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ROS are important intracellular messengers; their ambiguous role in malignant processes 
was demonstrated in many studies. The effects of a synthetic phenolic antioxidant sodium 
3-(3’-tert-butyl-4’-hydroxyphenyl)propyl thiosulfonate sodium (TS-13) on the tumor growth 
and oncolytic properties of doxorubicin were studied in the experimental model of Lewis 
lung carcinoma in mice. In mice receiving TS-13 with drinking water (100 mg/kg), sup-
pression of tumor growth by 32.3% was observed on day 21 after inoculation of Lewis lung 
carcinoma cells. Two-fold intraperitoneal injections of doxorubicin in a cumulative dose of 
8 mg/kg were followed by inhibition of tumor growth by 49.5%. Combined treatment with 
TS-13 and doxorubicin suppressed the tumor growth by 55.4%. In contrast to doxorubicin, 
TS-13 inhibited NO generation by peritoneal macrophages. The results show the prospect of 
studying TS-13 in the context of overcoming drug-resistance of tumors.
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ROS are important intracellular messengers that regu-
late transcription factors, protein kinases, and cell pro-
liferation and differentiation and can induce apoptosis 
and necrosis. Enhanced ROS production is observed in 
various types of tumor cells. ROS activate the mecha-
nisms of cell survival during hypoxia, enhance glucose 
metabolism, activate proliferation, and mediate resis-
tance to chemotherapy [10]. ROS hyperproduction is 
associated with activation of endogenous mechanisms 
protecting from oxidative damage, such as redox-sen-

sitive signal system of antioxidant-response element 
Keap1/Nrf2/ARE that controls a broad spectrum of 
antioxidant enzymes, level of intracellular glutathi-
one, and mechanisms of xenobiotic detoxification [2]. 
Epidemiological studies show the negative correla-
tion between the consumption of products enriched 
in phenolic antioxidants and risk of cancer develop-
ment. However, numerous attempts of using vitamins 
with antioxidant properties to reduce the frequency 
of malignant tumors failed [7]. The role of phenolic 
antioxidants in the therapy of tumor patients is also 
not clear yet. These agents reduce the proliferative 
activity of tumor cells and suppress metastasizing, 
but on the other hand, they increase cell resistance to 
chemotherapy [15]. According to previous concept of 
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redox-signaling, the effect of regulation of cell func-
tional activity is determined by not only the type and 
concentration of cell antioxidants, but also intracel-
lular localization of ROS-synthetizing systems. Local 
increase in ROS production in mitochondria is an im-
portant stage of activation of programmed cell death 
in tumor cells [5].

The analysis of the effects of water-soluble sulfur-
containing phenolic antioxidant 3-(3’-tert-butyl-4’-
hydroxyphenyl)propyl thiosulfonate sodium (TS-13) 
on the redox-properties and chemoresistance of tumor 
cells showed that this agent reduces redox-buffer ca-
pacity and effective redox-potential; cell sensitivity to 
doxorubicin increases under these conditions [4]. The 
anti-tumor effects of TS-13 can be related to its influ-
ence on mitochondria, activation of apoptosis-inducing 
mechanisms [5], and ability to trigger Keap1/Nrf2/
ARE system [3,6]. On the basis of these results, we 
proposed a biophysical model of regulation of apopto-
sis in tumor cells explaining the effects of redox-active 
antioxidants [4].

The aim of the present study was to confirm the 
antitumor effects of TS-13 in vivo on the model of 
Lewis lung carcinoma in mice.

MATERIALS AND METHODS

TS-13 was synthesized at the Research Institute of 
Chemistry of Antioxidants (Novosibirsk) [3]. Doxoru-
bicin (Pfizer) for intravenous, intravesical, and intra-
arterial administration was used as the reference agent. 
Lewis lung carcinoma (LLC) served as an experimen-
tal model of malignant tumor [12]. Tumor cell strains 
were obtained from the Bank of Cell Cultures of the 
Research Institute of Fundamental and Clinical Im-
munology (Novosibirsk).

The experiment was performed on female C57Bl/6 
mice (n=50) aging 2 months and weighing 21-23 g. 
The animals were obtained from the Breeding Center 
of the E. D. Goldberg Research Institute of Pharmaco
logy and Regenerative Medicine (Tomsk). The animals 
were kept in accordance with the rules of the European 
Convention for the Protection of Vertebrate Animals 
used for Experimental and Other Scientific Purposes 
(Strasburg, 1986). They were housed 10 specimens per 
cage in a vivarium with normal light cycle and free ac-
cess to water. The mice were randomized into 5 groups 
(10 animals per group): group 1, control (injections 
of 0.9% NaCl solution); group 2, inoculation of LLC 
cells; group 3, inoculation of LLC cells, doxorubicin 
treatment; group 4, TS-13 in drinking water, inocula-
tion of LLC cells; group 5, TS-13 in drinking water, 
inoculation of LLC cells, doxorubicin treatment.

