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ARTICLE INFO ABSTRACT

Keywords: The circadian timing system controls many biological functions in mammals including drug metabolism and

Ever_OhmHS - detoxification, cell cycle events, and thus may affect pharmacokinetics, target organ toxicity and efficacy of

F(f:‘;s“c“lar toxicity medicines. Selective mTOR (mammalian target of rapamycin) inhibitor everolimus is an immunosuppressant and
ronotoxicity

anticancer drug that is effective against several cancers. The aim of this study was to investigate dosing-time
dependent testicular toxicity of subacute everolimus administration in mice. C57BL/6 J male mice were syn-
chronized with Light-Dark (12h:12 h) cycle, with Light-onset at Zeitgeber Time (ZT)-0. Everolimus (5 mg/kg/
day) was administered orally to mice at ZT1restspan OF ZT13ctivity-span fOr 4 weeks. Body weight loss, clinical
signs, changes in testicular weights, testis histology, spermatogenesis and proliferative activity of germinal
epithelium of seminiferous tubules were examined. Steady-state everolimus concentrations in testes were
determined with validated HPLC method. Everolimus toxicity was less severe following dosing at ZT13 compared
to ZT1, as shown with least body weight loss (p<0.001), least reductions in testes weights (p<0.001) and least
histopathological findings. Everolimus-induced histological changes on testes included vacuolisation and atrophy
of germinal epithelium, and loss of germinal cell attachment. The severity of everolimus-induced histological
toxicity on testes was significantly more evident in mice treated at ZT1 than ZT13 (p<0.001). Spermatogenic cell
population significantly decreased when everolimus administered at ZT1 compared to ZT13 (p<0.001). Prolif-
erative activity of germinal epithelium was significantly decreased due to treatment at ZT1 compared to ZT13
(p<0.001). Everolimus concentrations in testes indicated a pronounced circadian variation, which was greater in
mice treated at ZT1 compared to ZT13 (p<0.05). Our study revealed dosing-time dependent testicular toxicity of
everolimus in mice, which was greater in severity when everolimus administered at early rest-span (daytime-
ZT1) than early activity-span (nighttime-ZT13). These findings support the concept of everolimus chronotherapy
for minimizing reproductive toxicity and increasing the tolerability of everolimus, as a clinical advantage.
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1. Introduction

The mammalian target of rapamycin (mTOR) inhibitors (i.e., siroli-
mus and everolimus) are the cornerstones of most immunosuppressive
protocols used in kidney, heart and liver transplant recipients to prevent
organ rejection (Klawitter et al., 2015; Manito et al., 2010). In addition
to its immunosuppressant effects and ability to prolong graft survival in
patients, everolimus (RADO0O1) is also used as an antitumor agent in
cancer treatment with its proliferation signal inhibitory effects (Booth
et al., 2010; Lebwohl et al., 2013). It is approved for various conditions
including advanced renal cell carcinoma, progressive pancreatic
neuroendocrine tumors, advanced hormone-receptor positive,

HER2-negative breast cancer in post-menopausal women in combina-
tion with exemestane (Booth et al., 2010; Lebwohl et al., 2013).
Everolimus which is the 40-O-(2-hydroxyethyl) derivative of siroli-
mus is an orally administered, selective mTOR inhibitor (Booth et al.,
2010; Klawitter et al., 2015). mTOR is a key serine-threonine kinase in
the phosphoinositide 3-kinase (PI3K)-AKT-mammalian target of rapa-
mycin (PI3K/AKT/mTOR) signaling pathway which plays a pivotal role
in the regulation of protein synthesis associated with cell growth and
proliferation, angiogenesis, cellular metabolism and autophagy as well
as the regulation of the immune response. mTOR signaling pathway is
known to be dysregulated in the majority of human cancers. Therefore
mTOR inhibition is an important antitumor target (Booth et al., 2010;
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Fasolo and Sessa, 2008; Lebwohl et al., 2013; Leighton et al., 2009).

Everolimus treatment is associated with numerous side effects. It has
been reported that patients treated with everolimus mostly suffered
from fatigue, stomatitis, body weight loss, proteinuria, peripheral
edema, pneumonitis, decreased hematology parameters, metabolic ab-
normalities such as hypercholesterolemia, hyperglycemia and increased
liver enzymes (Booth et al., 2010; Lebwohl et al., 2013; Leighton et al.,
2009). General toxicology studies have revealed that everolimus asso-
ciated toxicities were commonly observed in the male reproductive
system, lymphoid tissues, lungs, gastrointestinal tract, coagulation
pathways, metabolism and endocrine system (Booth et al., 2010;
Leighton et al., 2009). Studies have shown a potential negative impact of
mTOR inhibitors on male reproductive system (Boobes et al., 2010;
Chen et al., 2013; Deutsch et al., 2007; Huyghe et al., 2007; Rovira et al.,
2012). In a recent study, it has been demonstrated that long-term oral
treatment of mTOR inhibitor sirolimus at the dose equivalent to the
therapeutic levels used for post-renal transplant patients has consider-
ably affected testicular development and gonadal function accompanied
by significant histological changes of testicular structures in rats (Chen
et al., 2013). Reproductive toxicology studies indicate that treatment of
everolimus has detrimental effects on the testis and impairs gonadal
functions (Booth et al., 2010; Huyghe et al., 2007; Leighton et al., 2009).
In a preclinical study, everolimus caused infertility in male rats, with
only partial recovery after 10-13 weeks of treatment-free period, and
adverse effects on male reproductive organs were not completely
recovered (Leighton et al., 2009).

