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Background and aims: Chronic exposure to chemotherapeutics can lead to severe adverse events
including hepatotoxicity. A combination chemotherapy regimen of doxorubicin (DOX) and cyclophos-
phamide (CPS) is employed in treatment of several cancers such as leukemia, lymphoma, and breast
cancer. It is not well understood whether a combination therapy with DOX and CPS can induce hepa-
totoxicity. We therefore sought to determine whether co-administration of DOX and CPS at their clini-
cally relevant doses and frequency results in hepatotoxicity.
Methods: Male C57BL/6J mice received one intraperitoneal injection of saline or DOX-2 mg/kg and CPS-
50 mg/kg once a week for 4 weeks. After the treatment period, liver histology and various serum bio-
markers of hepatotoxicity were assessed.
Results: Co-treatment with DOX and CPS did not alter the serum levels of alanine aminotransferase
(ALT), alkaline phosphatase (ALP), bilirubin, albumin, globulin, or total protein. Similarly, co-
administration of DOX and CPS did not result in a noticeable change in liver histology. However, it
was notable that the concomitant treatment with DOX and CPS resulted in a significant increase in serum
levels of aspartate aminotransferase (AST). Elevated serum AST levels were also associated with
increased serum creatinine kinase (CK) levels, suggesting that the elevated serum AST levels are likely
due to muscle injury following the co-administration of DOX and CPS.
Conclusions: Taken together, our results, for the first time, suggest that co-administration of DOX and
CPS, at their clinically relevant doses and frequency does not induce a significant hepatotoxicity in the
mice.
© 2021 The Third Affiliated Hospital of Sun Yat-sen University. Publishing services by Elsevier B. V. on
behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Cancer patients are often administered with a combination of
anticancer drugs to improve therapeutic efficacy. Adverse drug
reactions are very common while taking chemotherapeutics,
particularly in patients taking multiple anticancer drugs. For
example, the combination treatment with doxorubicin (DOX) and
cyclophosphamide (CPS), used in the treatment of several cancers
rvices by Elsevier B. V. on behalf of KeAi Communications Co., Ltd. This is an open
c-nd/4.0/).
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Fig. 1. Effect of DOX and CPS combination treatment on liver histology. Liver sec-
tions of control as well as DOX and CPS treated mice were stained with H&E for his-
tological assessment. H&E staining of representative liver sections at 10 � and
20 � magnifications are shown. Abbreviations: CPS, cyclophosphamide; DOX, doxo-
rubicin; H&E, hematoxylin and eosin.
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such as leukemia, lymphoma, and breast cancer, has been shown to
exhibit adverse effects such as cardiac and hematological toxicity.1

However, it is not well understood whether combination treatment
with DOX and CPS results in hepatotoxicity. While serum
biomarker analysis is the mainstay to detect hepatotoxicity in
humans, both serum biomarkers and histopathological analyses are
employed to detect hepatotoxicity in pre-clinical animal studies.
Serum biomarkers of hepatic dysfunction include altered levels of
alanine aminotransferase (ALT), aspartate aminotransferase (AST),
alkaline phosphatase (ALP), bilirubin and albumin.2,3

Studies report conflicting evidence for the hepatotoxic potential
of monotherapy of DOX or CPS in humans. While some studies
suggested that DOX or CPS alone can cause hepatic injury in cancer
patients, other studies claimed that monotherapy of DOX or CPS at
clinically relevant dosages has a low potential to induce hepato-
toxic effects.4e6 It has been reported that DOX or CPS, when
administered within the maximum tolerated dose, can cause hep-
atotoxicity in rats.7e9 However, it is important to note that the
dosages of these drugs used in the rat studies were beyond the
clinically relevant doses. Together, the above published studies
convey confounding results whether or not monotherapy of DOX or
CPS alone can cause hepatotoxicity in humans or rodents.

To date, one study reported the potential hepatotoxic effect of
co-administration of DOX and CPS in a small sample of human
cancer patients.10 However, this study partially analyzes the typical
serum biomarker profile of hepatotoxicity and falls short of
studying liver histology to detect hepatotoxicity at the microscopic
level. Notably, there are no published reports on whether a clini-
cally relevant combination treatment with DOX and CPS has the
potential to induce hepatotoxicity in rodents. Therefore, a study
exploring the hepatotoxic effect of concomitant administration of
DOX and CPS at a clinically relevant treatment regimen is needed.

In this study, we sought to determine whether the standard
combination treatment with DOX and CPS has the potential to
induce hepatotoxicity in C57BL/6J mice. Serum markers indicative
of liver injury as well as liver histology were examined after co-
administration of four cycles of DOX and CPS. For the first time,
our results suggest that a clinically relevant combination treatment
with DOX and CPS does not induce hepatotoxicity in a rodent
model.

