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Abstract
Background Chronic inflammation in the course of inflammatory bowel disease may result in colon cancer, or colitis-
associated colorectal cancer (CACRC). It is well established that CACRC is associated with oxidative stress and secretion of 
multiple pro-inflammatory cytokines, e.g. tumor necrosis factor-α. Recently, we proved that the administration of gold(III) 
complexes resulted in the alleviation of acute colitis in mice. The aim of the current study was to assess the antitumor effect 
of a novel series of gold(III) complexes: TGS 121, 404, 512, 701, 702, and 703.
Materials Analyzed gold(III) complexes were screened in the in vitro studies using colorectal cancer and normal colon 
epithelium cell lines, SW480, HT-29, and CCD 841 CoN, and in vivo, in the CACRC mouse model.
Results Of all tested complexes, TGS 121, 404, and 702 exhibited the strongest anti-tumor effect in in vitro viability assay 
of colon cancer cell lines and in in vivo CACRC model, in which these complexes decreased the total number of colonic 
tumors and macroscopic score. We also evidenced that the mechanism of action was linked to the enzymatic antioxidant 
system and inflammatory cytokines.
Conclusions TGS 121, 404, and 702 present anti-tumor potential and are an attractive therapeutic option for colorectal cancer.
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AOM  Azoxymethane
AOM/DSS  Azoxymethane-dextran sulphate sodium
AuNPs  Gold nanoparticles
CACRC   Colitis-associated colorectal cancer
CD  Crohn’s disease
CRC   Colorectal cancer
DMSO  Dimethyl sulfoxide
DMH  1,2-Dimethylhydrazine
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HO  Heme oxygenase
HO-1  Heme oxygenase-1
HTAB  Hexadecyltrimethylammonium bromide
IBD  Inflammatory bowel diseases
IL  Interleukin
LC50  Mean lethal concentration
MPO  Myeloperoxidase
MTT  3-(4,5-Dimethylthiazol-2-yl)-2,5-diphe-
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NF-κB  Nuclear factor-kappa B

 * Jakub Fichna 
 jakub.fichna@umed.lodz.pl

1 Department of Biochemistry, Chair of Biochemistry 
and Chemistry, Faculty of Medicine, Medical University 
of Łódź, Mazowiecka 5, 92-215 Lodz, Poland

2 Department of General and Oncological Surgery, Faculty 
of Medicine, Medical University of Łódź, Pomorska 251, 
92-213 Lodz, Poland

3 Department of Organic and Physical Chemistry, Faculty 
of Pharmacy, Medical University of Warsaw, Banacha 1, 
02-093 Warsaw, Poland

4 Department of Pharmacodynamics, Faculty of Pharmacy, 
Medical University of Warsaw, Banacha 1 Str., 
02-093 Warsaw, Poland

5 HESA at the Department for Histology and Embryology, 
Medical University of Warsaw, Chałubińskiego 5, 
02-004 Warsaw, Poland

6 Inwex Ltd., Solidarności 34, 25-323 Kielce, Poland
7 Department for Histology and Embryology, Medical 

University of Warsaw, Chałubińskiego 5, 02-004 Warsaw, 
Poland

http://orcid.org/0000-0002-8443-4417
http://crossmark.crossref.org/dialog/?doi=10.1007/s43440-023-00558-1&domain=pdf


128 J. Włodarczyk et al.

1 3

OD  Optical density
RuAuNPs  Rutin and gold nanoparticles
SEM  Standard error of the mean
TGF-β  Transforming growth factor-β

Introduction

Colorectal cancer (CRC), the third most frequently 
diagnosed cancer in the world, is characterized by high 
morbidity and mortality rates [1]. CRC is associated with 
environmental factors (e.g. smoking, a diet rich in red meat 
and poor in fibers, alcohol), heredity (e.g. genetic mutations 
of MSH1, MLH1, MSH6, APC, or NOD2) or dysregulation of 
the immune system [2, 3]. Furthermore, increasing evidence 
indicates a correlation between chronic inflammation 
and CRC. Namely, a severe long-term complication of 
ulcerative colitis (UC) and Crohn’s disease (CD), which 
are inflammatory bowel diseases (IBD), is associated with 
an increased risk of CRC and may develop into colitis-
associated colorectal cancer (CACRC). The cumulative risk 
of CACRC induced by UC reaches 18%, while that of CD is 
8.3% after 30 years of disease [4]. Previous studies report the 
relation between CACRC and inflammation, nevertheless, 
the exact mechanism between these two conditions is still 
unknown. A significant role in the pathogenesis of CACRC 
is played by the injured epithelia and triggered immune cells 
[3]. Moreover, the latest studies suggest that the main factor 
involved in the inflammatory processes is the nuclear factor-
kappa B (NF-κB) pathway activated via pro-inflammatory 
cytokines interleukin (IL)-1, IL-6, and tumor necrosis factor 
(TNF-α) and consequently persistent stimulation of NF-κB 
in the epithelial cells leads to the development of CACRC. 
Hence, anti-inflammatory agents may be considered an 
effective solution to prevent CACRC [5].

Gold and its biomedical potential have been discussed 
in multiple reports. Gold nanoparticles (AuNPs) can be 
applied in cancer therapy or diagnosis, or as “theranostics” 
which display both functions [6]. Furthermore, AuNPs 
may be beneficial in IBD [7, 8]. Gold complexes have 
also been investigated [9, 10] and found to be potential 
anticancer drugs. Gold(I) complexes, similarly to gold(III) 
complexes, have been observed to suppress sulfur-containing 
and selenium enzymes, including glutathione peroxidase, 
glutathione-S-transferase, thioredoxin reductase, and 
cysteine protease, and initiate apoptosis. Marmol et  al. 
[11] evaluated an alkynyl gold(I) complex on the CRC 
Caco-2 cell line. Authors noticed that this complex 
initiated necroptosis and showed anticancer activity, 
which can be considered as a potential treatment in case 
of apoptosis resistance. Trommenschlager et al. reported 
that gold(I)-coumarin-caffeine-based complexes exhibited 
antiproliferative properties in the colon, prostate, and breast 

cancer cell lines [12]. In addition, two of the investigated 
complexes displayed anti-inflammatory behavior by 
inhibiting IL-1β production. Furthermore, a gold(III) 
porphyrin complex showed cytotoxicity in multiple cancer 
cell lines and was also reported as an anticancer agent in vivo 
in nasopharyngeal and hepatocellular carcinoma, colon 
cancer, melanoma, and neuroblastoma [13, 14]. In animal 
models, a gold(III) complex with tridentate C-deprotonated 
C^N^C ligand showed anticancer potential in sarcoma and 
hepatocellular carcinoma [15].

Despite the beneficial potential of gold and its complexes, 
they are currently used mainly as drugs for rheumatoid 
arthritis. Nevertheless, auranofin, a gold(I)-containing 
compound, owing to its anticancer potential in animal 
models, is currently tested in clinical trials for ovarian and 
lung cancer. Furthermore, auranofin showed antibacterial 
activity against Clostridium difficile and multiple 
enterococcal clinical isolates, which may translate to IBD 
and CACRC treatment [16].

