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Aim: Alterations in circadian rhythms caused by tumor growth are thought to be clinically 
relevant as they affect the prognosis and treatment response. We aimed to evaluate the 
chronotherapeutic approach in rats with ovarian cancer receiving cisplatin intravenously (IV) 
or with hyperthermic intraperitoneal chemoperfusion (HIPEC) and to assess daily variations 
in tumor and intestinal epithelium proliferation.
Methods: In the pilot study, we used 12 intact rats and 12 rats with transplantable ovarian 
cancer, which were euthanized at ZT0 (08:00, lights on), ZT6, ZT12 and ZT18. In the main 
study, we used 45 rats with transplantable ovarian cancer. Animals were randomized into five 
groups: control, HIPEC with cisplatin at ZT0 (08:00), HIPEC with cisplatin at ZT12 (20:00), 
IV cisplatin at ZT0 and IV cisplatin at ZT12. We assessed the proliferation rate of tumor and 
small intestinal epithelium, apoptosis in small intestinal epithelium, and levels of γ-H2AX 
(DNA damage/repair marker) in kidneys and liver. Survival was calculated in each group.
Results: Ascitic ovarian cancer disrupted daily variations in intestinal epithelium prolifera-
tion and DNA damage/repair in rats. Ovarian carcinoma exhibited no daily variation in 
mitotic activity. In animals receiving IV cisplatin, massive cell damage in the renal medulla 
and cystic changes within renal tubules were observed, unlike in rats receiving HIPEC. 
Tumor mitotic activity was lower in morning-treated groups. The median survival of rats in 
the control group was 8.5 days (95% CI 6.0–22.0), in HIPEC at ZT0 40.5 days (95% CI 
28.0–47.0, p<0.001) and in HIPEC at ZT12 32.0 days (95% CI 28.0–37.0, p<0.001).
Conclusion: In a rat model, ovarian tumor growth disrupted daily variations in intestinal 
epithelium proliferation and caused genotoxic stress in tumor-free tissues. HIPEC with 
cisplatin at ZT0 had a better efficacy/toxicity profile than HIPEC with cisplatin at ZT12 
and IV administration at both time points.
Keywords: ovarian cancer, circadian rhythm, chronochemotherapy, cisplatin, hyperthermic 
intraperitoneal chemoperfusion, HIPEC, proliferation, DNA damage

Introduction
Circadian rhythms have emerged as an adaptation to the day/night cycle of 
environmental changes. In mammals, sleep, activity, body temperature, hormone 
secretion, cell proliferation, metabolism and gene expression exhibit approxi-
mately 24-hour oscillations.

A chronotherapeutic approach is often considered as an emerging field in 
anticancer therapy, although it was described several decades ago. Variability in 
the efficacy and toxicity of anticancer drugs throughout the day is linked to 
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circadian oscillations in drug absorption, distribution, 
intracellular metabolism and elimination.1,2 The main 
principle of chronomedicine – the right drug at the right 
time – goes well with the knowledge on how circadian 
cycles work and with experimental data on chronopharma-
cology. However, precision timed therapy does not neces-
sarily result in improved outcomes for cancer patients.

Several clinical and experimental studies have revealed 
that cancer itself may affect the host’s circadian rhythms. 
Disruptions in the normal regulation of sleep, body tempera-
ture and cortisol secretion rhythm, as well as reduced mela-
tonin secretion, have been described in patients with 
advanced cancer.3–6 Moreover, patients who maintain endo-
genous circadian rhythmicity tend to have better 
outcomes.4,7,8 In animal cancer models, tumors may shift or 
disrupt circadian rhythms in distant cancer-free tissues and 
the body as a whole.9,10 For instance, the liver circadian 
metabolome and circadian transcriptome of tumor-bearing 
mice were shown to be affected by cancer progression.11,12 

However, Granda et al did not find changes in circadian 
patterns in bone marrow cells when comparing mice with 
breast cancer and intact mice.13 Circadian rhythmicity of 
proliferation, expression of clock genes and thymidylate 
synthase activity (5-fluorouracil target) has been shown in 
transplantable sarcoma.14 Higher efficacy and better toler-
ability of timed platinum-based systemic chemotherapy have 
been demonstrated in several experimental models.15–19