A suspension of LLC cells (2×105 cells/mouse) 
was intramuscularly administered into the upper third 

of the hip in 0.1 ml of 0.9% NaCl solution. The solu-
tion of doxorubicin hydrochloride was injected twice 
intraperitoneally in a dose of 4 mg/kg body weight 
on days 7 and 14 of tumor development (4/5 LD10; 
cumulative dose of 8 mg/kg). TS-13 (100 mg/kg of 
body weight) was added to the drinking water 14 days 
before cell inoculation and up to the end of the experi-
ment.

On day 21 of tumor growth, the mice were sac-
rificed and the tumor was isolated and weighed on 
analytical scales. Tumor size was measured in two 
perpendicular directions. In addition to the absolute 
weight of the tumor, its relative weight was calculated 
(% of body weight). Tumor volume was estimated us-
ing the formula V=0.5×a×b2, where a and b are max 
and min linear sizes of the tumor [12]. The index of 
tumor growth inhibition (TGI, %) was calculated by 
the following formulas:
TGIM=Mc-Mt/Mc×100% and TGIV=Vc-Vt/Vc×100%,

where Mc and Mt, medians of tumor weight under in 
the control and treatment groups, respectively; Vc and 
Vt, medians of tumor volume in the control and treat-
ment groups, respectively.

The specimens of primary tumor nodes from 
animals of each group were processed routinely for 
histological analysis: fixed in neutral 10% formalin, 
dehydrated in ascending concentrations of alcohols, 
and embedded in a synthetic paraffine medium (HIS-
TOMIX). The sections (4 µ) sliced on a rotation mi-
crotome (Microm) were stained with hematoxylin and 
eosin. Light microscopy was performed using an Axio
Imager A1 microscope with AxioCam MRc5 camera 
(Carl Zeiss).

The normality of distribution of quantitative data 
on the primary stage of statistical analysis was evalu-
ated by the Shapiro—Wilk test. As the distribution 
differed from the normal, the data are presented as 
median (Me) and interquartile intervals (25%; 75%). 
Intergroup differences were estimated by Dunn’s test. 
The critical value of significance of the zero hypoth-
esis (p) was taken as 0.05.

RESULTS

In animals receiving doxorubicin injections (group 3), 
considerable body weight loss was observed. On days 
14 and 21 of the experiment, their body weight was 
lower than in the control (group 1) and non-treated 
(group 2) mice (Table 1). On the contrary, body weight 
of group 2 mice significantly increased on day 21 in 
comparison with the control (p<0.05). The differences 
between groups 2 and 3 animals were just partly deter-
mined by smaller tumor size in group 3 mice (Table 2). 
The body weight of mice not treated with doxorubicin 
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and receiving TS-13 with drinking water (group 4) 
did not change throughout the experiment. In group 
5 animals (doxorubicin intraperitoneally+TS-13 with 
drinking water), this parameter was below the control 
on days 14 and 21 (Table 1), although this decrease 
was less pronounced than in group 3. The inhibition 
of cachectic effect of doxorubicin by monophenol TS-
13 was confirmed by the higher body weight (without 
tumor weight) in group 5 in comparison with the group 
3 (Table 2).

Tumor nodes developed at the site of injection of 
cell suspension in animals of all experimental groups. 
In group 5 animals, macroscopic examination showed 
smaller destruction zones and hemorrhages in the 
tumor nodes in comparison with other groups. The 
analysis of tumor size showed that TS-13 significantly 
inhibited its growth (group 4), which manifested in 
lower absolute and relative tumor weight and volu
me in comparison with the negative control (group 2; 
Table 2). This effect was similar and synergic to the 

effect of doxorubicin (group 3). Treatment with TS-13 
also significantly affected NO generation by peritoneal 
macrophages. This parameter significantly increased 
in group 2 animals with inoculated tumor relative to 
intact control. Doxorubicin administration did not 
abolish this effect (group 3). However, the ability of 
macrophages in group 4 mice to synthesize NO was 
similar to that in intact control and significantly lower 
than in group 2 mice (Table 2).

Microscopy of the primary tumor nodes in group 
2 mice showed that the node tissue consisted of 
highly polymorphic atypical tumor cells. Numerous 
cells with large nuclei and mitotic cells were also 
seen. Extensive hemorrhages, areas of edema and 
necrosis were observed. It should be noted that these 
destruction areas had no certain location and mostly 
surrounded the tumor nodes (Fig. 1). Similar morpho-
logical pattern was observed in group 3 mice. TS-13 
in groups 4 and 5 animals produced strong oncostatic 
effect, which manifested in a decrease in the volume 

TABLE 1. Changes in Body Weight (g) of Female C57Bl/6 Mice during the Experiment (Me (25; 75%)

Group
Time period after tumor inoculation, days

0 7 14 21

Group 1 (intact control) 22.30 22.71 22.88 22.80
(21.74; 22.92) (22.00; 23.20) (22.38; 23.15) (22.10; 24.00)

Group 2 (LLC) 22.25 22.01 22.38 24.10*
(21.37; 23.13) (21.57; 22.59) (22.14; 24.29) (23.50; 26.30)

Group 3 (LLC+doxorubicin) 22.43 21.15 20.90*+ 21.10*+

(22.09; 22.77) (20.80; 22.20) (20.40; 21.24) (20.70; 21.50)

Group 4 (TS-13+LLC) 22.33 22.59 22.37 23.50
(21.92; 22.73) (22.24; 22.84) (21.80; 22.80) (22.30; 23.90)

Group 5  
(Ts-13+LLC+doxorubicin)

22.61 21.80 21.10* 21.60*
(22.22; 23.01) (21.70; 22.10) (20.70; 21.80) (21.20; 22.00)

Note. Here and in Table 2: p<0.05 in comparison with *intact control, +non-treated animals.