2. Materials and methods

2.1. Materials

DOX and CPS were purchased from Sigma (St. Louis, MO, USA)
and reconstituted in saline prior to administration in mice.

2.2. Animals and treatment

Eight weeks old male C57BL/6J mice weighing 25e35 g were
housed in a temperature-controlled room with a 12-h day and
night cycle with access to food and water ad libitum. The mice
received humane care and in vivo experiments were carried after
obtaining appropriate approvals from Auburn University's Institu-
tional Animal Care and Use Committee (IACUC). To determine the
potential hepatotoxic effect of DOX and CPS combination treat-
ment, the mice received intraperitoneal (i.p.) injection of saline
(n ¼ 6) or chemotherapeutics (DOX-2 mg/kg and CPS-50 mg/kg)
(n ¼ 6), one injection per week for 4 weeks.

2.3. Tissue collection and processing

After 4 weeks of treatment, the mice from both control and
chemotherapy groups were euthanized through CO2 inhalation.
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Trunk blood was collected through decapitation, and serum was
separated for serum biomarker analysis. The livers were collected
and processed for histological analysis.
2.4. Serum biomarker analysis

Serum ALT and AST concentrations were measured using a
colorimetric enzymatic assay established and validated on the c 311
biochemistry analyzer (Roche, Indianapolis, IN, USA) at the Auburn
University Clinical Pathology Laboratory. Serum was also used to
test for other markers indicative of hepatotoxicity such as total
protein, albumin, and globulin. Serum ALP and bilirubin levels were
also assessed using the same method and instrument used for ALT
and AST measurements.
2.5. Liver histology analysis

The representative liver sections were collected from various
liver lobes, fixed in 10% neutral buffered formalin and paraffin
embedded. Five mm thick liver sections were cut and stained with
hematoxylin and eosin (H&E) for histological assessment.
2.6. Data and statistical analysis

Data are shown as themean± standard error of themean (SEM).
Analyses were performed using Prism-V software (La Jolla, CA,
USA). The significance of the differences between groups was
evaluated by Student's t-test. P < 0.05 was determined to be sta-
tistically significant.
3. Results

3.1. Effect of DOX and CPS combination treatment on liver histology

Co-administration of DOX and CPS did not result in a noticeable
change in the liver histology at the end of the 4-cycle treatment as
shown by H&E staining (Fig. 1).
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3.2. Effect of DOX and CPS combination treatment on serum
biomarkers of liver function

Co-administration of DOX and CPS did not significantly alter the
serum levels of bilirubin, albumin, globulin, and total protein
(Table 1) at the end of the 4-cycle treatment. However, co-
administration of DOX and CPS significantly increased AST levels
as well as CK levels.
4. Discussion

Co-administration of DOX and CPS is considered a standard
chemotherapy in many cancer patients including breast cancer
patients, and has been shown to improve disease outcome
compared to monotherapy of DOX or CPS alone.11 However, the
considerable side effects associated with these chemotherapeutic
agents should also be considered during combination treatment. As
most drugs undergo metabolism by the liver, damage to this organ
often occurs during cytotoxic chemotherapy.12 However, the hep-
atotoxic effect of the combination therapy with these drugs is not
well understood. Therefore, in this study, we set to determine
whether the co-administration of DOX and CPS would induce
hepatotoxicity in a healthy murine model at the end of a 4-cycle
treatment.

We followed the clinically relevant treatment regimen of DOX-2
mg/kg and CPS-50 mg/kg once a week for 4 weeks in C57BL/6J
mice.13 Additionally, we followed the published studies for the
intraperitoneal route of administration of DOX and CPS.14e16

Following the treatment, livers were collected for gross and histo-
logical evaluation. Serum was also collected, and various serum
markers of liver injury were measured. The co-administration of
DOX and CPS, at their clinically relevant dosages, neither produced
noticeable changes in liver histology nor significantly increased the
serum levels of ALT, ALP, bilirubin, or total protein. These results
suggest that a clinically relevant combination treatment with DOX
and CPS does not induce hepatotoxicity at the end of a 4-cycle
treatment. However, the concomitant treatment with DOX and
CPS resulted in a significant increase in serum levels of AST and CK.
The increase in AST and CK levels is most likely an indication of
muscle injury after combination treatment. Indeed, previous
studies have shown that DOX and CPS, depending on the dosage
and frequency of dosing, can cause injury to and impair the func-
tion of cardiac/skeletal/smooth muscles.17e20 Additionally, several
studies have shown that the clinically relevant combination treat-
ment with DOX and CPS can induce cardiac toxicity and cognitive
deficits.21,22 In our study, we implemented the commonly used and
clinically relevant therapeutic regimen of CPS and DOX that causes
Table 1
Effect of DOX and CPS combination treatment on serum levels of total