Hyperthermic intraperitoneal chemoperfusion (HIPEC) 
is a type of locoregional chemotherapy which is used in 
combination with cytoreductive surgery for certain types 
of cancer affecting the peritoneum.20 Local hyperthermia 
along with high doses of the drugs enhances the penetra-
tion of the drugs into residual tumor nodes left after 
surgery.21,22 HIPEC is being studied as a therapeutic 
option for patients with locally advanced and locally recur-
rent ovarian cancer with few remaining therapeutic 
options, and it has shown efficacy in combination with 
cytoreductive surgery.23

In this study, we aimed to evaluate a chronotherapeutic 
approach in rats with ascitic ovarian cancer treated with cis-
platin intravenously (IV) or via HIPEC, and to assess daily 
variations in intestinal epithelium and tumor proliferation.

Materials and Methods
Animals
A total of 69 4-month-old female Wistar rats were used in 
the experiments. The animals were quarantined for 1 

month prior to the experiments (12:12 light/dark). During 
the experiment, animals were maintained on a 12:12 light/ 
dark cycle (lights on at 08:00 a.m., lights off at 08:00 p.m.) 
at 21±2°C with 50±20% average humidity, and with ad 
libitum access to tap water and PK120 laboratory diet 
(Laboratorkorm, Moscow, Russia). Animal experiments 
were performed in compliance with the ethical principles 
established by the European Convention for the Protection 
of Vertebrate Animals used for Experimental and Other 
Scientific Purposes (accepted in Strasbourg 18.03.1986 
and confirmed in Strasbourg 15.06.2006), and approved 
by the local ethical committee of N.N. Petrov National 
Medical Research Center of Oncology (Protocol #11, 
dated 21.09.2018).

Ovarian Cancer Model
We used ascitic ovarian cancer to simulate locally 
advanced ovarian cancer with peritoneal carcinomatosis 
in rats. Rat transplantable ovarian cancer cells were pur-
chased from the tumor cell bank of N.N. Blokhin National 
Medical Research Center of Oncology.

We have described the model previously.24 In brief, 
each animal received rat ascitic fluid containing 1×107 

tumor cells intraperitoneally.

Chemotherapy Regimens
Cisplatin was administered on day 5 after ovarian cancer 
transplantation either intravenously or as HIPEC at 4 or 
20 mg/kg correspondingly, which were the maximum tol-
erated doses.25 The HIPEC protocol has been described 
elsewhere.24

Study Design
Pilot Study
In the pilot study, 24 rats were randomly assigned either to 
the intact control group or to the group with transplanted 
ovarian cancer.

The day of ovarian cancer transplantation was the start of 
the experiment (day 0). Euthanasia was performed on day 10 
at the following time points: 08:00 (ZT0, zeitgeber time 0, 
lights on, N=6), 14:00 (ZT6, 6 hours after lights on, N=6), 
20:00 (ZT12, N=6) and 02:00 (ZT18, N=6). At each time 
point, three intact and three tumor-bearing animals were 
euthanized. The small intestine and liver of tumor-bearing 
rats were sampled and fixed in 10% neutral buffered for-
malin. To prepare a cell block, 1 mL of ascitic fluid was 
placed in an Eppendorf tube and centrifuged at 3000 rpm for 
10 minutes. The remaining cell pellet after supernatant 
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removal was placed in 10% formalin. Tissue samples and 
cell pellets were subjected to routine histological processing 
and embedded in paraffin blocks.

Main Study
In the main study, 45 rats were randomized to five groups 
after ovarian cancer implantation:

● Control: ovarian tumor, no treatment (N=9)
● HIPEC-ZT0: HIPEC with cisplatin at 08:00 (ZT0) 

(N=9)
● HIPEC-ZT12: HIPEC with cisplatin at 20:00 (ZT12) 

(N=9)
● IV-ZT0: intravenous cisplatin at 08:00 (ZT0) (N=9)
● IV-ZT12: intravenous cisplatin at 20:00 (ZT12) 

(N=9).

