 24 h), treated cells versus negative
controls, and target gene (gene of interest versus housekeeping gene 18S). Delta CT (ACT) and Delta-delta CT (AACT) at each of the
four time points are estimated as contrasts from the model output. An overall test that considers if any of the four AACT values are
different from zero is run, that is whether the treatment leads to over-expression at any time point at a significance level of a = 0.05.
The p-values for the 4 tests of the AACT at each time point are adjusted to control the false discovery rate (FDR). Fold change (FC) was
calculated using the formula 2722€T, In case of downregulation of the respective gene, values were inverted according to —1/FC.
Statistical calculations were performed using R statistical software, version 4.1.2 [15].

3. Results

Results including ACT values and FC are shown in Tables 1-4. Line graphs of significant results are shown in Figs. 1 and 2.

CC cells treated with adiponectin showed increased expression of anti-inflammatory CCL22 after 6 h of treatment, with a peak at 18
h (at 6 h [FC 7.0, p < 0.001], at 18 h [FC 16.3, p < 0.001]) (Table 2, Fig. 1c). All other cell treatments had no effect on CCL22
expression.

The highest increase in tumor-promoting IL-8 expression was demonstrated early after adiponectin treatment (Table 2, Fig. 1d).
The maximum response was shown after 3 h (at 3 h [FC 68.1, p < 0.001], at 6 h [FC 20.3, p < 0.001], at 24 h [FC 4.3, p = 0.002]).
Leptin induced a smaller upregulation of IL-8 expression in CC cells (at 6 h [FC 7.3, p < 0.001], at 18 h [FC 6.1, p < 0.001], at 24 h [FC
2.0, p = 0.008]) (Table 1, Fig. 1a). Treatment with OI resulted in downregulation of anti-inflammatory IL-8 expression (at 6 h [FC
—2.5, p = 0.004], at 18 h [FC —5.0, p < 0.001], at 24 h [FC —5.0, p < 0.001]) (Table 3, Fig. 2a).

Proinflammatory CXCL10 expression was slightly upregulated after cell treatment with adiponectin at three time points (at 3 h [FC
2.3, p = 0.044], at 6 h [FC 3.0, p = 0.025], at 24 h [FC 2.5, p = 0.044]) (Table 2, Fig. 1e). In contrast, a predominantly late cellular
response with downregulation of CXCL10 was induced by both OI and DI, with a maximum effect at 24 h, respectively (OI at 3 h [FC
—3.3, p=0.045], Ol at 18 h [FC —3.3, p = 0.045], OI at 24 h [FC —10.0, p < 0.001]; DI at 18 h [FC —3.3, p = 0.002], DI at 24 h [FC
—10.0, p < 0.001]) (Tables 3 and 4, Fig. 2b and e).

Expression of proinflammatory IL-1f was induced early after adiponectin treatment at 3 h only (FC 10.6, p < 0.001) (Table 2,
Fig. 1f). Contrary to adiponectin, DI treatment resulted in downregulation at 24 h only (FC —5.0, p < 0.001) (Table 4, Fig. 2f).

An early increase in proinflammatory TNF-a expression in CC cells was demonstrated following adiponectin and OI (adiponectin at
3 h [FC54.2, p < 0.001], adiponectin at 6 h [FC 110.7, p < 0.001], OI at 3 h [FC 91.1, p = 0.001]) (Tables 2 and 3, Figs. 1g and 2c).
Leptin induced a later cellular response with a slight TNF-a upregulation after 18 h (FC 5.8, p = 0.027) (Table 1, Fig. 1b).

The prognostic transcription factor PPARy was affected by both OI and DI treatment. OI induced an initial upregulation of PPARy
after 3 h of treatment (FC 10.1, p = 0.031), and a later downregulation with a peak at 24 h (at 18 h [FC —5.0, p = 0.040], at 24 h [FC
—10.0, p = 0.031]) (Table 3, Fig. 2d). DI showed a slight late downregulation of PPARy at 18 h of treatment (FC —1.7, p = 0.033)
(Table 4, Fig. 2g).

Table 1

Gene expression of HT-29 colon cancer cells following treatment with leptin. Delta CT (ACT) values and fold changes (FC) are listed for all four
different time points (3, 6, 18, and 24 h). P-values refer to the test of whether the treated cells are differentially expressed relative to untreated
cells (AACT#0) at each time point and have been adjusted to control the false discovery rate (FDR). The overall effect considers if the treated cells
expressed at any of the 4 time points. Significant results are marked grey (p < 0.05).