Recently, we evaluated a series of novel gold(III) 
complexes as anti-inflammatory therapeutics in in vitro 
and in vivo models and thoroughly presented the molecular 
modeling analysis [9, 17, 18]. In this study, we further 
examined the novel gold(III) complexes: TGS 121, 404, 
512, 701, 702, and 703 for their anti-tumor potential in vitro, 
analyzing the viability of colon cancer cell lines, and in vivo, 
in the azoxymethane-dextran sulphate sodium (AOM/DSS)-
induced mouse model of CACRC.

Materials and methods

Synthesis of gold(III) complexes

The analyzed gold(III) complexes (TGS 121, 404, 502, 701, 
702, 703) were synthesized as described earlier [9, 18].

Cell culture

The colon cancer cell lines HT-29 and SW480, and normal 
colon epithelium CCD 841 CoN cells were obtained from 
the American Type Culture Collection (respectively ATCC 
HTB-38, CCL-228, and CRL-1790). The cells were cultured 
in Dulbecco’s modified Eagle’s medium supplemented with 
10% FBS 1% l-glutamine and 1% penicillin, streptomycin, 
and neomycin (Gibco, Life Technologies). The cells grew at 
37 °C in a humidified atmosphere and 5%  CO2, according to 
the standards procedures.

Cell viability assay

For cell viability experiments, cells were seeded in triplicate, 
in a 96-well plate in 200 µL of their respective culture 
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medium. A number of seeded cells per well was CCD 841 
CoN-6000; SW480-6000 and HT-29-10 000. Twenty four 
hours later cells were treated with different concentrations of 
tested compounds and were incubated for 48 h. Cells treated 
with the vehicle (medium) were considered as controls. Cells 
were then incubated with 10 µL of 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazoliumbromide (MTT) for two hours 
after, and 200 µL of dimethyl sulfoxide (DMSO) was added 
directly into the medium in each well and pipetted up and 
down several times to dissolve the salt solution with shaking 
for 20 min. The absorbance was measured at 570 nm. The 
optical density (OD) values were directly correlated with 
the number of living cells in the well. The percentage of 
living cells (%) was calculated according to the following 
equation: OD of treated cells/ OD of control × 100. The 
dose–response curves were plotted as the log concentration 
in µg/mL—versus the percentage of viable cells using Prism 
9.0.1 (GraphPad Software Inc., La Jolla, CA, USA). The 
mean lethal concentration (LC50) was determined at 50% 
of cell death.

Cell surveillance graphs depict exponential decay curve 
fits and IC50 = LC50s were evaluated from semilogarithmic 
transformations of the data. LC50 concentration at which 
the cell viability remained at 50% after exposure to the 
tested compound was determined by using a best fit to four-
parameter sigmoid log(inhibitor)-response curve. R2 values 
as a goodness of fit were also determined and given in the 
results sections.

Animals and treatment

Male Balb/C mice obtained from the Animal Facility of the 
University of Lodz, Poland, were 8 weeks old and weighing 
22–24 g. The animals were housed at a constant temperature 
(22–23 °C) and maintained under a 12‐h light/dark cycle 
with free access to laboratory chow and tap water. After 
one week of acclimatization, mice were randomly divided 
into experimental groups. All procedures were approved by 
the Local Ethical Committee for Animal Research at the 
Medical University of Lodz with the following numbers: #4/
ŁB85/2018 and #13/ŁB130/2019. All efforts were made to 
minimize animal suffering and reduce the number of animals 
used.

Colitis-associated colorectal cancer was induced by 
a single intraperitoneal administration of azoxymethane 
(AOM) at the dose of 10 mg/kg as described earlier [19, 20]. 
One week later, the autoclaved drinking water was replaced 
by a 1.5% (w/v) dextran sodium sulfate (DSS) solution. After 
one week, DSS was replaced by the autoclaved water for the 
next 2 weeks. This cycle was then repeated two more times. 
The body weight, health, and general behaviour of each 
mouse were monitored at least three times a week. Untreated 

control mice received vehicle (0.9% NaCl) instead of AOM 
and autoclaved water during the experimental period.

The following treatment regime based on our previous 
experience with animal models and TGS complexes 
administration [9, 18] was proposed: starting from the end 
of the third week, TGS 121, 404, and 703 were administered 
intragastrically at the dose of A—1.68 μg/kg and dose 
B—16.8 μg/kg in the final volume 100 μL every three 
days until the end of 14 weeks. Control and AOM/DSS 
groups received 0.9% NaCl alone (100 μL) administered 
intragastrically. Mice were euthanized after 14 weeks; the 
colon from each mouse was excised from the ileocecal 
junction to the anus, cut, and opened longitudinally. The 
colon samples were analyzed macroscopically for tumour 
presence and stage of the disease. Then, the distal part of the 
colon was divided into two parts—one half for histological 
analysis and the second half for further molecular studies.

Macroscopic and microscopic examination

A total macroscopic damage score was calculated for each 
animal as described previously [19, 20]. The macroscopic 
scoring was based on five parameters: diarrhea (normal = 0; 
soft = 1; liquid = 2), presence of bleeding (no = 0; yes = 2), 
edema (no = 0; mild = 1; intense = 2), erythema (no = 0; 
mild = 1; intense = 2), and adhesions (no adhesion = 0; 
troublesome dissection = 1; visible adhesions = 2). Further, 
macroscopic tumors were counted, and the number of 
tumors (diameter: < 3 mm and > 3 mm) was calculated. To 
reduce observer bias, the whole macroscopic evaluation was 
designed in a blinded setup.

For microscopic evaluation, the colonic tissue was fixed 
in 10% formalin overnight, then routinely dehydrated and 
embedded in paraffin. Three 5 μm sections per colon were 
cut and stained with hematoxylin and eosin. Subsequently, 
photographs were taken using an Axio Imager A2 
microscope (Carl Zeiss, Oberkochen, Germany) and a digital 
imaging system consisting of a digital camera (Axiocam 
506 clolor, Carl Zeiss, Germany) and image analysis 
software (Zen 2.5 blue edition, Carl Zeiss, Germany) with 
20 × magnification.

Determination of tissue myeloperoxidase activity

To monitor the degree of inflammation, myeloperoxidase 
(MPO) activity was determined using a standardized 
method. Colon segments (approx. 30 mg) were homogenized 
in hexadecyltrimethylammonium bromide (HTAB) buffer 
(0.5% HTAB in 50 mM potassium phosphate buffer, pH 
6.0; 50  mg tissue/mL). Homogenates were centrifuged 
(15 min, 13,200 × g, 4 °C). On a 96-well plate, 200 μL of 
50 mM potassium phosphate buffer (pH 6.0), supplemented 
with 0.167  mg/mL of O-dianisidine hydrochloride and 
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0.05 μL of 1% hydrogen peroxide, was added to 7 μL of the 
supernatant. Absorbance was measured at 450 nm after 30 
and 60 s (iMARK Microplate Reader, Biorad, Hertfordshire, 
UK). All measurements were performed in triplicate. MPO 
activity was expressed in milliunits per gram of wet tissue, 
1 unit being the quantity of enzyme able to convert 1 μmol 
hydrogen peroxide to water in 1 min at room temperature.

Real‑time RT PCR and ELISA assays

The level of the oxidative stress biomarker, heme 
oxygenase-1 (HO-1), was determined by the HO-1 ELISA 
Kit (EIAab kit #E0584m, Wuhan, China). Tissue specimens 
were collected from the distal part of the mice colon 
affected by tumorigenesis or the corresponding part in the 
case of control mice and homogenized according to the 
manufacturer’s instructions. Assay was performed following 
the provided user’s manual and each sample was assayed in 
duplicate.