Six animals from each group were followed up to 
estimate survival (Figure 1). Three animals from each 
group were euthanized on day 10 (control) or 12 (treat-
ment groups) to obtain samples for histology and immu-
nohistochemistry. Kidneys, liver and small intestine were 
dissected; ascitic fluid was collected and centrifuged as 
described in the “Pilot Study” section, and then fixed in 
10% neutral buffered formalin. Tissue samples and cell 
pellets were subjected to routine histological processing 
and embedded in paraffin blocks.

Tumor Proliferation
Cell block slides were stained with hematoxylin and eosin 
(H&E) and used for proliferation analysis. The index of 
mitotic activity of ovarian cancer cells was calculated as 
the total number of mitotic figures per 10 high-power 
fields (×400 magnification).

Intestinal Epithelium Proliferation and 
Apoptosis
Intestinal epithelium proliferation was evaluated in 
H&E-stained transverse sections of jejunum. The number 
of mitotic figures was counted in 200 crypts cut longitudin-
ally using a light microscope (magnification ×400). The 
number of apoptotic cells per crypt was counted similarly.

γ-H2AX Immunohistochemical Evaluation
Levels of γ-H2AX (a marker of DNA double-strand 
breaks) were measured in kidney and liver samples. 
Thus, 3–4 μm sections of liver and kidneys were fixed 
on positively charged slides. After deparaffinization and 
rehydration of the slides, antigen retrieval was performed 
in Tris–EDTA buffer (pH 9.0) at 95°C for 30 minutes. 
Endogenous peroxidase blocking was performed with 3% 
hydrogen peroxide for 15 minutes. Then, slides were 
washed in Tris–saline buffer (TSB) and incubated with 
primary antibody (anti-γ-H2AX (phospho-Ser139), 
ab81299; Abcam, USA) at room temperature for 1 hour. 

Figure 1 Experimental study design. 
Abbreviations: IV, intravenous; HIPEC, hyperthermic intraperitoneal chemoperfusion; ZT, Zeitgeber time.

OncoTargets and Therapy 2021:14                                                                                                 https://doi.org/10.2147/OTT.S309285                                                                                                                                                                                                                       

DovePress                                                                                                                       
3375

Dovepress                                                                                                                                                         Kireeva et al

https://www.dovepress.com
https://www.dovepress.com


After three washes in TSB, the slides were incubated with 
secondary polymerized peroxidase polymer-conjugated 
antibodies (ab214882; Abcam, USA) for 1 hour. After 
three washes in TSB, the slides were exposed to chromo-
gen 3ʹ-diaminobenzidine and incubated for 5 minutes. 
Slides were then counterstained with hematoxylin, dehy-
drated and mounted.

To assess anti-γ-H2AX staining in hepatocytes, the 
percentage of stained area of nuclei was calculated 
(stained nuclei area/total nuclei area). Total nuclei area 
was measured manually; stained nuclei area was measured 
using the Colour Deconvolution function in ImageJ soft-
ware (NIH, USA). The localization and intensity of anti-γ- 
H2AX staining in kidneys were assessed qualitatively by 
a trained morphologist in a blinded manner (only in the 
main study).

Survival Analysis
Six animals from each group were followed up after the 
intervention. Cachexia, signs of hemorrhage, difficulty 
with breathing, and not being able to reach food and 
water were all considered as criteria for euthanasia. 
Survival was estimated as the number of days from 
the day of ovarian cancer transplant until death/euthanasia.

Statistical Analysis
GraphPad Prism 8.0.1 software was used for statistical 
analysis. Data are presented as mean values ± standard 
error of the mean. The Shapiro–Wilk test was used to test 
the normality of the data. Differences between groups and/ 
or time points were tested by one-way ANOVA with 
Tukey’s post-hoc test. The Kaplan–Meier estimator was 
used in survival analysis, with survival values being com-
pared using log-rank and Gehan–Breslow–Wilcoxon tests. 
The significance level was taken as 0.05.

Results
Pilot Study
Tumor Proliferation
The mean mitotic activity index of ovarian carcinoma 
reached 107.33±3.84, at ZT0, 108.33±4.70 at ZT6, 
110.67±4.84 at ZT12 and 108.67±4.84 at ZT18. No sig-
nificant differences between the time points were found.