Leptin Treatment Duration

Overall

Gene 3 Hours 6 Hours 18 Hours 24 Hours
effect

ACT OCT SE FC p-value ACT ACT SE FC p-value ACT OCT SE FC p-value act ACTSE FC p-value

ccL22 24.75 0.88 -1.8 0.638 28.14 0.76 -3.6 0.178 26.39 0.68 11 0.893 27.94 0.68 -33 0.178 0.168
[[E:] 18.90 0.26 1.6 0.052 18.47 0.26 73 <0.001 18.59 0.26 6.1 <0.001 19.17 0.26 2.0 0.008 <0.001
CXcL10 24.30 0.45 11 0.817 22.64 0.35 -1.7 0.421 24.50 035 1.6 0.421 24.86 0.45 11 0.817 0.492
IL1B 26.36 0.66 2.0 0.292 2271 0.57 2.8 0.292 25.44 0.51 1.8 0.292 26.46 0.66 25 0.292 0.133
PPARG 16.33 0.30 -13 0.854 16.16 0.24 11 0.854 16.93 0.24 -1.3 0.854 16.13 0.30 1.0 0.961 0.720
TNF 27.67 0.65 2.7 0.218 25.19 0.65 1.0 0.986 25.48 0.65 5.8 0.027 28.13 0.65 24 0.218 0.024
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Table 2

Gene expression of HT-29 colon cancer cells following treatment with adiponectin. Delta CT (ACT) values and fold changes (FC) are listed for all
four different time points (3, 6, 18, and 24 h). Significant results are marked grey (p < 0.05). P-values refer to the test of whether the treated cells
are differentially expressed relative to untreated cells (AACT#0) at each time point and have been adjusted to control the false discovery rate
(FDR).

Adiponectin Treatment Duration

Overall

Gene 3 Hours 6 Hours 18 Hours 24 Hours
effect

ACT ACT SE FC p-value ACT ACT SE FC p-value ACT ACT SE FC p-value ACT ACT SE FC p-value
ccL22 21.46 0.53 11 0.819 21.52 0.41 7.0 <0.001 24.67 0.46 16.3 | <0.001 21.56 0.46 11 0.819 <0.001
8 13.94 0.45 68.1 <0.001 14.60 0.45 20.3 | <0.001 18.92 0.45 -13 0.653 17.32 0.40 4.3 0.002 <0.001
CXCL10 22.41 0.40 23 0.044 21.17 0.40 3.0 0.025 22.07 0.40 -2.0 0.155 21.86 0.36 25 0.044 0.001
IL1B 21.77 0.45 10.6 <0.001 21.55 0.52 31 0.058 24.04 0.45 -1.4 0.488 23.10 0.45 23 0.160 <0.001
PPARG 16.00 0.21 1.2 0.877 15.97 0.21 11 0.877 14.87 0.24 1.0 0.877 15.28 0.24 14 0.655 0.621
TNF 19.87 0.56 54.2 <0.001 20.72 0.56 110.7 <0.001 25.99 0.49 -1.7 0.440 26.97 0.49 -1.4 0.440 <0.001
Table 3

Gene expression of HT-29 colon cancer cells following treatment with 4-octyl itaconate (OI). Delta CT (ACT) values and fold changes (FC) are
listed for all four different time points (3, 6, 18, and 24 h). Significant results are marked grey (p < 0.05). P-values refer to the test of whether the
treated cells are differentially expressed relative to untreated cells (AACT#0) at each time point and have been adjusted to control the false
discovery rate (FDR).

Ol Treatment Duration

Overall

Gene 3 Hours 6 Hours 18 Hours 24 Hours
effect

aCcT ACT SE FC p-value ACT ACT SE FC p-value ACT ACT SE FC p-value AcCT ACT SE FC p-value
ccL22 26.93 1.20 -16.7 0.063 25.32 1.34 1.4 0.947 25.64 1.34 -1.1 0.947 25.64 1.34 24 0.947 0.171
I8 20.83 0.42 1.2 0.677 20.93 0.36 245 0.004 21.61 0.32 -5.0 <0.001 23.09 0.36 -5.0 <0.001 <0.001
CXCL10 25.97 0.51 =3 0.045 25.91 0.51 -2.0 0.241 28.19 0.51 =13 0.045 29.44 0.51 1(; o <0.001 <0.001
IL1B 26.03 0.65 13 0.776 28.19 0.65 -1.4 0.673 27.29 0.65 -2.5 0.360 26.92 0.65 -2.5 0.360 0.335
PPARG 13.45 0.96 10.1 0.031 18.53 0.86 -5.0 0.058 19.28 0.86 -5.0 0.040 19.37 0.86 1(;0 0.031 <0.001
TNF 21.73 1.16 91.1 0.001 26.04 1.04 23 0.748 27.76 1.16 -2.0 0.748 27.74 116 12 0.890 0.003
Table 4