In mammals, many biological functions involved in organism phys-
iology, biochemistry and behavior are governed by the Circadian Timing
System (CTS) over a 24-h period. The CTS is composed of molecular
clocks located in each nucleated cells which drive 24-h (circadian)
changes in xenobiotic metabolism and detoxification, hormone secre-
tion, body temperature, blood pressure, immune system activity, cell
proliferation and apoptosis as well as many other physiological pro-
cesses (Lévi et al., 2010; Mohawk et al., 2012; Ohdo et al., 2019). Almost
half of the protein-coding genes in mammals display circadian depen-
dent transcription (Lévi et al., 2010; Ohdo et al., 2019). Circadian
rhythms of biological functions in the organism may affect the phar-
macokinetic and pharmacodynamic processes of many drugs. Thus,
drugs may vary in efficacy and/or target organ toxicity related with the
rhythmicity of biochemical, physiological and behavioral processes
under the control of the circadian clock (Dallmann et al., 2016; Filipski
et al., 2014; Lévi et al., 2010; Ohdo et al., 2019; Ozturk et al., 2017).
Preclinical and clinical studies carried out so far have shown that the
efficacy, tolerability and extent of toxicity of many drugs, especially
used in cancer treatments, may be profoundly modified by changing the
timing of administration along the 24-h time scale (i.e. circadian timing)
in both experimental models and in patients. Li et al. showed that both
tolerability and efficacy of gemcitabine were better when administered
during the early active phase as compared to the late active phase (Li
etal., 2005). In a clinical study, it was demonstrated that treatment with
gemcitabine at 9:00 AM (early active phase of human) decreased the
toxicity on white blood cells (WBC) and platelets by nearly 10% as
compared to treatment at 15:00 (Iwata et al., 2011). Irinotecan chro-
notoxicity was also shown to be correlated in experimental animals and
cancer patients. Okyar et al. indicated that best tolerability time of iri-
notecan ileum toxicity in mice was at ZT11-15 (active phase of mice)
(Okyar et al., 2011). Similar to animal studies, clinical study results
support irinotecan administration in the morning for males and in the
afternoon for females, in order to minimize adverse effects without
impairing efficacy (Innominato et al., 2020). The myelotoxic effects of
oxaliplatin (L-OHP) were attenuated when mice were injected with this
drug during the dark phase (Kato et al., 2020). In a clinical study, a
lower incidence of severe diarrhea and neutropenia with
chrono-modulated IFLO5 (5-fluorouracil-leucovorin, peaking at 04:00
AM at night, and oxaliplatin, peaking at 4:00 PM) chemotherapy in
comparison with conventional administration (Innominato et al., 2020).
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Increased efficacy has seen when drugs are given near their times of best
tolerability (Bicker et al., 2020; Binkhorst et al., 2015; Lévi et al., 2010;
Ohdo et al., 2019; Ozturk et al., 2018; Sancar and Van Gelder, 2021).
Hence, chronopharmacological studies have been of importance in
determining the most appropriate drug administration time of the day to
optimize drug therapy.

Since adverse effects related to long-term everolimus exposure are
deleterious to the patient quality of life and compliance, circadian
timing of this drug could improve tolerability and decrease the target
organ toxicity in patients. As yet, we lack information for circadian time-
dependent effects of everolimus on the male reproductive system. The
present study was designed to investigate the dosing-time dependent
testicular toxicity of subacute everolimus administration in mice.

2. Materials and methods
2.1. Animals and their synchronization

8-10 weeks old, male C57BL/6 J mice (20-25 g body weight) were
purchased from Istanbul University Aziz Sancar Institute of Experi-
mental Medicine. Mice were housed in cages up to five animals in the
room equipped with temperature control (22+2 °C) and humidity
(55+5%). Water and food were provided ad libitum throughout the
experiments. Mice were synchronized for 4 weeks with 12 h of light (L)
in alternation with 12 h of darkness (D) (LD 12:12 h Light/Dark cycles)
prior to any intervention and the same lighting regimen continued to the
end of the experiment. All the manipulations during dark span were
performed under dim red light (7 x 10 % erg/cm?). Experiments were
conducted in accordance with the guidelines approved for animal
experimental procedures by the Istanbul University Local Ethics Com-
mittee of Animal Experiments (IUHADYEK, Approval No: 2014/12;
BVU-HADYEK, Approval No: 2015/125).

2.2. Drugs and reagents

Everolimus (RADO001) was purchased from ApexBio Technology
(Houston, Texas, USA). Drug was dissolved in propylene glycol:water
(50:50, v/v) on each study day to prepare freshly, prior to oral gavage.
The drug was orally administered to the mice in a fixed fluid volume (10
mL/kg body weight). Solvents were reagent grade and all other
commercially available reagents were used as received unless otherwise
stated.

2.3. Experimental study design

Everolimus was administered to synchronized male mice (5 mg/kg/
day, n = 8/ZT) orally at ZT1 and ZT13 for 4 weeks. Control mice (n =5/
ZT) were only treated with vehicle (propylene glycol:water; 50:50, v/v)
orally. Male mice were divided into 4 groups: ZT1C (vehicle treatment to
mice at ZT1, control group, n = 5), ZT1E (everolimus treatment to mice
at ZT1, n = 8), ZT13C (vehicle treatment to mice at ZT13, control group,
n = 5), ZT13E (everolimus treatment to mice at ZT13, n = 8). ZT0
(Zeitgeber Time 0) means light onset, which corresponds to the begin-
ning of the rest phase of the mice. ZT12 is time of lights off which cor-
responds to the beginning of the active phase. Everolimus
administration times ZT1 and ZT13 were selected according to our
findings of previous experiments (Ozturk et al., 2014). Everolimus dose
was determined according to the previous studies on the literature and
based on our findings of preliminary experiments in mice (Fasolo and
Sessa, 2008; Huynh et al., 2009; Ozturk et al., 2014). Everolimus was
preferred to given for 28 days (subacute) to see the dosing-time
dependent toxic effects of repeated-dose administration.

