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Chemotherapeutic-caused liver toxicity hinders
nanomedicine development;
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Few nanomedicines are approved for clinical cancer treatment as only about 0.7% (median) of nanoparticles
enter solid tumors. Nanomedicine as the second medication is usually used in cancer treatment after
chemotherapy, immunotherapy surgery, or radiotherapy treatment. is currently
unpredictable whether the priority treatment enhances or reduces the therapeutic effect of
nanomedicine. Here, by considering prior chemotherapy (5-FU or cisplatin treatment), immunotherapy
(IL-2, IL-6, or IL-21-treatment), or phosphate-buffered saline (PBS treatment), we compared the
biodistribution of AuNPs in the liver, spleen, kidney, and tumor. We found that the accumulation of

However, it

AuUNPs in the liver and spleen increased in cisplatin pretreatment compared to the PBS treatment, while
there was no significant effect on the accumulation of AuNPs in the tumor due to cisplatin-induced
significant liver damage while other treatments did not change the biodistribution of AuNPs in the liver,
spleen, kidney, and tumor. These results indicated that cisplatin pretreatment is not suitable for
subsequent nanomedical cancer therapy. Our work opens a new insight to design low-toxicity

rsc.li/rsc-advances

Introduction

Engineering nanoparticles for delivering chemotherapy drugs
can improve therapeutic efficacy over conventional chemo-
therapy in cancer treatment but few nanoparticles have been
approved for clinical applications.™ One reason is that too few
nanoparticles enter solid tumors. A meta-analysis data showed
that about 0.7% (median) of nanoparticles were successfully
delivered into solid tumors, which may be because of the
mononuclear phagocytic system, where a combination of
cellular and physical properties lead to the sequestering of most
of the nanoparticles.>® Previous studies showed that when
nanoparticles entered the liver, the flow rate of the nano-
particles slowed 1000 times in the liver sinusoid. Most of the
nanoparticles were taken up by hepatic Kupffer cells, B cells,
and endothelial cells.” Manipulating the size, shape, or surface
modification of nanoparticles is the most common method to
prevent phagocytic uptake by the liver, but this still has finite
potential to solve the phagocytic uptake for promoting nano-
medicine therapy in clinical uses. Therefore, nanoparticle
treatments are usually used as second medication in cancer
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chemotherapy to be applied before nanomedicine.

treatment after chemotherapy, immunotherapy, surgery, or
radiotherapy treatment.

Chemotherapy and immunotherapy are the priority treat-
ments for cancer patients.**® Chemical drugs usually lead to
different liver toxicities, causing toxicity of hepatic Kupffer cells,
B cells, endothelial cells, and hepatocytes. Cisplatin is the first
FDA-approved metal-based anticancer drug, the mechanisms of
which include the generation of DNA lesions by interacting with
purine bases on DNA, forming reactive oxygen species (ROS),
and activating several signal transduction pathways to cause
cell apoptosis. However, cisplatin induces side effects in the
body, such as hepatotoxicity, nephrotoxicity, gastrointestinal
toxicities, and renal toxicity."'> Besides, 5-fluorouracil (5-FU) is
also widely used in cancer treatment. 5-FU can catabolize
dihydropyrimidine dehydrogenase to dihydrofluorouracil in the
liver, which inhibits thymidylate synthase and the incorpora-
tion of its metabolites into RNA and DNA. 5-FU also shows side
effects on immune inhibition and liver damage.'** Cytokines
and cytokine receptors have been extensively investigated as
immunotherapy for cancer patients.® Enhancing the growth
inhibitory and immunostimulatory effects of interferons and
interleukins (IL-2, IL-21, IL-7, IL-12, and IL-15), as well as
inhibiting the inflammatory and tumor-promoting actions of
cytokines (IL-6, TNF, and IL-1B) are common preclinical thera-
peutic strategies. Cytokine-based therapies show potential
immune-related toxicities.'*>°

Currently, nanoparticle treatments are used as the second
medication in cancer treatment after chemotherapy and
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immunotherapy. Nanomedicine is usually utilized with cancer
patients with a damaged liver due to the toxicity of chemo-
therapy or immunotherapy. The liver is the largest organ and
central organ for taking up nanoparticles. Investigating the
relationship between nanoparticles and the liver would be
beneficial for tumor treatment. Therefore, there are two thorny
questions: (I) is there a difference in the nanoparticle uptake
between the normal liver and damaged liver? (II) Does the
damaged liver impact nanoparticles entering to the solid
tumor?