Total RNA was extracted from snap-frozen colonic tissues 
obtained from experimental and control groups using the 
Total RNA Mini Plus kit (#036-100, A&A Biotechnology, 
Gdansk, Poland) according to the manufacturer’s 
instructions. Following, cDNA was synthesized using a 
High-Capacity cDNA Reverse Transcriptase Kit (#4368814, 
Applied Biosystems). Quantitative real-time PCR 
analysis was performed using the TaqMan probes: Il-1β: 
Mm00434228_m1; Tnf-α:Mm00443258_m1; transforming 
growth factor-β (TGF-β):Mm01178820_m1 and TaqMan 
Gene Expression Master Mix without UNG (#4440040, 
Applied Biosystems) by manufacturer’s protocol on 
Lightcycler 96 apparatus (Roche, Warsaw, Poland). The Ct 
(cycle threshold) values for all tested genes were normalized 
to Ct values obtained for GAPDH. The relative amount of 
mRNA copies was calculated using the following equation: 
 2[−(Ct tested gene−Ct GAPDH)] × 1000.

Statistics

Results were analyzed in Prism 9 (GraphPad Software 
Inc., La Jolla, CA, USA) with the use of one-way ANOVA 
followed by the Tukey post hoc test (or nonparametric 
the Kruskal–Wallis test followed by the Dunn’s post hoc 
test, depending on the distribution of variables). When 
suitable the one-way repeated measures ANOVA was 
used. The survival rate was evaluated by log-rank test 
using the Kaplan–Meier method. The data are presented as 
mean ± standard error of the mean (SEM) or median with 
25th and 75th percentiles with minimum and maximum 
value. P values < 0.05 were considered statistically 
significant.

Results

Cell viability

Dose–response curves representing the cell viability 
percentage (%) of healthy colon epithelial cells (con-
trol – CCD 841 CoN) and colon cancer cells (SW480 
and HT-29) treated with different concentrations of TGS 
complexes (0.005–1 ug/ml) are presented in Fig. 1. For 
all tested TGS complexes, the concentrations needed for 
50% growth inhibition were lower for colon cancer cell 
line SW480 than for healthy colon epithelial cells CCD 
841 CoN. HT-29 cells were more resilient and respective 
LC50 values were greater than in CCD 841 CoN cells in 
all tested complexes, except for TGS-702.

TGS complexes exhibited an anti‑tumor effect 
in the AOM/DSS mouse model of CACRC 

The CACRC mouse model was established with AOM 
injection, followed by three cycles of proinflammatory 
DSS oral administration. In this model, carcinogenesis 
and tumor development in the distal colon were reported 
previously [19, 20].

As shown in Fig. 2 and Table 1, administration of TGS 
complexes to the AOM/DSS mice caused significantly 
lower weight reduction in every group except TGS 404 
1A, as assessed by one-way repeated measures ANOVA 
with Geisser-Greenhouse correction (F 1.949, 23.39 = 18.73, 
p < 0.001), followed by Tukey’s post hoc test. However, 
the AOM/DSS group had a trend of decreased body weight 
compared with the AOM/DSS + TGS groups. Analysis of 
the survival rate during the experiment revealed no signifi-
cant differences between groups (Fig. 3).

To further evaluate the anti-tumor properties of TGS 
complexes, we performed a macroscopic examination of 
the colon. In mice that received AOM/DSS, significant 
shortening of colon length was observed  (F7, 57 = 7.974; 
p < 0.001), as assessed by one-way ANOVA followed by 
post-hoc Tukey test (Fig. 4A). Only mice treated with TGS 
404 1A were characterized by similar colon length to the 
control group, while administration of other tested com-
pounds did not reverse the AOM/DSS-induced shorten-
ing of the colon. The colon weight in the AOM/DSS-only 
group was significantly increased compared to the control 
group  (F7, 57 = 5.837; p < 0.001), as assessed by one-way 
ANOVA followed by post-hoc Tukey test (Fig. 4B). Simi-
larly, in AOM/DSS-TGS treated groups the weight was 
also increased compared to the control group, but only in 
TGS 121 0.1A and TGS 404 0.1A the statistical signifi-
cance was observed. Every group stimulated with AOM/
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DSS developed visible signs of tumorigenesis, which was 
assessed with a macroscopic score (Fig. 4C) and the treat-
ment with TGS complexes significantly reversed the effect 
of AOM/DSS alone with the following statistical signifi-
cance: TGS 121 0.1A-p = 0.01, TGS 404 0.1A-p = 0.01, 

TGS 404 1A-p = 0.05, TGS 702 0.1A-p = 0.009 and TGS 
702 1A = p < 0.001, as assessed by the Kruskal–Wallis test 
followed by post-hoc Dunn’s test (H = 37.81; p < 0.001). 
The assessment of MPO activity, which represents neutro-
phil infiltration of the intestine and inflammation of tissue 

Fig. 1  A–F Dose–response curves representing viability of culture cell lines after treatment with different concentrations of tested TGS com-
plexes. The inserted tables show calculated 50% lethal concentration values (as µg/mL). Data are mean ± SEM

Fig. 2  Changes in the weight 
of mice in the azoxymethane 
(AOM)/dextran sodium sulfate 
(DSS)-induced animal model 
of colitis-associated colorectal 
cancer. Data are presented as 
mean ± SEM (n = 6–10). Data 
were analyzed using a one-way 
repeated measures ANOVA 
with Geisser-Greenhouse cor-
rection followed by Tukey’s 
post hoc test



132 J. Włodarczyk et al.

1 3

revealed no significant differences between groups, as 
assessed by the Kruskal–Wallis test (H = 16.87; p = 0.07) 
(Fig. 4D). However, a trend, where MPO activity was 
highest in the AOM/DSS-only group and slightly lower 
in treated and control groups, was observed. Figure 4E–L 
shows representative macroscopic images.

After 14 weeks of experiment tumors were noted in 
all mice exposed to AOM/DSS; in the control group, no 
tumors were observed (Fig. 5A–D). The AOM/DSS-only 
group was characterized by the highest tumor number 
and greatest tumor area. The lower number of tumors was 
observed in all groups treated with TGS complexes, how-
ever, no statistical significance was stated, as assessed by 
one-way ANOVA  (F7, 57 = 11.11; p < 0.001) followed by 
Tukey post-hoc test. In terms of tumor area, administra-
tion of TGS 121 1A, TGS 404 1A, TGS 702 0.1A, and 
1A significantly diminished the area of the colon covered 
with tumors compared with the AOM/DSS-only group, as 
assessed by one-way ANOVA  (F7, 57 = 15.69; p < 0.001) 
followed by Tukey post-hoc test (Fig. 5D). Figure 6 shows 
representative microscopic images of pathomorphological 

changes in colon tissues, which were consistent with clini-
cal and macroscopic changes.

As shown in Fig. 7, neither AOM/DSS-only nor TGS 
complexes administration had any statistically signifi-
cant effect on the ratio of spleen weight or liver weight 
to mouse body weight on the scoring day, as assessed by 
one-way ANOVA (respectively,  F7, 57 = 2.162, p = 0.06 and 
 F7, 57 = 1.305, p = 0.37).