Gene expression of HT-29 colon cancer cells following treatment with dimethyl itaconate (DI). Delta CT (ACT) values and fold changes (FC) are
listed for all four different time points (3, 6, 18, and 24 h). Significant results are marked grey (p < 0.05). P-values refer to the test of whether the
treated cells are differentially expressed relative to untreated cells (AACT#0) at each time point and have been adjusted to control the false
discovery rate (FDR).

DI Treatment Duration
Overall
Gene 3 Hours 6 Hours 18 Hours 24 Hours
effect
ACT OCT SE FC p-value ACT ACTSE FC p-value ACT OCT SE FC p-value acT ACTSE FC p-value

cCL22 23.82 0.71 15 0.732 25.42 0.71 45 0.092 28.86 0.61 16 0.732 26.99 0.61 -13 0.771 0.176
[[E:] 19.52 0.28 -11 0.796 20.87 0.25 13 0.590 20.96 0.28 11 0.796 19.10 0.32 17 0.264 0.312
CXCL10 23.39 0.38 -11 0.702 23.32 0.42 -2.0 0.076 25.92 0.38 =3.3] 0.002 28.79 0.42 1(; o <0.001 <0.001
IL1B 24.83 0.38 13 0.647 25.84 0.38 -1.7 0.357 25.19 0.43 1.2 0.647 28.25 0.35 -5.0 <0.001 <0.001
PPARG 16.26 0.18 -13 0.233 16.54 0.18 1.0 0.899 17.11 0.20 =il 0.033 16.29 0.18 -13 0.234 0.025
TNF 29.59 0.53 -2.5 0.314 28.43 0.47 -1.7 0.371 28.90 0.53 -1.7 0.371 28.73 0.53 -2.0 0.314 0.152
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Fig. 1. Time response of significantly altered gene expression (mean ACT) following either leptin or adiponectin treatment. Results are plotted for
four different time points (3, 6, 18, and 24 h), respectively. Error bars show standard deviations. Significant results at a certain time point compared
to the respective control are marked with an asterisk. For leptin treatment (top panel ‘Leptin’), expression results of IL-8 and TNF-« are shown. For
adiponectin treatment (bottom panel ‘Adiponectin’), expression results of CCL22, IL-8, CXCL10, IL-1p, and TNF-u are shown. Blue graphs = negative
controls, Red graphs = treated cells, IL-8 = interleukin-8; TNF-a = tumor necrosis factor-alpha; CCL22 = C-C motif chemokine ligand 22; CXCL10 =
C-X-C motif chemokine ligand 10; IL-1p = interleukin-1 beta. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 2. Time response of significantly altered gene expression (mean ACT) following either 4-octyl itaconate (OI) or dimethyl itaconate (DI)
treatment. Results are plotted for four different time points (3, 6, 18, and 24 h), respectively. Error bars show standard deviations. Significant results
at a certain time point compared to the respective control are marked with an asterisk. For OI treatment (top panel ‘OI’), expression results of IL-8,
CXCL10, TNF-a, and PPARy are shown. For DI treatment (bottom panel ‘DI'), expression results of CXCL10, IL-1p, and PPARy are shown. Blue
graphs = negative controls, Red graphs = treated cells, IL-8 = interleukin-8; CXCL10 = C-X-C motif chemokine ligand 10; TNF-a = tumor necrosis
factor-alpha; PPARy = peroxisome proliferator-activated receptor gamma; IL-1f = interleukin-1 beta. (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)

4. Discussion

The expression of certain inflammatory genes in CC is associated with tumor progression, prognosis, and survival. As mediators of
inflammation, the obesity-related hormones leptin and adiponectin and the macrophage-specific metabolite itaconate can affect these
gene patterns, thereby either promoting or preventing CC development. This study investigated changes in the expression of both pro-
and anti-inflammatory markers, as well as the prognostically relevant transcription factor PPARy in CC following obesity hormone and
itaconate treatment.