To address these questions, we pretreated tumor-bearing
mice with an acute chemotherapy treatment (5-FU or
cisplatin-treated mice) or immunotherapy (IL-2, IL-6, or IL-21-
treated mice), which may cause damaged liver. Then, we
injected gold nanoparticles (AuNPs) and investigated the bio-
distribution of AuNPs in the liver, spleen, kidney, and tumor.
The results showed that cisplatin pretreatment increased the
levels of ALT and AST in serum, indicating serious toxicity of the
liver, which led to more AuNPs accumulation in the damaged
liver than in the normal liver. The 5-FU-, IL-2-, IL-6-, or IL-21-
treated mice displayed a slight toxicity of the liver, which
showed no differences in AuNPs accumulation in the liver

A i.p. injection
Control (PBS)
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between the treated group and the control group. The results
also showed that the treatments did not impact the bio-
distribution of AuNPs in the spleen, kidney, and tumor. These
results indicated that cisplatin pretreatment was not suitable
for nanomedical cancer therapy, which is essential for the
translation and utility of nanotechnology for treating cancer.

Experimental section
General materials

The main materials were 5-fluorouracil (5-FU) (Cat. No. S1209,
Selleck Chemicals LLC), cisplatin (Cat. No. 15663-27-1, Merk),
IL-2 mouse (Cat. No. HY-P7077, MedChemExpress LLC), IL-6
mouse (Cat. No. HY-P7063, MedChemExpress LLC), IL-21
mouse (Cat. No. HY-P7078, MedChemExpress LLC).

Synthesis of AuNPs

Polyethylene glycol-modified AuNPs were synthesized as previ-
ously reported.®** Briefly, 600 puL 1% chloroauric acid (HAuCl,)
(R020207-5g, RHWN) was added to 60 mL Milli-Q water and
brought to boiling. Next, 240 pL 1% sodium citrate tribasic
dihydrate (C8532-500G, Sigma-Aldrich) was added to the

S.C. injection 5-FU 30mg/kg i.v. injection
MC38 Tumor Cisplatin 5mg/kg AuNPs
e ) -0 1 2 4 5 day
B Examination
*
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251 ] 03 I 5-FU
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Spleen
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Fig.1 Biodistribution of AuUNPs with control (PBS), 5-FU, and cisplatin treatment. (A) Schematic illustration of the MC38 mouse tumor model with
the control, 5-FU, and cisplatin treatment, and AuNPs treatment. (B) Au-content in the liver, spleen, kidney, and tumor by ICP-MS (n = 4 or 5).
Data presented as the mean £ S. E. M. Statistical analysis was performed by Student’s two-tailed t-test. *p < 0.05.
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Fig. 2 Physiological index with control (PBS), 5-FU, and cisplatin treatment. (A) Body weight changes of the mice treated with the control, 5-FU,
and cisplatin as per Fig. 1A (n = 5). Data presented as the mean =+ S. E. M. Statistical analysis was performed by Student's two-tailed t-test. ***p <
0.001. (B) Organ weight of the mice treated with the control, 5-FU, and cisplatin (n = 5). Data presented as the mean + S. E. M. Statistical analysis
was performed by Student's two-tailed t-test. *p < 0.05, **p < 0.01, ***p < 0.001. (C) Histology of the liver, spleen, and kidney of mice treated
with the control, 5-FU, and cisplatin (n = 5). (D) Plasma ALT and AST levels after treatment with the control, 5-FU, and cisplatin (n = 5). Data

presented as the mean £ S. E. M. Statistical analysis was performed by Student's two-tailed t-test. *p < 0.05.
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solution to synthesize 100 nm AuNPs. The resulting AuNPs were
washed with 0.2 mg mL™" sodium citrate tribasic dehydrate
twice, and resuspended with Milli-Q water. Then, 5 mg AuNPs
were reacted with 5 mg MPEG5000-SH (Ponsure Biotechnology,
China) at 60 °C for 1 h. The AuNPs were washed with PBS
and stored in PBS at a concentration of 10 mg mL ™" and stored
at 4 °C.

Animal models

First, 6-8 weeks old C57BL/6 female mice were purchased from
Charles River Company and housed in the Laboratory Animal
Center of Nantong University (Nantong, China) with a 12 h
light-dark cycle and given sterile water and rodent food ad
libitum. All the animal procedures were performed in accor-
dance with the Guidelines for Care and Use of Laboratory
Animals of Nantong University and approved by the Animal
Ethics Committee of Institutional Animal Care and Use
Committee (IACUC20201201-1001). All the experiments were
performed in compliance with all relevant laws or guidelines:
regulations on the administration of experimental animals,
animal experiment management and technical code, and
technical specification for ethical review of laboratory animal
welfare in China.
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Intraperitoneal injection of the mice with chemotherapy
drugs

The MC38 mouse tumor models were obtained by subcuta-
neous injection with 1 x 10° MC38 cells on the right flank of
C57BL/6 mice. The mice (tumor size 0.5 to 0.7 cm in the largest
diameter) were divided randomly into three groups: control, 5-
FU, and cisplatin (n = 5 for each group). First, the control group
was intraperitoneally (i.p.) injected with 200 pL PBS every day
for three times. The 5-FU group was i.p. injected with 5-FU
(30 mg kg ) every day for three times. The cisplatin group was
i.p. injected with cisplatin (5 mg kg~ ') every day for three times.
After 24 h, all the mice were intravenously (i.v.) injected with
5 mg kg™ ' AuNPs. After 24 h of AuNPs injection, the mice were
sacrificed, and the liver, spleen, kidney, and tumor were
collected for further experiments.