Then, we evaluated the expression of genes for anti-
oxidant enzyme heme oxygenase-1 and proinflamma-
tory cytokines: IL-6, TNF-α, and TGF-β (Fig. 8). HO-1 
level was significantly decreased in each group treated 
with AOM/DSS and administration of TGS 702 0.1A 
significantly reversed this effect, as assessed by one-way 
ANOVA(F5, 38 = 12.35; p < 0.001) followed by post-hoc 
Tukey test. AOM/DSS-only mice were characterized by an 
increase of IL-6 compared to the control group, as assessed 
by one-way ANOVA(F5, 38 = 6.66; p < 0.001) followed by 
post-hoc Tukey test. A decrease in IL-6 expression was 
observed in every group, which received TGS complexes, 
however, only TGS 121 0.1A and TGS 404 0.1A reached 
statistical significance (respectively, p < 0.001 and p < 0.01). 

Table 1  p-values from the post-hoc analysis of the changes in the weight of mice in the azoxymethane (AOM)/dextran sodium sulfate (DSS)-
induced animal model of colitis-associated colorectal cancer

Bolded values represent statistical significance (p < 0.05). Data were analyzed using a one-way repeated measures ANOVA with Geisser-
Greenhouse correction followed by Tukey’s post hoc test

Control AOM/DSS AOM/
DSS + TGS 
121 0.1A

AOM/
DSS + TGS 
121 1A

AOM/
DSS + TGS 
404 0.1A

AOM/
DSS + TGS 
404 1A

AOM/
DSS + TGS 
702 0.1A

AOM/
DSS + TGS 
702 1A

Control – 0.005 0.01 0.009 0.007 0.005 0.02 0.006
AOM/DSS 0.005 – 0.02 0.02 0.02 0.98 0.02 0.07
AOM/DSS + TGS 121 0.1A 0.01 0.02 – 0.8 0.25 0.09 0.11 0.62
AOM/DSS + TGS 121 1A 0.009 0.02 0.8 – 0.81 0.05 0.11 0.99
AOM/DSS + TGS 404 0.1A 0.007 0.02 0.25 0.81 – 0.46 0.03 0.9
AOM/DSS + TGS 404 1A 0.005 0.98 0.09 0.05 0.46 – 0.03 0.37
AOM/DSS + TGS 702 0.1A 0.02 0.02 0.11 0.11 0.03 0.03 – 0.08
AOM/DSS + TGS 702 1A 0.006 0.07 0.62 0.99 0.9 0.37 0.08 –

Fig. 3  The survival rates of 
mice in the azoxymethane 
(AOM)/dextran sodium sulfate 
(DSS)-induced animal model 
of colitis-associated colorectal 
cancer. The survival rate was 
evaluated by log-rank test using 
the Kaplan–Meier method
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TNF-α mRNA levels were increased in AOM/DSS only and 
TGS 702 0.1A groups compared to control, as assessed by 
one-way ANOVA(F5, 38 = 6.156; p < 0.001) followed by 
post-hoc Tukey test. We observed a trend in lowering the 
TNF-α levels after administration of TGS 121 0.1A and 
TGS 404 0.1A compared to the AOM/DSS-only group, 
however the statistical significance was not reached. TGF-β 
mRNA level was almost 4-times higher in the AOM/DSS 
only group compared to the control, as assessed by one-
way ANOVA(F5, 38 = 4.905; p < 0.001) followed by post-hoc 
Tukey test. Administration of TGS 702 0.1A significantly 
reversed the effect of AOM/DSS (p < 0.05 compared to 
AOM/DSS only group).

Discussion

Gold, used as a therapeutic, had high medical significance 
in Chinese and Middle Eastern medicine centuries ago 
[21], but recently scientists “rediscovered” its beneficial 
properties. Anti-inflammatory effects have been well 
documented in numerous gold(I) and (III) complexes, also 

by our group [18, 22]. One of these complexes, TGS 121 
was proven to exert its anti-cancer functions in an in vitro 
study on RAS-mutated CRC cell model [23]. We have 
revealed that TGS121 selectively induced paraptotic cell 
death by reducing proteasome activity, causing endoplasmic 
reticulum stress, aggresome formation, and shift from ERK 
to AKT signaling in the analyzed model. In this study, we 
proceeded with the evaluation of the therapeutic potential 
of gold(III) complexes in vitro and an AOM/DSS-induced 
mouse model of CACRC. The beneficial effects of TGS 
complexes were expressed by decreasing the viability of 
colon cancer cells and presenting potent antitumor action 
in the CACRC model. This is one of only a few studies on 
gold derivatives in cancer and opens new possibilities in 
drug design.

Heme oxygenase enzymes catalyze the degradation of 
heme into simple compounds: biliverdin, ferritin, and carbon 
monoxide, and are represented by three functionally active 
isoenzymes, namely HO-1, HO-2, and HO-3. HO enzymes 
are involved in multiple physiological processes and also 
show anti-inflammatory properties [24, 25]. The best-known 
isoenzyme is HO-1; it has been reported across various 

Fig. 4  TGS complexes exerted anti-tumor activity in the mouse 
model of azoxymethane (AOM)/dextran sodium sulfate (DSS)-
induced colitis-associated colorectal cancer after 14  weeks, as indi-
cated by the following parameters: colon length (A), colon weight 
(B), macroscopic score (C), and myeloperoxidase activity (MPO) 
(D). The macroscopic scoring involved five parameters: diarrhea, 
presence of bleeding, edema, erythema, and adhesions. Data are pre-
sented as median with 25th and 75th percentiles with minimum and 
maximum values (n = 6–10). *p < 0.05, **p < 0.01 and ***p < 0.001 

as compared with the control mice; #p < 0.05, ##p < 0.01, ###p < 0.001 
as compared with AOM/DSS only animals. Data were analyzed using 
a one-way ANOVA followed by Tukey’s post hoc test (4A and 4B), 
and the Kruskal–Wallis test followed by Dunn’s post-hoc test (4C and 
4D). Representative images of macroscopic colon samples: control 
group (E), AOM/DSS only group (F), AOM/DSS + TGS 121 0.1A 
(G), AOM/DSS + TGS 121 1A (H), AOM/DSS + TGS 404 0.1A 
(I), AOM/DSS + TGS 404 1A (J), AOM/DSS + TGS 702 0.1A (K), 
AOM/DSS + TGS 702 1A (L)
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tissues and cancers to promote or inhibit tumor progression 
by multiple mechanisms [26]. In animal models, increased 
expression and pharmacological activation of HO-1 were 
associated with a reduction of tumor burden and cellular 
viability. This HO-1 activity was caused by the induction of 
apoptosis and modulation of pathways, which are involved 
in the epithelial-mesenchymal transition [27]. In another 
study, in 1,2-dimethylhydrazine (DMH)-induced CRC 
mice, the level of HO-1 increased with tumor progression 
[28]. The enzyme decreased the viability of cells through 
induction of cancer cell arrest cycle and apoptosis, which 
was connected with p53 tumor suppressor protein, and also 
by modulation of cyclin D1, p21, p27, and PKC and Akt 
pathways. A study conducted by Gandini et al. showed a 
correlation between levels of HO-1 in tissues and tumor 
size, as well as the overall survival time of breast cancer 
patients [27]. Rushworth et al. reported that overexpression 
of HO-1 inhibited lipopolysaccharide-induced expression of 

IL-1β and TNFα in human monocytes [29]. Andres et al. 
analyzed human CRC samples and the correlation of clinical 
and histopathological parameters and HO-1 expression [28]. 
They reported overexpression of the enzyme in tumor tissues 
and its association with a longer overall survival time. By 
discussed papers, we noted that mice treated with TGS 121, 
404, and 702 were characterized by overexpression of HO-1, 
which correlated with anti-tumor action in the mouse model 
of CACRC.