TABLE 2. Changes in the Relative Body Weight, Weight and Volume of the Tumor in Female C57Bl/6 Mice (Me (25; 75%)

Group ΔM, g Tumor 
weight, g

TGIM, 
%

Relative tumor 
weight, % of 
body weight

Tumor  
volume, 

mm3

TGIV, 
%

NO·  
production, 
arb. units

Group 2 (LLC) 19.98 4.01 16.94 4786 1.27*
(19.45; 22.18) (3.94; 4.15) (14.86; 17.14) (4005; 5027) (1.26; 1.35)

Group 3 
(LLC+doxorubicin)

18.99+ 2.03+ 49.5 9.59+ 2214+ 54.9 1.39*
(18.24; 19.17) (1.83; 2.35) (8.72; 11.33) (2066; 2530) (1.22; 1.77)

Group 4  
(TS-13+LLC)

20.55 2.71о 32.3 11.90о 3071о 35.8 1.08о

(19.53; 21.27) (2.17; 3.03) (9.69; 12.55) (2654; 3681) (0.97; 1.27)

Group 5  
(TS-13+LLC+doxorubicin)

19.68о 1.79+ 55.4 8.32+ 1937+ 59.5 1.28
(19.48; 20.18) (1.55; 1.91) (7.14; 9.45) (1606; 2287) (1.06; 1.74)

Note. ΔM, body weight without tumor weight; op<0.05 in comparison with animals not treated with TS-13. NO• production standardized to 
that in the control 1.00 (0.81; 1.03).
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of destruction (necrosis, edema, and hemorrhages), 
less pronounced cell polymorphism, and the absence 
of inflammatory infiltration in surrounding muscle 
tissues.

Antitumor effect has been observed in many 
plant-derived phenols and it is mediated by multiple 
mechanisms. One of the main mechanisms of this ef-
fect is based on activation of the Keap1/Nrf2/ARE 
system [14]. The networks of transcriptional programs 
regulated by Nrf2 factor (mainly antioxidant and de-
toxication programs) enable cell adaptation and sur-
vival under various stressful conditions. This, together 
with its anti-inflammatory action and modulation of 
mitochondrial function and intermediary metabolism, 
determines the chemopreventive effects of Nrf2 and 
its ability to suppress carcinogenesis at the promotion 
stage [8]. On another hand, cells of already formed tu-
mor can effectively use Nrf2 for self-protection. High 
activity of this protein in various samples of malignant 
tumors correlates to the negative prognosis for therapy 
and reduced life duration of patients [9].

The role of NO• is also ambiguous [10,13]. It 
is known that the development of many types of tu-
mors is associated with the increased expression of 
inducible NO synthase and NO• production by macro-
phages. On one hand, these processes are related to the 
inflammatory response of organism, but on the other, 
excessive oxidative stress (distress) and inflamma-
tion form a vicious circle generating tumor microsur-
rounding and promoting its growth due to the ability 
of NO• to stimulate angiogenesis, suppress apoptosis 
of tumor cells, and promote tumor cells escape from 
immune control. Both anti-NO•- and NO•-based types 
of antitumor therapy are effective in various preclini-
cal models [13]. Interestingly, the induction of Keap1/
Nrf2/ARE system in activated macrophages is used for 
self-defense of these cells against produced NO• [11].

Thus, our study showed that TS-13 not only in-
hibits tumor growth, but also potentiated the effect of 
doxorubicin. These data are in line a previous report 
[1], where TS-13 enhanced the effects of cytostatic 
cyclophosphamide and increases survival of animals 

Fig. 1. Representative LLC samples from group 2 mice. Giant atypical tumor cells during in mitosis (shown with a circle), areas of destruc-
tion and necrosis (shown with arrows), areas of inflammatory infiltration (shown with dotted arrow) and hemorrhages (shown with white 
arrows), ×200.
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with lymphocytic leukemia P-388. The effects of re-
dox-active substances, particularly phenols, are not 
limited by modulation of the Keap1/Nrf2/ARE signal 
system; they also influence other transcription fac-
tors and oncoregulators [14], which inspires further 
investigations of these substances and development of 
theoretical concepts of the interactions between vari-
ous redox-sensitive signal systems and their roles in 
the progression of tumor processes.

The experiments were performed on the equip-
ment of the Common Use Center “Modern Optic Sys-
tems” of the Federal Research Center of Fundamental 
and Translational Medicine.
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