Intraperitoneal injection of the mice with interleukins

The MC38 mouse tumor models were obtained as mentioned
above. The mice (tumor size 0.5 to 0.7 cm in the largest diam-
eter) were divided randomly into four groups: control, IL-2, IL-6,
and IL-21 (n = 5 for each group), which were i.p. injected with
200 pL PBS, IL-2 (100 pg kg™ Y), IL-6 (100 pug kg™ '), IL-21 (100 pg
kg™ ") every day for three times, respectively. After 24 h, all the
mice were intravenously (i.v.) injected with 5 mg kg~ AuNPs.
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Fig.3 Comparing AuNPs accumulation in the normal liver or damaged liver by cisplatin treatment. In the normal liver, AuNPs could flow in the
liver sinusoid, and be taken up by Kupffer cells and endothelial cells. In the liver damaged by cisplatin treatment, cisplatin induced serious toxicity
of the liver. When the AuNPs flowed through the damaged liver, the flow rate of the AUNPs was slower than in the normal liver. The damaged liver
would increase the time and space available to accumulate the AuNPs, which increased the AuNPs accumulation in the damaged liver more than

in the normal liver.
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After 24 h of AuNPs injection, the mice were sacrificed, and the
liver, spleen, kidney, and tumor were collected for further
experiments.

Au content measured by ICP-MS

For Au analysis, the mice were i.p. injected with chemotherapy
drugs. The mice were i.p. injected with interleukins. Then, the
liver, spleen, kidney, and tumors of the mice were collected,
weighed, and dissolved in aqua regia. The content of Au was
measured by inductively coupled plasma-mass spectrometry
(ICP-MS; PerkinElmer NexION 350, PerkinElmer, USA).>

Histological analysis

The histological stainings of the liver, spleen, and kidney were
examined by H & E staining (hematoxylin—-eosin staining Kkit,
E607318, Sangon Biotech, China). The histological images were
captured under an optical microscope.

Biochemical analysis in serum

Serum aspartate aminotransferase (AST) and alanine amino-
transferase (ALT) were analyzed with an analysis kit (Nanjing
Jiancheng Bioengineering Institute, China).
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Statistical analysis

Student's t-test was used for the statistical analysis. The data
were presented as the mean =+ S. E. M., unless otherwise indi-
cated. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, n. s.
indicated no significance.

Results and discussion

To elucidate the effect of chemotherapy on nanomedicine, we
mimicked chemotherapy by an acute treatment of 5-FU, or
cisplatin, and analyzed the accumulation of AuNPs nano-
particles from a whole organ perspective (Fig. 1A). The MC38
mouse tumor models were pretreated repeatedly with the
control, 5-FU, or cisplatin three times, respectively. Then the
mice were intravenously injected with 100 nm polyethylene
glycol-modified gold nanoparticles (AuNPs) (Fig. S11). After 1
d injection of AuNPs, we sacrificed the mice and quantified gold
biodistribution in the tissues by ICP-MS. We found that the
accumulations of AuNPs in the liver and spleen increased
significantly after cisplatin treatment compared with the
control, and the accumulation of AuNPs in the spleen increased
significantly after the 5-FU treatment compared with the control
(Fig. 1B). There were no differences in the accumulations in the
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4 5 day
Examination
Control
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Il L6
Bl IL-21
1.0+ A

Fig. 4 Biodistribution of AuNPs with control (PBS), IL-2, IL-6, and IL-21 treatment. (A) Schematic illustration of the MC38 mouse tumor model
with the control, IL-2, IL-6, and IL-21 treatment, and AuNPs treatment. (B) Au-content in the liver, spleen, kidney, and tumor by ICP-MS (n =4 or

5). Data presented as the mean + S. E. M.
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Fig. 5 Physiological index with control (PBS), IL-2, IL-6, and IL-21 treatment. (A) Body weight changes of the mice treated with the control, IL-2,
IL-6, and IL-21 as per Fig. 3A (n = 5). Data presented as the mean £ S. E. M. (B) Organ weight of mice treated with the control, IL-2, IL-6, and IL-21
(n =5). Data presented as the mean + S. E. M. (C) Histology of the liver, spleen, and kidney of the mice treated with control, IL-2, IL-6, and IL-21 (n

=5).

kidney and tumor among the control, 5-FU, and cisplatin
treatment groups (Fig. 1B). The results indicated that 5-FU and
cisplatin did not affect the AuNPs entering tumors. However,
cisplatin increased the AuNPs entering the liver and spleen,
which indicated that AuNPs accumulated more in the damaged
liver than normal liver.