IL-6 may be detected in saliva, serum, or other biological 
fluids as well as solid tissues. Its overexpression co-occurs 
with almost all types of tumors and is related to tumor 
growth and malignancy [30]. According to Simone et al., 
production of IL-6, IL-17A, IL-21, IL-22, and TNF-α is 
increased in the mouse model of sporadic CRC and associ-
ated with overexpression of STAT3/NF-kB pathways [31]. 
In line, Heichler et al. reported that the activation of STAT3 
through IL-6 and IL-11 stimulates CRC tumor development 

Fig. 5  The effect of TGS com-
plexes on tumorigenesis in the 
azoxymethane (AOM)/dextran 
sodium sulfate (DSS)-induced 
model of colitis-associated colo-
rectal cancer (CACRC): number 
of tumors lower than 3 mm in 
diameter (A), number of tumors 
greater than 3 mm in diameter 
(B), the total number of tumors 
(C), and percentage of inflamed 
colonic tissue (D) for control, 
AOM/DSS-only treated mice, 
and mice with AOM/DSS 
induced CACRC treated with 
TGS 121, 404 and 702 in two 
doses: 1.68 μg/kg (0.1A) and 
16.8 μg/kg (1A). Tumors were 
counted and measured with the 
use of a caliper with 0.02 mm 
resolution. Data are presented 
as median with 25th and 75th 
percentiles with minimum and 
maximum values (n = 6–10). 
*p < 0.05, **p < 0.01, and 
***p < 0.001 as compared with 
the control mice; ##p < 0.01, 
###p < 0.001 as compared with 
AOM/DSS-only treated ani-
mals. Data were analyzed using 
a one-way ANOVA followed by 
Tukey’s post hoc test
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Fig. 6  Representative photo-
graphs of hematoxylin and eosin 
staining of colon samples: con-
trol group (A), azoxymethane 
(AOM)/dextran sodium sulfate 
(DSS) only group (B), AOM/
DSS + TGS 121 0.1A (C), 
AOM/DSS + TGS 121 1A (D), 
AOM/DSS + TGS 404 0.1A 
(E), AOM/DSS + TGS 404 1A 
(F), AOM/DSS + TGS 702 0.1A 
(G), AOM/DSS + TGS 702 1A 
(H). Scale bar = 100 μm

Fig. 7  Resected spleen weight to mouse weight ratio (A) and resected 
liver weight to mouse weight ratio (B) in the azoxymethane (AOM)/
dextran sodium sulfate (DSS)-induced animal model of colitis-asso-

ciated colorectal cancer. Data are presented as median with 25th and 
75th percentiles with minimum and maximum values (n = 6–10). 
Data were analyzed using a one-way ANOVA
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and is associated with poor prognosis [32]. Inhibition of 
IL-6 by gold was reported in multiple inflammatory dis-
eases. For example, in rheumatoid arthritis, a monovalent 
gold compound aurothioglucose inhibited IL-6 and IL-8 
induction [33]. In rhabdomyolysis-induced acute kidney 
injury model, rutin and its gold nanoparticles (Ru-AuNPs) 
were administrated to the mice; in consequence, expression 
of IL-6 mRNA in groups which received rutin or Ru-AuNPs 
was lower than in other groups. Notably, the Ru-AuNPs 
group was characterized by better results at a lower dose of 
Ru-AuNPs than the group that received only rutin. Accord-
ing to the authors, the anti-inflammatory effect of Ru-AuNPs 

appears to be connected with the downregulation of the IL-6 
gene [34]. In our study, we have confirmed those observa-
tions:- decreased level of IL-6 expression after treatment 
with TGS complexes was correlated with lower macroscopic 
score and area of inflammation in the CACRC mouse model.

TNF-α is a pleiotropic cytokine produced mainly by 
tumor cells and macrophages. It may play both an anti- or 
pro-inflammatory role in the immune system, as well as 
it may induce anti- or pro-neoplastic effects in all stages 
of carcinogenesis. Several lines of evidence show that 
TNF-α is involved in the transformation of inflammation 
into cancer [35]; moreover, its overexpression is reported 

Fig. 8  The influence of azoxym-
ethane (AOM)/dextran sodium 
sulfate (DSS) colitis-associated 
colorectal cancer (CACRC) 
induction and TGS complexes 
treatment on the antioxidant 
enzyme and pro-inflammatory 
cytokines expression in the 
mouse colon: heme oxygenase-1 
(A), IL-6 (B), TNF- α (C), 
TGF-β (D) for control, AOM/
DSS only mice, and mice with 
AOM/DSS induced CACRC 
treated with TGS complexes in 
dose 1.68 μg/kg (0.1 A). Data 
in are presented as median 
with 25th and 75th percentiles 
with minimum and maximum 
values (n = 6–10). *p < 0.05, 
and ***p < 0.001 as compared 
with the control mice; #p < 0.05, 
##p < 0.01, ###p < 0.001 as 
compared with AOM/DSS 
only treated animals. Data 
were analyzed using a one-way 
ANOVA followed by Tukey’s 
post hoc test
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in the CRC tissues and correlates with the CRC stages 
[36]. Furthermore, TNF-α may be used in the prognosis of 
CRC [35]. Several studies investigated the effect of gold 
derivatives on TNF-α in cancer. In the 3-methylcholanthrene 
induced tumor mouse model, a gold-manganese 
oxide nanocomposite induced hypoxia in the tumor 
microenvironment, and the level of pro-inflammatory 
cytokines: TNF-α, IL-10, and HIF-1α were decreased [37]. 
Marmol et al. investigated the influence of an alkynyl gold(I) 
complex on the colorectal adenocarcinoma cell line [11]. 
The complex induced necroptosis, which was dependent on 
TNF-α and NF-κB signaling. Correspondingly, we observed 
a significantly higher expression of TNF-α in AOM/DSS 
mice, with a notable trend in decreasing its expression by 
TGS complexes.

Noteworthy, TNF-α can bind either to TNF-R1 or to 
TNF-R2. The former activates mainly the extrinsic pathway 
of apoptosis involving caspase 8 and leading to apoptosis 
of cancer cells; the latter activates the NF-κB pathway 
that might protect cancer cells from death. Consequently, 
the expression of both receptors at the surface of cells 
and intracellular switching between the pathways might 
determine the overall response to a given substance. For 
example, in melanoma MeWo cells, a shift in the NF-κB 
signaling pathway made cisplatin-resistant MeWo cells less 
sensitive to proteasome inhibitors [38]. In this context, the 
anticancer effects of complexes tested in the current study, 
as well as the lack of difference in the effect between two 
doses of the same compound can be explained.