Intestinal Epithelium Proliferation and Apoptosis
In the control group, intestinal epithelium mitotic activity 
reached a maximum of 3.69±0.12 mitoses per crypt at 
ZT0, decreased to 2.82±0.11 at ZT6 (p<0.0001 vs ZT0, 

p<0.001 vs ZT18) and further to 2.25±0.10 at ZT12 
(p<0.0001 vs ZT0 and ZT18, p<0.001 vs ZT6), and went 
up to 3.34±0.13 at ZT18. In animals with ovarian carci-
noma, the number of mitoses per crypt was significantly 
decreased at time points ZT0, ZT6 and ZT18 (p<0.0001 vs 
control) and there were no differences between time points 
within the group (Figure 2A).

The number of apoptotic cells per crypt did not vary 
throughout the day; it was significantly increased, approxi-
mately 1.5-fold, in animals with carcinomatosis at all time 
points (p<0.01) (Figure 2B).

DNA Damage/Repair in Liver
DNA damage/repair in hepatocytes was increased 1.5–-
3.0-fold in tumor-bearing rats compared to control animals 
at time points ZT0, ZT6 and ZT18 (p<0.01) (Figure 2C and 
D). There was no daily variation in γ-H2AX level in control 
animals; however, in tumor-bearing rats the γ-H2AX level 
was significantly lower at ZT12 than at ZT0 (p<0.05).

Main Study
Tumor Proliferation
The index of mitotic activity of ovarian carcinoma in the 
control group (Figure 3A) was 111.66±3.32. The index 
was significantly reduced in all treatment groups compared 
to controls: 54.25±2.39 (р<0.0001) in HIPEC-ZT0, 92.3 
±2.51 (р<0.05) in HIPEC-ZT12, 75.0±3.28 (р<0.001) in 
IV-ZT0 and 90.66±2.25 (р<0.05) in IV-ZT12.

Therefore, in groups with both HIPEC (p<0.001) and 
IV administration (p<0.05), tumor mitotic activity was 
significantly reduced in animals with morning 
versus evening treatment.

Furthermore, at ZT0, HIPEC with cisplatin exerted 
a much more pronounced anti-proliferative effect com-
pared to IV cisplatin administration (p<0.05).

Intestinal Epithelium Proliferation and Apoptosis
The mean number of mitotic figures per intestinal crypt 
(Figure 3C) in the control group was 3.13±0.13 and this 
value was at the same level in all groups with cisplatin 
administration. There was one intergroup difference, with 
a significantly higher number of mitotic figures in IV-ZT0 
(3.58±0.10) compared to IV-ZT12 (2.78±0.11) (р<0.0001).

The number of apoptotic cells per crypt was at the 
lowest level in the control group (Figure 3D) (0.84 
±0.06), while in HIPEC-ZT0 and HIPEC-ZT12 groups it 
was slightly increased. In IV-ZT0 and IV-ZT12 groups, the 
number of apoptotic cells per crypt was significantly 
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higher compared to the control group (1.39±0.09 and 1.66 
±0.09, respectively; p<0.0001). In animals treated at ZT12, 
a more profound toxic effect of cisplatin on the intestinal 
epithelium was found in the IV-ZT12 group compared to 
HIPEC-ZT12 (p<0.0001).

DNA Damage/Repair in Liver
The percentage of γ-H2AX-positive nuclear area (nuclei or 
foci of chromatin) (Figure 3B) in hepatocytes of control ani-
mals was 6.25±0.55%; in the HIPEC-ZT0 group there was 
a trend toward higher numbers (6.80±0.76%), but in the other 
experimental groups this percentage was significantly higher: 
12.27±0.72% in HIPEC-ZT12 (p<0.001), 11.99±0.41% in IV- 
ZT0 (p<0.001) and 16.41±1.12% in IV-ZT12 (p<0.0001) 
groups. For both modes of cisplatin treatment, γ-H2AX stain-
ing was more intense at ZT12 compared to ZT0 (HIPEC: 
p<0.01; IV: p<0.01). Within each route of cisplatin adminis-
tration, the percentage of γ-H2AX-stained nuclear area was 
significantly higher in evening-treated compared to morning- 
treated groups (HIPEC: p<0.001; IV: p<0.01).