Body weight was measured every day as an index of general toxicity.
Drug induced body weight change was expressed relative to body weight
on the initial treatment day. Throughout the study, animals were
monitored for mortality, clinical symptoms, food and water
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consumption, and behavioral signs. One day after the last dose, mice
were sacrificed by cervical dislocation. Testes and other major organs
(liver, kidneys, lungs) were removed and weighed. Testis tissues were
processed for histological, immunohistochemical and HPLC analyses.

2.4. Histological evaluation

Testis tissues were weighed and the organ/body weight indexes were
calculated using the following formula: Organ/Body Weight Index=
(Organ Weight / Body Weight) x 100. Then, tissues were fixed in Bouin’s
solution, washed with 70% ethanol to remove picric acid, dehydrated in
a series of graded ethanol and embedded in paraffin. Sections of 5 pm
thickness were taken serially and stained with Hematoxylin-Eosin
(H&E) and Masson’s triple stain. Sections were evaluated histological-
ly using light microscope (Olympus, Cx23, Tokyo, Japan) and photo-
micrographs were taken using a photomicroscope (Olympus, Bx53,
Tokyo, Japan) at a magnification of x200. Histological damage score
was determined for testis tissues using the criteria such as vacuolisation
of germinal epithelium, loss of germinal cell attachment, and atrophy of
germinal epithelium. The histological damage was scored on testis tis-
sues and graded as follows: 0-absence, 1-very rare, 2-weak, 3-moderate
and 4-severe. Scoring of each tissue sample represent the mean score of
ten different sections.

2.5. Evaluation of spermatogenesis

Spermatogenesis was evaluated by counting the cells constituent
seminiferous tubule (ST) wall. Among these cells, Sertoli cells (SC) are
somatic cells which play an important role in the regulation of sper-
matogenesis. The others are germ cells at various stages of differentia-
tion and consist of spermatogonia (SPG), spermatocytes (SPC) and
spermatids (SPT). Five randomly selected STs were considered in order
to count the cells in a hematoxylin-stained testis section. Mouse ST cells
were identified according to the publication by Meistrich & Hess (2013).
Briefly, SC located in the seminiferous epithelium and attached to the
tubular basal lamina were identified as a pear-shaped nucleus. Sper-
matogonia were located in the basement membrane of the ST and
identified as larger and almost round shape nuclei. Spermatocytes were
detected by their larger size and deeply stained nuclei. Spermatids were
apparent by different size and shape. They were counted considering
their two different morphology, round (rSPT) and elongated spermatids
(eSPT).

2.6. Proliferating cell nuclear antigen (PCNA) immunohistochemistry

The paraffin sections were deparaffinised in xylene, rehydrated in a
decreasing ethanol series and rinsed in distilled water. After antigen
retrieval using 10 mM citrate buffer (pH 6.0), the endogenous peroxi-
dase activity was blocked with 3% (v/v) H203 for 15 min in the sections.
Subsequently, sections were incubated with blocking serum for 15 min
at room temperature in order to prevent nonspecific antibody binding.
Afterwards, the sections were incubated with mouse monoclonal anti-
PCNA antibody (1:50, Santa Cruz, TX, USA) for 30 min at room tem-
perature. Streptavidin-biotin system (Thermo Fisher Scientific, MA,
USA) was used to detect antibody binding. According to instruction of
the manufacturer, sections were incubated with biotinylated secondary
antibody for 30 min, rinsed in phosphate buffered saline (PBS) and
incubated with horseradish peroxidase conjugated streptavidin for 30
min at room temperature. The peroxidase activity was visualized with 3-
amino-9-ethylcarbazole (AEC). The sections were counterstained with
Mayer’s hematoxylin, mounted in Glycerol Vinyl Alcohol (GVA) and
observed using an Olympus BX53 microscope (Tokyo, Japan). The
proliferative index were calculated using the ratio between stained cell
number and total cell number (Stained Cell Number / Total Cell Number
x 100).
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2.7. Analysis of steady-state everolimus concentrations in testis tissues by
HPLC/UV

Everolimus (5 mg/kg/day) was perorally administered to male mice
for 14 days to reach the steady-state concentration in testis tissue ac-
cording to elimination half-life of everolimus. 24 h after the last dose,
mice were sacrificed and testis tissues were isolated. 200 pl of 0.25 M
zinc sulfate (1:9 water:methanol: v/v) solution containing repaglinide
(10 pg/mL) as internal standard was added to the test tubes containing
the testis samples and vortexed for 1 min. Then, the tissues were lysed
with an ultrasonic homogenizer (Sonopuls, Germany) and centrifuged at
4000 rpm for 10 min. The supernatant was filtered through 0.45 um
nylon filters, taken into vials containing microinsert and injected into
the column as 40 ul. Shimadzu HPLC system (Kyoto, Japan) with LC-
30AD pump and SPD-20A UV/VIS detector was used for the bio-
analytical determination of everolimus from the testis tissues. Chro-
matographic seperation was carried out on C8 column (100 x 4.6 mm, 5
pm, Phenomenex, USA) using acetonitrile:ammonium acetate buffer
(60:40, v/v, pH 4.0) isocratically at a flow rate of 1 ml/min. The chro-
matographic peak were detected via UV dedector at 278 nm. Steady-
state everolimus concentrations in testis tissues were calculated from
the standard curve and given as pg/g.