Serum parameters Control

Total protein (g/dL) 5.81 ± 0.07
Albumin (A) (g/dL) 3.47 ± 0.05
Globulin (G) (g/dL) 2.33 ± 0.06
A/G Ratio 1.47 ± 0.04
ALP (U/L) 67.77 ± 3.64
ALT (U/L) 137.67 ± 27.02
AST (U/L) 536.67 ± 12.82
CK (U/L) 29,997 ± 231
Bilirubin (mg/dL) 0.08 ± 0.01

Results are presented as the mean ± SEM (n ¼ 6). The significance of t
*P < 0.05 vs. the control group.
Abbreviations: ALP, alkaline phosphatase; ALT, alanine aminotransfe
cyclophosphamide; DOX, doxorubicin; SEM, standard error of the mean
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cardiac toxicity, and found that the combination treatment does not
cause a noticeable hepatotoxicity.

The hepatic effect of DOX and CPS could be confounded by
several factors such as age, gender, race, ethnicity, cancer patho-
genesis, and other combinatorial drugs or supplements taken in
addition to DOX and CPS. For example, in a retrospective study of
human breast cancer patients administered with 4 cycles of DOX
and CPS, only 8 Chinese patients, out of the 85 patients, 9.4%
developed hepatitis (as indicated by raised ALT activity) during the
combination chemotherapy.23 It is possible that other confounding
factors could have also contributed to the development of acute
toxicity. The authors pointed out that race or ethnicity on drug
response should be considered, as there are documented differ-
ences between Chinese and Caucasians in the plasma binding and
hepatic drug metabolism, and in this study, it was the Chinese
participants that developed acute toxicity. Additionally, this
observed chemotherapy-related toxicity could also be attributed to
factors such as lower body mass index with higher percentage of
body fat composition, and the popular practice of concurrent
alternative medicine during chemotherapy in these Chinese
patients.

As this study only explored the effects of DOX and CPS in healthy
animals, there may exist some degree of variability if this chemo-
therapy protocol was administered to tumor-bearing animals. It is
important to note that the immune status in healthy mice is
different from tumor-bearing mice. As a result, it is likely that this
differential immune status may alter the hepatic effect of DOX and
CPS. Therefore, future studies are needed to explore the effects of
DOX and CPS on cancer xenograft model of relevant cancer types.
The present study does not take into account other drugs, such as
antibiotics and analgesics, as well as other factors such as hepatic
viruses that can play a role in making the patients more susceptible
to the development or exacerbation of liver injury. Future studies
are warranted to study this chemotherapy protocol in a healthy as
well as a tumor-bearing animal or an animal receiving other drugs
in addition to DOX and CPS.

In our study, the biomarkers of hepatotoxicity were measured at
the end of the clinically relevant treatment period, which included
4 cycles of DOX and CPS administration. We did not measure the
biomarkers of hepatotoxicity after each cycle of DOX and CPS
administration. Although we did not notice a significant hepato-
toxicity at the end of the 4 cycles of treatment period, it could not
be ruled out that the mice may have developed acute hepatic
toxicity during the treatment period, and that the mice may have
recovered from the early liver injury by the time point when the
biomarkers were studied. Although the dosage and frequency of
administration of DOX and CPS used in our study is clinically
relevant, DOX and CPS administration could run from 2 to 6 cycles
protein, albumin, globulin, ALP, ALT, AST, CK, and bilirubin.

Combination treatment with DOX and CPS

6.01 ± 0.09
3.35 ± 0.03
2.67 ± 0.08
1.30 ± 0.04
62.93 ± 1.35
111.67 ± 3.66
633.33 ± 21.39*
33,268 ± 141*
0.06 ± 0.01

he differences between groups was evaluated by Student's t-test.

rase; AST, aspartate aminotransferase; CK, creatine kinase; CPS,
.
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at various doses.24 Future studies are needed to determine the
dosage and frequency dependent hepatic effects of DOX and CPS. In
the future, we are interested in conducting a comprehensive study
in tumor-bearing mouse model with varying doses and cycles of
DOX and CPS administration to study the hepatic effect of DOX and
CPS co-administration.

Furthermore, our study included a sample size of 6 to test the
hepatotoxic effect of DOX and CPS at a clinically relevant combi-
nation treatment regimen. Future studies are needed with an
increased cohort size. Our study included only male mice. There-
fore, to determine the sex as a biological variable, it will be inter-
esting to examine whether the effect of DOX and CPS is sexually
dimorphic.

5. Conclusion

For the first time, our results suggest that the co-administration
of DOX and CPS, at their clinically relevant regimen, does not cause
a significant hepatotoxicity in the healthy mouse model at the end
of a 4-cycle treatment.
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