DNA Damage in Kidney
In kidney samples, the most intense anti-γ-H2AX staining 
was detected in the renal medulla across all groups. In 

animals receiving IV cisplatin, there was massive cellular 
damage in the renal medulla, with intense γ-H2AX stain-
ing and cystic changes within the renal tubules (Figure 4). 
In animals receiving HIPEC with cisplatin, post-treatment 
changes in renal tubules were less pronounced and staining 
with anti-γ-H2AX was less intense compared to the IV 
groups. Overall, the least intense staining of renal medulla 
with γ-H2AX was observed in the HIPEC-ZT0 group.

Survival Analysis
The median length of survival of rats (Figure 5) in the 
control group was 8.5 days (95% CI 6.0–22.0), while it 
was significantly higher in the HIPEC-ZT0 (40.5 days, 
95% CI 28.0–47.0, p<0.001, log-rank test, p<0.05, 
Gehan–Breslow–Wilcoxon test) and HIPEC-ZT12 (32.0 
days, 95% CI 28.0–37.0, p<0.001, log-rank test, p<0.01, 
Gehan–Breslow–Wilcoxon test) groups. Furthermore, 
median survival in the HIPEC-ZT0 group was signifi-
cantly higher than in HIPEC-ZT12 (p<0.05, log-rank 
test). Median survival time was also significantly reduced 
in IV-ZT0 compared to HIPEC-ZT0 (15.5 days, 95% CI 
11.0–22.0, p<0.001, log-rank test, p<0.05, Gehan– 
Breslow–Wilcoxon test) and in IV-ZT12 compared to 

Figure 2 Daily variation in proliferation in small intestine crypts, (B) apoptosis in small intestine crypts, and (C) DNA damage/repair in liver in a pilot study. (D) 
Representative photomicrograph of anti-γ-H2AX stained liver of tumor-bearing rat (×400), ZT6. Control: intact rats; OC: rats with ovarian cancer. **–p<0.01, ***–p<0.001, 
****p<0.0001 compared to control at the same time point, #p<0.05 compared to ZT0, ####p<0.0001 compared to ZT0.
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HIPEC-ZT12 (11.5 days, 95% CI 10.0–16.0, p<0.001, log- 
rank test, p<0.01, Gehan–Breslow–Wilcoxon test).

Discussion
In this study, we show that ascitic ovarian cancer disrupts 
the daily variations in intestinal epithelium proliferation 
and DNA damage and repair. We observed higher efficacy 
and better tolerability of cisplatin administered either IV or 
as HIPEC at the beginning of the light phase (ZT0).

In the pilot study, we found a loss of the daily pattern of 
intestinal epithelium proliferation and its overall decrease, 
increased apoptosis in enterocytes and increased γ-H2AX 
staining in the liver of tumor-bearing rats. All of these 
changes could be caused by tumor development, which may 
lead to chronic inflammation and DNA damage in distant 
tissues.26 Dampening27 or phase shift28 of the intestinal 
epithelium proliferation rhythm in mammary carcinoma- 
bearing mice was also described previously. The loss of the 
peak of proliferation could explain why cisplatin treatment in 

the morning was no more toxic for enterocytes than evening 
treatment.

In tumor-bearing rats, the level of γ-H2AX declined at 
ZT12. γ-H2AX is not only a DNA damage marker but also 
a starting point for DNA repair molecular machinery 
assembly,29 so its decreased level at the end of the light 
phase may be an indicator of less efficient DNA repair. It 
has been shown that accumulation of the RAD51 gene at 
DNA lesions is a marker of homologous recombination 
proficiency.30 So, a lack of RAD51 expression following 
DNA damage could be considered as a functional biomar-
ker of dysfunctional homologous recombination. γ-H2AX- 
RAD51 has shown promising results in breast cancer 
biopsies, predicting PARP inhibitor sensitivity and detect-
ing the emergence of secondary resistance.31

Circadian regulation of DNA repair initially emerged 
in unicellular organisms to protect the genome from 
aggressive UV irradiation in the light phase.32 The rhythm 
of DNA damage response is conserved in animals; in 
mammalian cells and tissues that are never exposed to 