Leptin and adiponectin are reported to have opposite roles in CC progression, with leptin inducing cancer progression and adi-
ponectin inhibiting tumor growth in vitro [2]. This study showed that this simplistic dichotomous model may not apply to the
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mechanisms in CC, and that the metabolic state has a complex role in inflammation and CC development.

A limitation of this work is that effects were only shown in vitro using a single CC cell line derived from a human stage III CC.
Further studies using CC cells derived from earlier cancer stages are necessary to determine whether there are stage-related effects.
EOCC clinically tends to present at more advanced stages and tends to exhibit more aggressive features. The HT-29 CC cell line derived
from a young patient was used in an effort to match these criteria [16,17]. Furthermore, cellular responses within the TME are affected
by other types of cells that can alter the overall effect on tumor development [18]. Investigating the response of one specific cell type,
however, is the basis for further studies using co-culture models and for performing functional studies mimicking the TME.

Another limitation of this study is its focus on gene expression due to its purpose of initially identifying potential metabolic re-
sponses. The reported effects on gene expression can serve as a guide for future studies tying together previous findings on metabolism
in CC. Such future studies include investigating actual protein production or metabolite accumulation as well as in vivo mechanistic
studies including mouse models or patient tissue.

Anti-inflammatory IL-8 production is a key factor in CC development and is associated with enhanced tumor growth, progression,
and recurrence through autocrine effects upon cancer cells [19]. Furthermore, IL-8 promotes angiogenesis in CC and mediates
proinflammatory effects by functioning as a chemoattractant for neutrophils, thereby inducing the JAK3 pathway [19,20]. Leptin
significantly upregulated IL-8 expression in CC cells, but adiponectin resulted in a much higher cellular response with up to 68-fold
upregulation following treatment. A similar cellular response was found for TNF-a, with adiponectin inducing expression to a
much higher extent as compared to leptin (111-fold versus 6-fold). This suggests that adiponectin might have tumor promoting
abilities by upregulating IL-8 expression and by inducing proinflammatory responses through TNF-a in advanced cancer stages.

Both itaconate derivatives downregulated proinflammatory CXCL10 expression, which is a key factor of the anti-tumor T-cell
response in CC [21]. Common chemotherapies in CC upregulate CXCL10 expression through IFN-y signaling by DNA damage, which
induces cytotoxic T cell recruitment [21,22]. Itaconate can reduce proinflammatory mechanisms and T-cell infiltration and, therefore,
reduce anti-tumorigenic activity by downregulating CXCL10.

A prognostic factor in CC that is associated with patient survival is the expression of the tumor suppressor PPARy [23]. In this study,
both itaconate derivatives OI and DI exerted tumor-enhancing effects associated with poor patient survival by downregulating PPARy,
with OI having a slightly higher impact.

The marker CCL22 is highly expressed in CC and is a chemokine specifically attributed to M2-like macrophages [24]. Tumor cell
migration and recruitment of immunosuppressive and tumor-promoting T-lymphocytes can be inhibited by CCL22 suppression, giving
this gene an important role in CC progression [24,25]. Adiponectin was the only treatment that significantly affected CCL22 expression
by upregulating it up to 16-fold in CC cells. This suggests that adiponectin can enhance tumor progression and metastasis in later
disease stages.

We have previously shown that leptin and itaconate can induce macrophage-mediated mechanisms in CC, mediating cancer-
promoting effects in macrophages in vitro [14]. The present study shows that the obesity-related hormones leptin as well as adipo-
nectin also have a direct effect on gene expression patterns in CC cells in the absence of macrophages, potentially enhancing cancer
progression in CC. Derivatives of the macrophage-specific metabolite itaconate also exert cancer-promoting effects by affecting in-
flammatory gene expression. Moreover, the direct effect of itaconate treatment on the prognostic marker PPARy in CC cells suggests
that itaconate-related mechanisms can affect patient survival in CC. Leptin and adiponectin as well as macrophage-derived itaconate
have a direct effect on CC cell gene expression and provide a link between obesity, metabolic dysfunction, and CC. Further studies are
required to investigate gene expression in different cell types within the TME and to identify cancer-promoting pathways, particularly
in patients with EOCC.
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