2.8. Statistical analysis

Data were expressed as mean =+ standard error of the means (SEM)
for each studied variable. Statistical analyses were performed using
GraphPad Prism 8.00 for Windows (GraphPad Software, CA, USA).
Statistical significance between the means of different groups was vali-
dated with Student t-test or two-way analysis of variance (ANOVA)
followed by Tukey’s multiple comparison. A p value less than 0.05 was
used to determine the level of statistical significance.

3. Results
3.1. General toxicity

General toxicity of everolimus was assessed on the basis of mortality,
general behavior, clinical signs, and changes in body and organ weights
in mice. Everolimus treatment resulted in dosing time-dependent body
weight loss (15.0% decrease in mean body weight compared to the
initial treatment day) in ZT1E group (p<0.01), while only a decrease in
body weight gains were observed in ZT13E. Mean body weights of mice
measured before the treatment with vehicle or everolimus (on day 0)
and after 28-day treatment (on day 29, the day after the last dose) were
given in Table 1, as shown in our previous study (Ozturk et al., 2018).
Changes in organ weights due to everolimus administration at ZT1 and
ZT13 were examined as an index of overall toxicity, and significant
differences in relative organ weights between groups were found as a
function of dosing-time. Liver, kidney and lung weights were increased
upon everolimus treatment, whereas a decrease was observed in testes
weights, and all the changes were more evident in mice treated with
everolimus at ZT1 compared to ZT13. Table 1 summarizes the changes
in body weights and relative organ weights after 4-week everolimus
exposure. When general well-being of the mice were observed by clinical
signs and behavioral assessment, apparent differences were found be-
tween ZT1E and ZT13E. Slight dyspnea, slight to moderate ruffled fur
and decreased activity were observed in ZT1E group, whereas no clinical
signs were observed in ZT13E.

3.2. Histological toxicity

Subacute everolimus treatment resulted in significant reductions in
the testes weights of mice at both ZT1E and ZT13E groups as compared
to their controls. Everolimus treatment decreased the testis weight by
about 58.6% (p<0.001) in ZT1E group as compared to ZT1C, and the
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Table 1
Changes in body weights and relative organ weights after 4-week exposure to
everolimus as an index of overall toxicity in mice.

Groups ZT1C ZT1E ZT13C ZT13E
n=>5 n==8 n=>5 n=38

Body 21.8+1.15 22.2+0.96 21.14+0.72 22.6 +0.77
Weight
®
(Before)

Body 24.05+0.95  18.86+1.03** *  23.2041.02  22.81:+0.90
Weight
®
(After)

Right 3.9440.26 1.64+0.07 %% 4.08+0.26 2.34+0.07%%**
Testes ##
(mg/g)

Left Testes  3.88+0.12 1.58+0.03% %% 4.05+0.16 2.39+0.05%***
(mg/g) HHRH

Liver (mg/  53.43+1.79  57.48+1.93*##%  47.43+0.80 46.36+1.18
8)

Kidneys 10.66+0.24  11.64+0.24 11.00+0.30  11.38+0.21
(mg/g)

Lungs 6.18+0.55 7.52+0.20% ### 5.57+0.16 5.73+0.15
(mg/g)

Data are presented as mean+SEM. Body weights of mice are given as mea-
surement of before treatment (with vehicle or everolimus), i.e. on day 0, and
after treatment on day 29, the day after the last dose. Organ weights are pre-
sented as organ-to-body weight ratios (mg/g). The weights of kidneys and lungs
are expressed as the sum of the right and left organs. ZT1C: Vehicle-treated mice
at ZT1; ZT1E: Everolimus-treated mice at ZT1; ZT13C: Vehicle-treated mice at
ZT13; ZT13E: Everolimus-treated mice at ZT13. *, significantly different from its
control #, significant difference between ZT1E and ZT13E. Two-way ANOVA
with Tukey post hoc test (*. * p<0.05, ***# p<0.01, ****## p<0.001 and
s d#EE [ £0.0001).

decrease was 41.8% (p<0.001) in ZT13E. The reduction was more
evident in mice received everolimus at ZT1 than the ones at ZT13, with
statistically significant difference (31.6%, p<0.001) (Fig. 1A).

Control tissue sections of testes exhibited well-organized

A "

1.0- *%k%

Testis Body Index (%)
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histoarchitecture when compared to everolimus-treated groups. Drug-
induced histological changes on testes included vacuolisation of
germinal epithelium, loss of germinal cell attachment and atrophy of
germinal epithelium (Fig. 1B). When we compared everolimus-treated
experimental groups (ZT1E and ZT13E) to those of their controls, the
histological changes that we detected by considering the evaluation
score of testes were apparently observed both in ZT1 (p<0.001) and
ZT13 (p<0.001), as shown in Fig. 1C. There were dramatic differences
between ZT1E and ZT13E groups in the pathological morphology of
testis which was more evident when everolimus administered to mice at
ZT1 than ZT13 (p<0.001).