Next, we investigated the reason of the AuNPs retained more
in the liver after cisplatin treatment than after PBS treatment.
The liver is the largest reticuloendothelial system (RES) organ
and took up most of the administered nanoparticles.**** When
the nanoparticles entered the liver, the flow rate of the nano-
particles slowed 1000 times in the liver sinusoid, and most of
the nanoparticles were taken up by hepatic Kupffer cells, B cells,
and endothelial cells. We hypothesized that the cisplatin-
induced hepatotoxicity reduced the liver clearance of AuNPs.
Therefore, we investigated the toxicity of cisplatin and 5-FU
treatment. The treatment procedure was as the same as shown
in Fig. 1A. The results showed that the body weight decreased
significantly with cisplatin treatment compared with the control
and the 5-FU treatment (Fig. 2A). The weights of the liver,
spleen, and kidney decreased significantly with cisplatin treat-
ment compared with the control and 5-FU treatment, and 5-FU
just caused a slight toxicity (Fig. 2B). We also found that
cisplatin-induced observed hepatocyte necrosis (Fig. 2C).

© 2023 The Author(s). Published by the Royal Society of Chemistry

Finally, the serum ALT and AST levels were elevated. The results
showed that cisplatin treatment significantly increased the
levels of ALT and AST in serum (Fig. 2D).>*** The results showed
that cisplatin induced more serious toxicity of the liver than the
5-FU and the control groups. 5-FU just caused slightly more
toxicity than the control group. There are reasons to believe that
when the AuNPs flow through the damaged liver, the flow rate of
the AuNPs would be slower than in the normal liver. The
damaged liver would increase the time and space available to
accumulate the AuNPs. We predicted that the cisplatin-induced
hepatotoxicity reduced the liver clearance of AuNPs, which
increased the AuNPs accumulation in the damaged liver more
than in the normal liver (Fig. 3).

To elucidate the effect of immunotherapy on nano-
medicine, we used immunotherapy by IL-2, IL-6, or IL-21
treatment, and analyzed the accumulation in the organs. A
schematic illustration of the MC38 mouse tumor models
treated repeatedly with the control, IL-2, IL-6, or IL-21 three
times is shown in Fig. 4A. Then, the mice were intravenously
injected with 100 nm polyethylene glycol-modified AuNPs
(Fig. 4A). After 1 d injection of AuNPs, we sacrificed the mice
and quantified the gold biodistribution in the tissues by
inductively coupled plasma-mass spectrometry (ICP-MS). We
found that the accumulations of AuNPs in the liver, spleen,

RSC Adv, 2023, 13, 7656-7663 | 7661
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kidney, and tumor were not significantly different among all
the groups (Fig. 4B). The results indicated that IL-2, IL-6, and
IL-21 did not affect the AuNPs entering tumors. We also
investigated the toxicity of these chemokines. The results
showed that the body weight and organ weights were not
significantly different in IL-2, IL-6, or IL-21 treatment
compared with the control (Fig. 5A and B). The histology
staining showed that IL-2, IL-6, or IL-21 treatment did not
cause significant toxicity to the liver, spleen, or kidney
(Fig. 5C). These results indicated that IL-2, IL-6, or IL-21
treatment did not affect the accumulation of AuNPs in the
body.

Conclusions

Comparing the biodistribution of AuNPs in the liver, spleen,
kidney, and tumor among the control, chemotherapy, and
immunotherapy, it could be predicted whether the nano-
medicine used or not after the priority treatment strategy failed.
We focused on the questions (I) is there a difference in nano-
particles uptake between the normal liver and damaged liver?
The results showed that when the AuNPs flowed through the
liver damaged by cisplatin treatment, the flow rate of the AuNPs
was slower than in the normal liver. The damaged liver would
increase the time and space available to accumulate the AuNPs.
We predicted that the cisplatin-induced hepatotoxicity reduced
the liver clearance of AuNPs, which increased the AuNPs accu-
mulation in this damaged liver more than in the normal liver;
(I1) does the damaged liver impact nanoparticles entering the
solid tumor? The data showed that the accumulation of AuNPs
in the liver damaged by cisplatin treatment was increased
compared to in the normal liver. However, the accumulation of
AuNPs in the tumor showed no changes. These results indicated
that cisplatin pretreatment was not suitable for subsequent
nanomedical cancer therapy. These findings suggest that low-
toxicity treatment may be the better priority treatment strategy
before nanomedical cancer therapy.
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