It is generally known that there are three ligands of the 
transforming growth factor-β receptor: TGFβ1, TGFβ2, 
and TGFβ3. The TGF family is responsible for multiple 
biological processes, like cell migration, differentiation, and 
growth. These immunosuppressive cytokines are also crucial 
in tumor development, being involved in tumor initiation, 
metastasis, and progression [39]. TGF-β has also been 
reported as the main inducer of epithelial-to-mesenchymal-
transition in CRC [40]. There are several lines of evidence 
that gold and its derivatives have anti-inflammatory and 
anticancer effects through TGF-β-dependent signaling. For 
example, in 5-fluorouracil (5FU)-induced oral mucositis 
in hamsters, AuNPs improved inflammation parameters, 
and decreased expression of genes encoding TGF-β, TNF-
α, COX-2, IL-1β, NF-κB, and SMAD 2/3 [41]. In a study 
by Zhao et al., the CRC xenograft mice were treated with 
AuNPs or normal saline for two weeks, then samples from 
mice were examined. The group that received AuNPs was 
characterized by reduced production of tumor stromal 
collagen I and declined expression of TGF-β1, CTGF, and 
VEGF [42]. Similarly, in our study, we observed a decrease 
in the expression of TGF-β after treatment with TGS. This 
clearly shows that TGF-β belongs to the panel of cytokines 
responsible for the anti-tumor action of the investigated 

series of gold(III) complexes in the mouse model of 
CACRC.

In conclusion, in this study, we report a new class of 
gold(III) derivatives with anti-tumor potential in vivo and 
in vitro models via an increase in HO and proinflammatory 
cytokines modulation. We have evidence that the TGS 
121, 404, and 702 are attractive therapeutic options for 
CACRC, and warrant further pre-clinical investigations. 
Future studies on detailed mechanisms and safety may give 
a strong rationale for possible clinical translation for these 
new gold(III) complexes.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s43440- 023- 00558-1.

Acknowledgements This research was supported by the grant from the 
National Science Center (#UMO-2017/25/B/NZ5/02848 to J.F.) and 
the Medical University of Lodz (#503/1-156-04/503-11-001 to J.F.).

Author contributions JW, RS, JF designed research; JW, JK, RS, JF 
performed research; JW, JK, MT, and JF analyzed data; all wrote the 
paper.

Data availability The datasets generated during and/or analyzed during 
the current study are available from the corresponding author upon 
request.

Declarations 

Conflict of interest RS is affiliated with Inwex Ltd., the company in-
volved in nanoparticle technology for commercial purposes.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

 1. Siegel RL, Miller KD, Sauer AG, Fedewa SA, Butterly LF, Ander-
son JC, et al. Colorectal cancer statistics, 2020. CA Cancer J Clin. 
2020;70:145–64. https:// doi. org/ 10. 3322/ CAAC. 21601.

 2. Lawes DA, Pearson T, SenGupta S, Boulos PB. The role of 
MLH1, MSH2, and MSH6 in the development of multiple colo-
rectal cancers. Br J Cancer. 2005;93:472. https:// doi. org/ 10. 1038/ 
SJ. BJC. 66027 08.

 3. Wang M, Zhou B, Cong W, Zhang M, Li Z, Li Y, et al. Ameliora-
tion of AOM/DSS-induced murine colitis-associated cancer by 
evodiamine intervention is primarily associated with gut micro-
biota-metabolism-inflammatory signaling axis. Front Pharmacol. 
2021;12:3822. https:// doi. org/ 10. 3389/ fphar. 2021. 797605.

 4. Kim ER, Chang DK. Colorectal cancer in inflammatory bowel 
disease: the risk, pathogenesis, prevention and diagnosis. World 

https://doi.org/10.1007/s43440-023-00558-1
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3322/CAAC.21601
https://doi.org/10.1038/SJ.BJC.6602708
https://doi.org/10.1038/SJ.BJC.6602708
https://doi.org/10.3389/fphar.2021.797605


138 J. Włodarczyk et al.

1 3

J Gastroenterol. 2014;20:9872. https:// doi. org/ 10. 3748/ WJG. V20. 
I29. 9872.

 5. Kanehara K, Ohnuma S, Kanazawa Y, Sato K, Kokubo S, Suzuki 
H, et al. The indole compound MA-35 attenuates tumorigenesis in 
an inflammation-induced colon cancer model. Sci Rep. 2019;9:1–
13. https:// doi. org/ 10. 1038/ s41598- 019- 48974-9.

 6. Gurba A, Taciak P, Sacharczuk M, Młynarczuk-Biały I, Bujalska-
Zadrożny M, Fichna J. Gold(III) derivatives in colon cancer treat-
ment. Int J Mol Sci. 2022;23:724. https:// doi. org/ 10. 3390/ IJMS2 
30207 24.

 7. Guo J, Rahme K, He Y, Li LL, Holmes JD, O’Driscoll CM. Gold 
nanoparticles enlighten the future of cancer theranostics. Int J 
Nanomed. 2017;12:6131–52. https:// doi. org/ 10. 2147/ IJN. S1407 
72.

 8. Szczepaniak A, Fichna J. Organometallic compounds and metal 
complexes in current and future treatments of inflammatory bowel 
disease and colorectal cancer-a critical review. Biomolecules. 
2019. https:// doi. org/ 10. 3390/ BIOM9 090398.

 9. Krajewska JB, Włodarczyk J, Jacenik D, Kordek R, Taciak P, 
Szczepaniak R, et al. New class of anti-inflammatory therapeu-
tics based on gold(III) complexes in intestinal inflammation-proof 
of concept based on in vitro and in vivo studies. Int J Mol Sci. 
2021;22:3121. https:// doi. org/ 10. 3390/ IJMS2 20631 21.

 10. Sztandera K, Gorzkiewicz M, Klajnert-Maculewicz B. Gold nano-
particles in cancer treatment. Mol Pharm. 2019;16:1–23. https:// 
doi. org/ 10. 1021/ acs. molph armac eut. 8b008 10.

 11. Mármol I, Virumbrales-Muñoz M, Quero J, Sánchez-de-Diego 
C, Fernández L, Ochoa I, et al. Alkynyl gold(I) complex triggers 
necroptosis via ROS generation in colorectal carcinoma cells. 
J Inorg Biochem. 2017;176:123–33. https:// doi. org/ 10. 1016/J. 
JINOR GBIO. 2017. 08. 020.

 12. Trommenschlager A, Chotard F, Bertrand B, Amor S, Richard P, 
Bettaïeb A, et al. Gold(I)–coumarin–caffeine-based complexes as 
new potential anti-inflammatory and anticancer trackable agents. 
ChemMedChem. 2018;13:2408–14. https:// doi. org/ 10. 1002/ 
CMDC. 20180 0474.

 13. Toubia I, Nguyen C, Diring S, Ali LMA, Larue L, Aoun R, 
et  al. Synthesis and anticancer activity of gold porphyrin 
linked to malonate diamine platinum complexes. Inorg Chem. 
2019;58:12395–406. https:// doi. org/ 10. 1021/ ACS. INORG CHEM. 
9B019 81.

 14. Tong KC, Hu D, Wan PK, Lok CN, Che CM. Anticancer gold(III) 
compounds with porphyrin or N-heterocyclic carbene ligands. 
Front Chem. 2020. https:// doi. org/ 10. 3389/ FCHEM. 2020. 587207.