3.3. Spermatogenesis

Total cell number of ST wall decreased significantly in both ZT1E and
ZT13E groups when compared to their controls. However, the decre-
ment in the cell number was more evident in ZT1E group than ZT13E
(87.40£15.26 vs 204.934+20.51 respectively, p < 0.001) (Fig. 2A).
Decrease in spermatogenic cells such as SPC and SPTs in ZT1E and
ZT13E groups likely contributed to total cell decrease in ST (Fig. 2B-2C).
While number of SC and SPG did not change significantly, SPC, rSPT and
eSPT, were markedly decreased in ZT1E and ZT13E groups as compared
to their control groups (ZT1C vs. ZT1E, SPC: 55.60+11.13 vs.
23.66+8.28 p<0.01, rSPT: 82.35+11.95 vs. 38.71+£14.18 p<0.01, eSPT:
112.05+£15.97 vs. 1.66+3.03 p<0.01; ZT13C vs. ZT13E, SPC:
60.15+7.98 vs. 39.33+8.27 p<0.01, rSPT: 89.50+11.49 vs. 61.57+7.94
p<0.01, eSPT: 110.25+9.73 vs. 79.97+14.15 p<0.01, respectively). In
addition, the number of SPC and SPTs in ZT1E group were lower than
ZT13E. Especially, the number of eSPT were dramatically decreased in
ZT1E compared to ZT13E and control groups (ZT13E vs. ZT1E, SPC:
39.33+8.27 vs. 23.66+8.28 p<0.01; rSPT: 61.57+7.94 vs. 38.71+14.18
p<0.01; eSPT: 79.97+14.15 vs. 1.66+3.03 p<0.01, respectively).

Fig. 1. Histological evaluation of dosing-
time dependent testicular toxicity of
everolimus and distribution in testis tis-
sue. Data are mean+SEM. ZT1C: Vehicle-
treated mice at ZT1; ZT1E: Everolimus-
treated mice at ZT1; ZT13C: Vehicle-treated
mice at ZT13; ZT13E: Everolimus-treated
mice at ZT13, n = 5-8 for each group. (A)
Testis Body Index (%). ZT13C: 0.81+0.04,
ZT13E: 0.474+0.01, ZT1C: 0.78 + 0.04,
ZT1E: 0.324+0.01. The weights of testes are
expressed as the sum of the right and left
organs (B) Everolimus-induced histologi-
cal changes in testis tissue as a function

ZT13C ZT1'3E ZT1C

B C

ST

*%*

Ll el

ST

Testicular Damage Score

_zriac| e ¢ zr13e
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of dosing-time. Everolimus-induced histo-
logical changes on testes which was more
evident in 1ME than 13 ME included
vacuolisation of germinal epithelium, loss of
germinal cell attachment and atrophy of
germinal epithelium. Arrows indicates atro-
phy of germinal epithelium. (C) Testicular
Damage Score. ZT13C: 1.38+0.75, ZT13E:
4.26 + 1.14, ZT1C: 1.38+1.21, ZT1E:
7.79+1.07. *, significantly different from its
control; *, significant difference between

HH#

* k%

ZT1E and ZT13E. Two-way ANOVA with
Tukey post hoc test (** p<0.01 ve **% ###
p<0.001).
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Fig. 2. Dosing-time dependent effect of everolimus on spermatogenesis in mice. ZT1C: Vehicle-treated mice at ZT1; ZT1E: Everolimus-treated mice at ZT1;
ZT13C: Vehicle-treated mice at ZT13; ZT13E: Everolimus-treated mice at ZT13. (A) Total number of the tubular epithelial cells per seminiferous tubules (ST).
(B) Histological sections of ST in different experimental groups. Red circle: SPG, yellow circle: SPC, blue circle: rSPT, green circle: eSPT. (C) The number of
various cell types in the germinal epithelium of ST. The number of Sertoli cells (SC), spermatogonia (SPG), spermatocytes (SPC), and round (rSPT) and elongated
spermatids (eSPT) in the germinal epithelium of different experimental groups. The cell numbers represent cell number per seminiferous tubules and five semi-
niferous tubule sections per animal in each group were randomly selected and analyzed. Two-way ANOVA with Tukey post hoc test (*** p<0.001 ZT1C vs. ZT1E, *

p<0.05, *## p<0.001 ZT13E vs. ZT1E).
3.4. Proliferation index in seminiferous tubules

Proliferative activity of germinal epithelium of seminiferous tubules
during different circadian times was shown by using PCNA antibody
indicating the S phase of the cell cycle. PCNA is a functional and
structural player in DNA replication forks. The proliferation index is
presented in Fig. 3A for the different circadian times. Generally, we
detected proliferating cells with red nuclei in basal layer of the germinal
epithelium (Fig. 3B). The index was the lowest in ZT1E group (p<0.01).
The distribution of proliferative cells in the germinal epithelium did not
evidently change among the other groups ZT1C, ZT13C and ZT13E.
However, proliferative activity in ZT1E and ZT13E was significantly
different between each other (p<0.001).

3.5. Effects of dosing-time on the distribution of everolimus in the testis

Everolimus showed dosing time-dependent distribution profile in
testis tissue. Steady-state everolimus concentration in testis tissue was

determined as 5.91+0.49 ug/g when mice treated at ZT1, while it was
4.09+0.66 pg/g at ZT13. Testis concentration of everolimus was 44.5%
higher at ZT1-treated grup than ZT13 (p<0.05). Dosing-time dependent
steady state concentrations of everolimus were given in Fig. 4.