Figure 3 Effects of HIPEC and IV cisplatin administration at ZT0 and ZT12 on (A) index of mitotic activity in tumor, (B) DNA damage/repair in liver (γ-H2AX- 
immunostaining, (C) mitotic activity, and (D)apoptosis in intestinal epithelium (mean ± SEM). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 compared to control, ap<0.05, 
aap<0.01, aaa p<0.001, aaaap<0.0001 compared to different treatment at the same time, #p<0.05, ##p<0.01, ###p<0.001, ####p<0.0001 compared to the same treatment at the 
different time (Tukey’s test).
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light throughout life, DNA repair is more efficient during 
daytime.33–35

In transplantable ovarian carcinoma, we failed to find 
daily changes in proliferation rate. According to published 
data, most poorly differentiated transplantable tumors have 
disorganized circadian rhythms,10,36 while chemically 
induced slowly growing tumors may retain rhythmic 

features such as clock and cell cycle-controlling gene 
expression.9,37,38 Thus, ovary carcinoma cells seem to 
divide in a circadian-independent manner; moreover, 
tumor growth disrupts the daily pattern of healthy tissue 
proliferation and DNA damage and repair.

In the main study, we revealed that HIPEC and morn-
ing cisplatin administration was more effective and 

Figure 4 Representative microphotographs of anti-γ-H2AX-stained kidney sections, illustrating samples from: (A) group receiving HIPEC with cisplatin at 08:00 (ZT0), (B) 
group receiving IV cisplatin at 08:00 (ZT0), (C) group receiving HIPEC with cisplatin at 20:00 (ZT12), (D) group receiving IV cisplatin at 20:00 (ZT12). Black arrows: 
positively stained nuclei; red arrows: cystic tubular changes (×200).

Figure 5 Survival of rats with ovarian cancer after intravenous administration and HIPEC with cisplatin at different time points.
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tolerable compared to IV and evening administration, 
respectively. The advantages of HIPEC over systemic 
drug administration have been confirmed in previous 
experimental studies.25,39

This is mainly explained by the fact that cisplatin 
administered intraperitoneally affects tumor cells directly, 
while the absorbed portion of the drug binds with proteins, 
which leads to lower toxicity. Higher drug doses may be 
used compared to systemic administration.25

In this study, morning cisplatin treatment appeared to be 
more effective and less toxic than evening treatment. These 
results correspond well to those described by Seto et al, 
where peripheral neuropathy was less aggravated in morn-
ing-treated rats.19 In contrast, it has been shown that in mice 
or rats, platinum-based drugs are less toxic and more effec-
tive when administered at the beginning or in the middle of 
the dark phase.40–43 Moreover, elimination of cisplatin– 
DNA adducts reaches its peak in the late afternoon.34,35 It 
is important to note that in several of these studies,41–43 

healthy tumor-free animals were used. In our main experi-
ment, all of the rats had significant tumor burden that could 
shift or invert the rhythm of drug absorption or elimination, 
and as well as affect its circadian toxicity pattern. We 
assume that changes in the daily dynamics of proliferation 
and DNA damage/repair in tumor-free tissues may explain 
the reverse cisplatin efficacy/safety pattern.

We observed significantly lower damage to intestinal 
crypts in animals receiving cisplatin, both as HIPEC and 
through the IV route in the morning, with minimal damage 
registered in the group with HIPEC at ZT0. In addition, at 
this time point, we found only slightly increased expression 
of DNA damage/repair in the liver compared to the control 
group. Based on the obtained results, the toxicity of the 
studied cisplatin treatment modes increases in the following 
order: HIPEC-ZT0 < HIPEC-ZT12< IV-ZT0 < IV-ZT12.

Conclusion
In the present study, we found that ovarian tumor growth 
disrupts daily variations in intestinal epithelium proliferation 
and causes genotoxic stress in tumor-free tissues. HIPEC with 
cisplatin at ZT0 had a better efficacy/toxicity profile than 
HIPEC with cisplatin at ZT12 and IV administration at both 
time points, based on animal survival and tumor mitotic 
activity.
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