 15. Zou T, Lum CT, Lok CN, Zhang JJ, Che CM. Chemical biology 
of anticancer gold(III) and gold(I) complexes. Chem Soc Rev. 
2015;44:8786–801. https:// doi. org/ 10. 1039/ C5CS0 0132C.

 16. AbdelKhalek A, Abutaleb NS, Mohammad H, Seleem MN. Anti-
bacterial and antivirulence activities of auranofin against Clostrid-
ium difficile. Int J Antimicrob Agents. 2019;53:54–62. https:// doi. 
org/ 10. 1016/J. IJANT IMICAG. 2018. 09. 018.

 17. Lipiec S, Gurba A, Agnieszczak IM, Szczepankiewicz AA, 
Szymański P, Taciak P, et al. New gold(III) cyanide complex TGS 
121 induces ER stress, proteasome inhibition, and death of Ras-
hyperactivated cells. Toxicol In Vitro. 2023;88: 105556. https:// 
doi. org/ 10. 1016/J. TIV. 2023. 105556.

 18. Włodarczyk J, Krajewska J, Szeleszczuk Ł, Szałwińska P, Gurba 
A, Lipiec S, et al. A new gold(III) complex, TGS 703, shows 
potent anti-inflammatory activity in colitis via the enzymatic and 
non-enzymatic antioxidant system—an in vitro, in silico, and 
in vivo study. Int J Mol Sci. 2023;24:7025. https:// doi. org/ 10. 
3390/ IJMS2 40870 25.

 19. Ciszewski WM, Włodarczyk J, Chmielewska-Kassassir M, Fichna 
J, Wozniak LA, Sobierajska K. Evening primrose seed extract rich 
in polyphenols modulates the invasiveness of colon cancer cells 

by regulating the TYMS expression. Food Funct. 2022;13:10994–
1007. https:// doi. org/ 10. 1039/ D2FO0 1737G.

 20. Zielińska M, Szymaszkiewicz A, Jacenik D, Schodel L, Sałaga M, 
Zatorski H, et al. Cyclic derivative of morphiceptin Dmt-cyclo-
(D-Lys-Phe-D-Pro-Asp)-NH2(P-317), a mixed agonist of MOP 
and KOP opioid receptors, exerts anti-inflammatory and anti-
tumor activity in colitis and colitis-associated colorectal cancer in 
mice. Eur J Pharmacol. 2020. https:// doi. org/ 10. 1016/J. EJPHAR. 
2020. 173463.

 21. Tesauro D. Metal complexes in diagnosis and therapy. Int J Mol 
Sci. 2022;23:4377. https:// doi. org/ 10. 3390/ IJMS2 30843 77.

 22. Tolbatov I, Marrone A, Coletti C, Re N. Computational studies of 
Au(I) and Au(III) anticancer metallodrugs: a survey. Molecules. 
2021;26:7600. https:// doi. org/ 10. 3390/ MOLEC ULES2 62476 00.

 23. Lipiec S, Agnieszczak I, Masztalerz J, Szeleszczuk L, Fichna 
J, Młynarczuk-Biały I. P-308 Novel gold(III) TGS121 complex 
selectively affects proteostasis of Ras-hyperactivated colorec-
tal cancer cells via a shift in signaling pathways. Ann Oncol. 
2023;34:124. https:// doi. org/ 10. 1016/J. ANNONC. 2023. 04. 364.

 24. Muñoz-Sánchez J, Chánez-Cárdenas ME. A review on hemeoxy-
genase-2: focus on cellular protection and oxygen response. Oxid 
Med Cell Longev. 2014. https:// doi. org/ 10. 1155/ 2014/ 604981.

 25. Campbell NK, Fitzgerald HK, Dunne A. Regulation of inflam-
mation by the antioxidant haem oxygenase 1. Nat Rev Immunol. 
2021;21:411–25. https:// doi. org/ 10. 1038/ s41577- 020- 00491-x.

 26. Chau LY. Heme oxygenase-1: emerging target of cancer 
therapy. J Biomed Sci. 2015;22:1–7. https:// doi. org/ 10. 1186/ 
S12929- 015- 0128-0.

 27. Gandini NA, Alonso EN, Fermento ME, Mascaró M, Abba MC, 
Coló GP, et al. Heme oxygenase-1 has an antitumor role in breast 
cancer. Antioxid Redox Signal. 2019;30:2030–49. https:// doi. org/ 
10. 1089/ ARS. 2018. 7554.

 28. Andrés NC, Fermento ME, Gandini NA, Romero AL, Ferro 
A, Donna LG, et al. Heme oxygenase-1 has antitumoral effects 
in colorectal cancer: Involvement of p53. Exp Mol Pathol. 
2014;97:321–31. https:// doi. org/ 10. 1016/J. YEXMP. 2014. 09. 012.

 29. Rushworth SA, MacEwan DJ, O’Connell MA. Lipopolysaccha-
ride-induced expression of NAD(P)H:quinone oxidoreductase 1 
and heme oxygenase-1 protects against excessive inflammatory 
responses in human monocytes. J Immunol. 2008;181:6730–7. 
https:// doi. org/ 10. 4049/ JIMMU NOL. 181. 10. 6730.

 30. Tertis M, Leva PI, Bogdan D, Suciu M, Graur F, Cristea C. Imped-
imetric aptasensor for the label-free and selective detection of 
Interleukin-6 for colorectal cancer screening. Biosens Bioelectron. 
2019;137:123–32. https:// doi. org/ 10. 1016/J. BIOS. 2019. 05. 012.

 31. De Simone V, Franzè E, Ronchetti G, Colantoni A, Fantini MC, Di 
Fusco D, et al. Th17-type cytokines, IL-6 and TNF-α synergisti-
cally activate STAT3 and NF-kB to promote colorectal cancer cell 
growth. Oncogene. 2015;34:3493–503. https:// doi. org/ 10. 1038/ 
ONC. 2014. 286.

 32. Heichler C, Scheibe K, Schmied A, Geppert CI, Schmid B, Wirtz 
S, et al. STAT3 activation through IL-6/IL-11 in cancer-associated 
fibroblasts promotes colorectal tumour development and corre-
lates with poor prognosis. Gut. 2020;69:1269–82. https:// doi. org/ 
10. 1136/ GUTJNL- 2019- 319200.

 33. Yoshida SI, Kato T, Sakurada S, Kurono C, Yang JP, Matsui N, 
et al. Inhibition of IL-6 and IL-8 induction from cultured rheu-
matoid synovial fibroblasts by treatment with aurothioglucose. Int 
Immunol. 1999;11:151–8. https:// doi. org/ 10. 1093/ INTIMM/ 11.2. 
151.