4. Discussion

There has been a growing concern that mTOR inhibitors may in-
crease the risk of infertility (Boobes et al., 2010; Deutsch et al., 2007;
Huyghe et al., 2007). Knowledge of short- and long-term benefits and
side/toxic effects of everolimus in its various uses as immunosuppres-
sant and anti-tumor agent, and its clinical impact on reproductive sys-
tem still remain unclear. The present study is the first to report the
dosing time-dependent testicular toxicity of everolimus in mice. We
observed a prominent administration time-dependent toxicity findings
as assessed with the changes in organ / body weights, clinical signs
spermatogenesis and histopathology. Our findings indicated that gen-
eral toxicity for everolimus was least following dosing at ZT13.
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Fig. 3. Proliferative activity of testis due to dosing-time of everolimus at the different circadian times. ZT1C: Vehicle-treated mice at ZT1; ZT1E: Everolimus-
treated mice at ZT1; ZT13C: Vehicle-treated mice at ZT13; ZT13E: Everolimus-treated mice at ZT13, n = 5-8 for each group. (A) Proliferation Index (%). Data are
expressed as mean+SEM. ZT13C: 33.61+4.5; ZT13E: 32.66+0.9; ZT1C: 35.53+9.5; 1ME: 20.32+2.7; *, significantly different from its control; # significant dif-
ference between ZT1E and ZT13E. Two-way ANOVA with Tukey post hoc test ( ** p<0.01 and**# p<0.001). (B) Histological sections of the testis immune-
stained with PCNA antibody. ST: Seminiferous tubules. Proliferating cells with red nuclei (arrows) in basal layer of the germinal epithelium.
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Fig. 4. Dosing-time dependent steady-state concentrations of everelimus
in testis. Data are mean+SEM. ZT1E: Everolimus-treated mice at ZT1; ZT13E:
Everolimus-treated mice at ZT13, n = 7-8 for each group. (ZT1E: 5.91+0.49,
ZT13E: 4.0940.66). Student-t-test (* p<0.05).

Monitoring body weight in the course of the treatment provide us an
index of the general health status of mice, which is important for the
interpretation of reproductive effects. In general, body weight loss or
reduction in weight gain may reflect various responses including
treatment-induced anorexia, or systemic toxicity. Severe reductions in
body weight may affect the male reproductive organs and reproductive
function (Woldemeskel, 2017). Accordingly, in our study marked body
weight loss in mice treated with everolimus at ZT1 was accompanied by
the severe testicular damage.

Organ weight changes are very sensitive indicators of chemically
induced toxicity in organs. In our study, liver, kidney and lung weights
were significantly increased in everolimus treated mice at ZT1 as a sign
of overall toxicity, while no apparent change was observed following
treatment at ZT13. Testis weight can provide useful insight into the
reproductive function of animals and may be helpful for reproductive
risk assessment. A significant decrease or increase in testis weight
measurements is indicative of a testicular toxicity and reproductive
impairment (Michael et al., 2007; Woldemeskel, 2017). In our study,
subacute everolimus treatment caused a decrease in the testis weights of
mice at both ZT1 and ZT13. A diurnal variation in the susceptibility of
testis to everolimus toxicity was demonstrated. Strikingly, reductions in
the testis weights were significantly greater in mice treated with

everolimus at ZT1 as compared to ZT13. Our first results give hints that
the toxic effects of everolimus on the reproductive system are dosing
time-dependent (circadian testicular toxicity). Germ cell depletion is the
major cause of the decreased testis weight (Ilbey et al., 2009; Wolde-
meskel, 2017). Testicular weights reveal sensitivity to toxicity due to
perturbations in rapidly dividing cells and physiology, and correlate
well with histopathological changes (Michael et al., 2007). The reduc-
tion of 10% or higher in the organ weight measures is generally of toxic
significance, in particular if accompanied by correlative macroscopic
and microscopic findings (Woldemeskel, 2017).

It has been demonstrated that reproductive toxicity measurements
including histopathology from the repeated dose toxicity studies are the
most sensitive endpoints in predicting reproductive toxicity (Lanning
et al., 2002). In our study, histopathological evaluation of testis tissues
showed the prominent role of circadian timing in drug administration in
male reproductive risk assessment, since we observed circadian
time-dependent damage. Everolimus-induced histological changes on
testes included vacuolization and atrophy of germinal epithelium, and
loss of germinal cell attachment. There was a dramatic difference be-
tween ZT1 and ZT13-groups in the pathological morphology of testis,
which was more evident when drug administered to mice at ZT1 than
ZT13. It is known that impacts on germ cells disrupt the spermatogen-
esis. Spermatogenic cell population exhibited a drastic decline when
everolimus administered at ZT1. The number of SPTs were notably
decreased in ZT1 group. It has been stated that depletion of SPT in testes
is responsible for low sperm count (Sinha et al., 2001). This data pointed
out that the sperm reduction can be associated with decrease in the
number of SPTs. Our findings regarding the low number of SPTs in ZT1E
group have suggested that dosing time of everolimus (circadian timing)
is significant for sperm production. Therefore, to decrease the testicular
toxicity of everolimus and prevent the disruption of spermatogenesis,
drug could be administered in the respective time of best tolerability to
patients, providing a chronotherapy approach.

The molecular mechanisms by which mTOR inhibitors induce
gonadal dysfunction and infertility still remain partly unknown. The
stem cell factor (SCF)/c-kit tyrosine kinase system is one of the most
important hormone-receptor signaling pathways essential for the proper
development and maturation of functional germ cells and the mainte-
nance of fertility. SCF/c-kit is involved in many functions including
germ cell migration, cell adhesion, cellular proliferation and anti-
apoptotic action in the testis (Framarino-Dei-Malatesta et al., 2013).
c-kit-induced activation of PI3K is necessary for spermatogonial
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proliferation and male fertility, and in testis mTOR inhibitor sirolimus
plays a central inhibitory role in SCF/c-kit-dependent process in sper-
matogonia via PI3K/AKT/mTOR pathway (Feng et al., 2000). mTOR
inhibitor everolimus thereby can abolish spermatogonial cell cycle
progression and growth, leading to impairment in gonadal function.

The underlying mechanism of the circadian time-dependent testic-
ular toxicity of everolimus appear to be complicated. However, a
possible explanation for these circadian chronotolerance rhythms may
arise from the circadian rhythmic pattern of the mTOR pathways. It has
been shown that mTOR pathway is under the control of circadian clock
in suprachiasmatic nucleus (SCN) in mice, and mTOR exhibit maximal
activity during the subjective day (at ZT4), and minimal activity during
the late subjective night (Cao et al., 2011). Since mTOR is a key regu-
lator of spermatogonial proliferation, exposure time to mTOR inhibitor
everolimus may raise the severity of male gonadal toxicity.

Spermatogenesis in mammals is a dynamic process. The first stage of
spermatogenesis involves production of spermatocytes starting with the
proliferation of spermatogonium situated in basal layer of the germinal
epithelium found in serminiferous tubule wall. The second stage is to
formation of haploid cells, the spermatids, via meiotic divisions of
spermatocytes and the last stage is transformation of spermatid to sperm
(Cole, 2016). Maintenance of adult spermatogenesis is related to resi-
dent A-type undifferentiated spermatogonia cell population that is able
to both self-renewal and produce differentiating progeny (Makela and
Hobbs, 2019). Therefore, mitotic activity of spermatogonium is the
major phenomenon for well-organized spermatogenesis. In our present
study, proliferating cell population of basal cell layer of the germinal
epithelium in mice treated with everolimus at ZT1 (ZT1E group) was
markedly decreased when compared to control groups and ZT13
experimental group (ZT13E). The distribution of proliferative cells in
the germinal epithelium did not evidently change in everolimus
treated-group at ZT13 and in control groups. Circadian rhythmicity in
cell division has been proved in the actively proliferating healthy tissues
of rodents including gonads, gastrointestinal tract, bone marrow, and
epidermis as well as in tumor cells. This circadian cell division accounts
in part for the circadian varying sensitivity of healthy target tissues to
anticancer agents (i.e. chronotoxicity/chronotolerance) (Sulli et al.,
2019). Thus, chronotoxicological studies appear to be essential in
determining the increased sensitivity to adverse effects and toxicities of
drugs in the body in relation to administration time in a day, as shown in
our current study. Our study revealed that toxicity to reproductive
system induced by everolimus as shown by testicular damage was pro-
foundly reduced when drug was administered at ZT13, i.e. early
activity-span of mice. Our findings suggested that the drug administra-
tion time is important for proper spermatogenesis.

Circadian pharmacokinetics (or called chronopharmacokinetics)
may be one of the main sources of dosing time-dependent drug effects
and contribute to the difference in the apparent sensitivity to drug-
induced toxicity in mammals (Ruben et al., 2019). To consider the
pharmacokinetic mechanisms of this observed chronotoxicity, we
examined everolimus levels in the testis tissues. Everolimus showed
dosing time-dependent distribution profile in testis tissue. Testis con-
centrations of everolimus indicated a pronounced variation, which was
greater in mice treated at ZT1 as compared to ZT13. Dosing-time
dependent difference in everolimus testis concentrations and the
apparent sensitivity to everolimus-induced testicular toxicity at ZT1
may be partly explained by circadian pharmacokinetics of everolimus.
Biological defense factors drug metabolizing enzymes and drug efflux
transporters show diurnal variation in their gene expression levels and
activities (Ando et al., 2005; Lu et al., 2013; Okyar et al., 2019; Pala Kara
et al.,, 2021; Zhang et al., 2009). These variations can induce the
different sensitivity to many xenobiotics and drugs in a day. Thus, drug
efficacy, tolerability to adverse effects and target organ toxicity may be
modified depending on drug administration time (Dallmann et al., 2016;
Levi et al., 2010; Ozturk et al., 2017). Everolimus is predominantly
metabolized by the cytochrome P450 (CYP) enzymes CYP3A4 and
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CYP3AS5 in the liver and intestinal wall (Booth, 2010; Kirchner et al.,
2004). It is also a substrate of the efflux transporter P-glycoprotein
(P-gp) (Chu et al., 2009; Crowe and Lemaire, 1998). P-gp genes (Abcbla
and Abcblb, the rodent homologues of P-gp) were expressed in a
circadian manner with a peak at ZT12-16 in the liver and intestine of
C57BL/6 J mice (Ando et al., 2005). 2.9 fold fluctuation in P-gp
expression was observed, with a maximal at ZT17 and trough at ZT1 in
the liver of C57BL/6 J male mice (Zhang et al., 2009). Protein levels of
P-gp in the intestine also exhibited a clear 24 h rhythm, with an
increasing pattern towards the end of the light phase, a peak at the
beginning of the dark phase, and a trough at the onset of the light phase
(Ando et al., 2005; Okyar et al., 2019; Pala Kara et al., 2021). Likewise,
CYP450 enzyme Cyp3all (homologue to human CYP3A4) showed the
highest mRNA levels at ZT21 and the lowest at ZT1 in the liver of
C57BL/6 J mice (Lu et al., 2013; Zhang et al., 2009). Therefore, we can
suggest that the circadian rhythms of P-gp and CYP3A could modify the
susceptibility of the organism to everolimus depending on the
dosing-time, and thus may contribute to the chronotoxicity of this drug
on the reproductive system observed as testicular atrophy in mice. In the
current study the greater sensitivity of mice to everolimus at ZT1 may be
translated into the poorest detoxification capability at this circadian
time. Modulation of everolimus administration time according to the
circadian rhythms in P-gp and CYP3A may be a useful strategy to
improve the pharmacological and toxicological profile of this drug.