 34. Gul A, Kunwar B, Mazhar M, Faizi S, Ahmed D, Shah MR, 
et al. Rutin and rutin-conjugated gold nanoparticles ameliorate 
collagen-induced arthritis in rats through inhibition of NF-κB and 
iNOS activation. Int Immunopharmacol. 2018;59:310–7. https:// 
doi. org/ 10. 1016/j. intimp. 2018. 04. 017.

https://doi.org/10.3748/WJG.V20.I29.9872
https://doi.org/10.3748/WJG.V20.I29.9872
https://doi.org/10.1038/s41598-019-48974-9
https://doi.org/10.3390/IJMS23020724
https://doi.org/10.3390/IJMS23020724
https://doi.org/10.2147/IJN.S140772
https://doi.org/10.2147/IJN.S140772
https://doi.org/10.3390/BIOM9090398
https://doi.org/10.3390/IJMS22063121
https://doi.org/10.1021/acs.molpharmaceut.8b00810
https://doi.org/10.1021/acs.molpharmaceut.8b00810
https://doi.org/10.1016/J.JINORGBIO.2017.08.020
https://doi.org/10.1016/J.JINORGBIO.2017.08.020
https://doi.org/10.1002/CMDC.201800474
https://doi.org/10.1002/CMDC.201800474
https://doi.org/10.1021/ACS.INORGCHEM.9B01981
https://doi.org/10.1021/ACS.INORGCHEM.9B01981
https://doi.org/10.3389/FCHEM.2020.587207
https://doi.org/10.1039/C5CS00132C
https://doi.org/10.1016/J.IJANTIMICAG.2018.09.018
https://doi.org/10.1016/J.IJANTIMICAG.2018.09.018
https://doi.org/10.1016/J.TIV.2023.105556
https://doi.org/10.1016/J.TIV.2023.105556
https://doi.org/10.3390/IJMS24087025
https://doi.org/10.3390/IJMS24087025
https://doi.org/10.1039/D2FO01737G
https://doi.org/10.1016/J.EJPHAR.2020.173463
https://doi.org/10.1016/J.EJPHAR.2020.173463
https://doi.org/10.3390/IJMS23084377
https://doi.org/10.3390/MOLECULES26247600
https://doi.org/10.1016/J.ANNONC.2023.04.364
https://doi.org/10.1155/2014/604981
https://doi.org/10.1038/s41577-020-00491-x
https://doi.org/10.1186/S12929-015-0128-0
https://doi.org/10.1186/S12929-015-0128-0
https://doi.org/10.1089/ARS.2018.7554
https://doi.org/10.1089/ARS.2018.7554
https://doi.org/10.1016/J.YEXMP.2014.09.012
https://doi.org/10.4049/JIMMUNOL.181.10.6730
https://doi.org/10.1016/J.BIOS.2019.05.012
https://doi.org/10.1038/ONC.2014.286
https://doi.org/10.1038/ONC.2014.286
https://doi.org/10.1136/GUTJNL-2019-319200
https://doi.org/10.1136/GUTJNL-2019-319200
https://doi.org/10.1093/INTIMM/11.2.151
https://doi.org/10.1093/INTIMM/11.2.151
https://doi.org/10.1016/j.intimp.2018.04.017
https://doi.org/10.1016/j.intimp.2018.04.017


139New gold(III) complexes TGS 121, 404, and 702 show anti‑tumor activity in colitis‑induced…

1 3

 35. Waniczek D, Świętochowska E, Śnietura M, Kiczmer P, Lor-
enc Z, Muc-Wierzgoń M. Salivary concentrations of chemerin, 
α-defensin 1, and TNF-α as potential biomarkers in the early diag-
nosis of colorectal cancer. Metabolites. 2022;12:704. https:// doi. 
org/ 10. 3390/ METAB O1208 0704/ S1.

 36. Al Obeed OA, Alkhayal KA, Al Sheikh A, Zubaidi AM, Vaali-
Mohammed MA, Boushey R, et al. Increased expression of tumor 
necrosis factor-α is associated with advanced colorectal cancer 
stages. World J Gastroenterol. 2014;20:18390–6. https:// doi. org/ 
10. 3748/ WJG. V20. I48. 18390.

 37. Nath A, Pal R, Singh LM, Saikia H, Rahaman H, Ghosh SK, 
et al. Gold-manganese oxide nanocomposite suppresses hypoxia 
and augments pro-inflammatory cytokines in tumor associated 
macrophages. Int Immunopharmacol. 2018;57:157–64. https:// 
doi. org/ 10. 1016/J. INTIMP. 2018. 02. 021.

 38. Młynarczuk-Biały I, Roeckmann H, Kuckelkorn U, Schmidt B, 
Umbreen S, Goła̧b J, et al. Combined effect of proteasome and 
calpain inhibition on cisplatin-resistant human melanoma cells. 
Cancer Res. 2006;66:7598–605. https:// doi. org/ 10. 1158/ 0008- 
5472. CAN- 05- 2614.

 39. Bierie B, Moses HL. Tumour microenvironment - TGFΒ: 
the molecular Jekyll and Hyde of cancer. Nat Rev Cancer. 
2006;6:506–20. https:// doi. org/ 10. 1038/ NRC19 26.

 40. Bhowmick NA, Ghiassi M, Bakin A, Aakre M, Lundquist CA, 
Engel ME, et al. Transforming growth factor-β1 mediates epithe-
lial to mesenchymal transdifferentiation through a RhoA-depend-
ent mechanism. Mol Biol Cell. 2001;12:27–36. https:// doi. org/ 10. 

1091/ MBC. 12.1. 27/ ASSET/ IMAGES/ LARGE/ MK011 14090 08. 
JPEG.

 41. Vilar CJF, Ribeiro SB, de Araújo AA, Guerra GCB, de Araújo 
Júnior RF, de Brito GAC, et al. Effect of gold nanoparticle on 
5-fluorouracil-induced experimental oral mucositis in hamsters. 
Pharmaceutics. 2020. https:// doi. org/ 10. 3390/ PHARM ACEUT 
ICS12 040304.

 42. Zhao X, Pan J, Li W, Yang W, Qin L, Pan Y. Gold nanoparticles 
enhance cisplatin delivery and potentiate chemotherapy by decom-
pressing colorectal cancer vessels. Int J Nanomed. 2018;13:6207. 
https:// doi. org/ 10. 2147/ IJN. S1769 28.

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.3390/METABO12080704/S1
https://doi.org/10.3390/METABO12080704/S1
https://doi.org/10.3748/WJG.V20.I48.18390
https://doi.org/10.3748/WJG.V20.I48.18390
https://doi.org/10.1016/J.INTIMP.2018.02.021
https://doi.org/10.1016/J.INTIMP.2018.02.021
https://doi.org/10.1158/0008-5472.CAN-05-2614
https://doi.org/10.1158/0008-5472.CAN-05-2614
https://doi.org/10.1038/NRC1926
https://doi.org/10.1091/MBC.12.1.27/ASSET/IMAGES/LARGE/MK0111409008.JPEG
https://doi.org/10.1091/MBC.12.1.27/ASSET/IMAGES/LARGE/MK0111409008.JPEG
https://doi.org/10.1091/MBC.12.1.27/ASSET/IMAGES/LARGE/MK0111409008.JPEG
https://doi.org/10.3390/PHARMACEUTICS12040304
https://doi.org/10.3390/PHARMACEUTICS12040304
https://doi.org/10.2147/IJN.S176928

	New gold(III) complexes TGS 121, 404, and 702 show anti-tumor activity in colitis-induced colorectal cancer: an in vitro and in vivo study
	Abstract
	Background 
	Materials 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Synthesis of gold(III) complexes
	Cell culture
	Cell viability assay
	Animals and treatment
	Macroscopic and microscopic examination
	Determination of tissue myeloperoxidase activity
	Real-time RT PCR and ELISA assays
	Statistics

	Results
	Cell viability
	TGS complexes exhibited an anti-tumor effect in the AOMDSS mouse model of CACRC

	Discussion
	Acknowledgements 
	References