The blood-testis barrier (BTB), which is constituted by adjacent
Sertoli cells is one of the tightest blood-tissue barriers in mammals
including rodents and humans (Su et al., 2011). Efflux transporter P-gp
(Mdr1a) is highly expressed in this tight junction of testis and serves as a
gatekeeper to limit the entry of a wide variety of xenobitoics and drugs
to germ cells by pumping back into the blood to protect them from
harmful substances (Su et al., 2011). Immuno-histochemical studies
have shown that P-gp is localized at the luminal (apical) side of the
capillary endothelial cells as in the blood-brain barrier, as well as
detected in Sertoli cells, Leyding cells, peritubular myoid cells, and late
spermatids (Su et al., 2011). Experimental studies with P-gp knock-out
mice (mdrla~’~/mdrlb™/~ mice) confirm that P-gp maintain higher
xenobiotic concentrations in the testes than wild-types (Balayssac et al.,
2005). The circadian pattern of P-gp activity in different organs may
affect the tissue distribution of drugs which are effluxed by this trans-
porter (Ando et al., 2005; Pacha et al., 2021; Zhang et al., 2021). In a
recent study, it has been shown that efflux of xenobiotics by the
blood-brain barrier oscillates in mice, with highest levels during the
active phase (darkness period, peak at ZT14) and lowest during the
resting phase (light period, trough at ZT2) (Zhang et al., 2021). How-
ever, it is not known whether P-gp function in the testis is constant or it
fluctuates during the day. There have been no studies to date investi-
gating the circadian rhythmic pattern of P-gp or other drug transporters
in the testes. Although the experimental evidence of circadian gene
expression/activity of P-gp in testis tissue is lacking, we cannot exclude
the possibility of the involvement of P-gp in the observed diurnal vari-
ability in the distribution of everolimus. The highest testis levels of
everolimus at ZT1 may be corresponded to that of lowest efflux function
in BTB.

Chronopharmacokinetics and chronotoxicity of many drugs, espe-
cially drugs used in cancer treatment, have been studied in both
experimental animals and humans (Dallmann et al., 2016; Lévi et al.,
2010; Ohdo et al., 2019; Ozturk et al., 2017). In a recent study,
oxaliplatin-induced myelotoxicity has been found to be dosing-time
dependent. It has been shown that circadian expression and function
of efflux transporter MRP4 (Multi-drug resistance associated protein 4)
in bone marrow cells of mice has caused administration time-dependent
changes in drug disposition and target organ toxicity. Lower oxaliplatin
accumulation in bone marrow cells and consistently lower myelotoxicity
have been detected in mice after injection at the mid-dark phase, during
which the expression levels of MRP4 increased (Kato et al., 2020). Sig-
nificant dosing time-dependent toxicity was reported with fenvalerate
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on reproductive function of male rats (Qin et al., 2012). Better tolerance
by mice treated during the light-resting span was observed with lowest
mean body weight loss, neutropenia and fastest hematology recovery
(Filipski et al., 2004). Carboplatin treatment at 06.00 was associated
with significantly greater thrombocytopenia than at 18.00 in patients
with advanced ovarian carcinoma (Kerr et al.,, 1990). Thus,
chrono-modulated approaches are of clinical interest since it appears to
provide an opportunity to optimize drug therapy especially for anti-
cancer medications by maximizing their efficay and minimizing severe
side effects and toxicity.

It has been reported that tolerability of many anticancer drugs may
be modified by circadian timing up to 10-fold in preclinical and clinical
studies. Strikingly, optimal antitumor efficacy usually result from drug
administration at the circadian time when the drug tolerability was best
(Filipski et al., 2014; Lévi et al., 2010; Li et al., 2005). A study by
Okazaki et al. (2014) has reported that the survival rate of
tumor-bearing mice was higher when everolimus was administered at
ZT12 (~ZT13) than ZTO (~ZT1) in renal carcinoma model. In a word,
there was a good accordance between our results and that of Okazaki
et al. where they showed that everolimus dosing time at the beginning of
the dark span seemed to be optimal, corresponded to the longest survival
span. Since our results showed that everolimus tolerability in healthy
mice was better at ZT13 as compared to ZT1, we can suggest that
improved efficacy was observed in tumor-bearing mice when ever-
olimus was given near its respective time of best tolerability (in terms of
reproductive toxicity).

As a conclusion, we may suggest that the severity of everolimus-
induced toxicity in testes varies significantly according to the adminis-
tration time along the 24-h time scale. The findings are considerable in
terms of revealing the dosing time-dependent testicular toxicity of
everolimus in mice, which has been greater when everolimus adminis-
tered at early rest-span (daytime-ZT1, i.e. the worst time) than early
activity-span (nighttime-ZT13, i.e. the best time). Our findings support
the concept of everolimus chronotherapy for minimizing drug-induced
toxic effects on reproductive system and increasing the tolerability of
everolimus, by optimizing the dosing schedule in male patients at
reproductive age, under the risk of infertility on long-term use of ever-
olimus. Yet, further studies are needed to understand the underlying
mechanisms for this diurnal variation in the severity of everolimus-
induced testicular toxicity, and clinical trials to address this issue
should be urged.
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