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Background: Nanocarrier platforms have been indicated to have great potential in clinical practice to treat non-small cell lung cancer
(NSCLC). Our previous Phase III clinical study revealed that polymeric micellar paclitaxel (Pm-Pac) is safe and efficacious in
advanced NSCLC patients. However, the histopathological-toxicological profile of Pm-Pac in mammals remains unclear.

Methods: We examined the Pm-Pac-induced antitumour effect in both A549/H226 cells and A549/H226-derived xenograft tumour
models.. And then, we evaluated the short-term and long-term toxicity induced by Pm-Pac in healthy Sprague-Dawley (SD) rats. The
changes in body weight, survival, peripheral neuropathy, haematology, and histopathology were studied in SD rats administered Pm-
Pac at different dosages.

Results: In the A549-derived xenograft tumour model, better therapeutic efficacy was observed in the Pm-Pac group than in the
solvent-based paclitaxel (Sb-Pac) group when an equal dosage of paclitaxel was administered. Toxicity assessments in healthy SD rats
indicated that Pm-Pac caused toxicity at an approximately 2- to 3-fold greater dose than Sb-Pac when examining animal body weight,
survival, peripheral neuropathy, haematology, and histopathology. Interestingly, based on histopathological examinations, we found
that Pm-Pac could significantly decrease the incidences of paclitaxel-induced brain and liver injury but could potentially increase the
prevalence of paclitaxel-induced male genital system toxicity.

Conclusion: This study introduces the toxicological profile of the engineered nanoparticle Pm-Pac and provides a novel perspective
on the Pm-Pac-induced histopathological-toxicological profile in a rat model.
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Background

Non-small cell lung cancer (NSCLC) is a disease that causes one of the most malignant types of tumours and accounts
for the vast majority of cancer deaths worldwide.' ™ In the past few decades, the development of NSCLC treatments has
greatly improved, and the overall survival (OS) of NSCLC patients has remarkably increased.*® Currently, multiple
therapeutic modalities (such as chemotherapy, antiangiogenic therapy, tyrosine kinase inhibitor (TKI) therapy, immu-
notherapy, and photodynamic therapy) are used in clinical practice.”® However, chemotherapy still plays an important
role as the cornerstone of NSCLC therapy.”' Although novel therapeutic modalities, including immunotherapy, TKI
therapy, and antiangiogenic therapy, have been developed, the objective response rate (ORR) will be enhanced
significantly when these therapies are combined with chemotherapy.”!'™"* Thus, a conundrum continues to preclude
clinical practice; that is, although chemotherapy is the standard for NSCLC treatment, the main adverse event of therapy-
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induced toxicity remains a difficult challenge that limits the dosages of chemotherapeutic drugs used clinically.
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Graphical Abstract
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Deliver the paclitaxel via Pm

With the development of nanotechnology, multiple nanocarrier platforms have been used to improve anticancer drug
delivery efficiency.'*'” However, it is still debatable whether the delivery pattern of nanoparticle-enveloped chemother-
apeutic drugs can reduce toxicity and improve efficacy.'® Several studies have demonstrated that these nanocarriers play
a potential role in reducing chemotherapy-induced toxicity.'*'> However, only a few studies have demonstrated the
effectiveness of nanocarriers in clinical trials.'®'*>* Solvent-based paclitaxel (Sb-Pac) has been used to treat NSCLC
clinically in recent decades. However, Sb-Pac-induced toxicity has limited increasing the dosage in clinical practice. Our
previous study reported that polymeric micelles (Pm) nanoparticles are among the few paclitaxel nanocarrier platforms
that have excellent clinical performance.'®* Evaluation of the clinical trial data showed that polymeric micellar
paclitaxel (Pm-Pac, 230 mg/m?) as a first-line therapy can effectively improve the ORR and progression-free survival
(PFS) of NSCLC patients with no additional toxic effects occurring after the dosage (standard: 175 mg/m?) of paclitaxel
increased.'” However, the disadvantage of clinical trials is that the histopathological information of Pm-Pac-induced
toxicity to patients cannot be collected. Understanding the detailed toxicity profile of Pm-Pac in animals will provide
potential evidence for future clinical strategy exploration. Therefore, in this study, Sprague—Dawley (SD) rats were used
to evaluate the toxic effects induced by Pm-Pac from multiple perspectives, including body weight, peripheral neuro-
pathy symptoms, histopathological profile, and organ, haematological, and biochemical indices.

Methods

Preparation of Pm-Pac Nanoparticles

First, 26.5 g of PEG (Mw 2000) (Macklin, China), 25.8 g of DL-lactide (Aladdin, USA), and 1 mL of stannous octoate
(0.1 g/mL) (Sigma, USA) were added to an Erlenmeyer flask. Then, 100 mL of dichloromethane (Aladdin, USA) was
added as the reaction solvent. The standardized procedure was as follows. Vacuum drying at 80 °C was performed for 6
hours to remove the residual water and dichloromethane. The Erlenmeyer flask was then hermetically sealed under
vacuum conditions, and vacuum incubation in an oil bath (Yiheng, China) was carried out at 180 °C for 1 hour. After
breaking the Erlenmeyer flask, 50 mL of H,O was added and the sample was vortexed at room temperature for 24 hours.
Incubation at 70 °C for 1 hour was performed to collect the polymer precipitate before vacuum drying to remove the
residual H,O. Then, 20 mL of dichloromethane was added, and the mixture was centrifuged at 10,000 r/min for 10
minutes. The supernatant was separated, and 500 mL of anhydrous ether (Shanghai Pharmaceutics, China) was added to
precipitate mPEG 2000-PLA. mPEG 2000-PLA was vacuum dried at room temperature for 24 hours to remove the

264 https: International Journal of Nanomedicine 2023:18
Dove!


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

Dove Lu et al

residual anhydrous ether and dichloromethane (patent no. CN102181048, Shanghai Yizhong Biotechnical Co., Ltd.).
Then, 2.5 g of mPEG 2000-PLA and 0.7 g of paclitaxel (Sigma, USA) were added to an Erlenmeyer flask with 100 mL
of acetonitrile as the reaction solvent. Then, the standardized procedure was as follows. Vacuum drying at 50 °C was
performed for 2 hours. Next, 50 mL of PBS (pH = 7.0, 20 mM) was added and the solution was filtered through a 0.22
pm membrane before freeze-drying to obtain Pm-Pac (patent no. CN102218027, Shanghai Yizhong Biotechnical Co.,
Ltd.). High-performance liquid chromatography (HPLC) (Thermo, USA) was used to evaluate the encapsulation rate.
The diameter of Pm-Pac was detected with a NICOPM 380ZLS particle size analyser (PSS, USA) (Figure 1).

Evaluation of Pm-Pac Efficacy in vitro and in vivo

All in vitro and in vivo experiments were approved by the ethics committee of Shanghai Chest Hospital, School of
Medicine, Shanghai Jiao Tong University. For cell assays, A549 and H226 cells were obtained from the Shanghai Institute
of Biochemistry and Cell Biology. The viability and apoptosis of the NSCLC cell lines were assessed via a CCKS8 kit
(Dojindo, Japan) and an Annexin V-FITC/PI Apoptosis kit (Zoman Biotechnology, China) according to the manufacturer’s
protocols. Briefly, for viability determination, 1500 cells per well were cultured in 96-well plates. The cells were exposed to
different concentrations (50 pg/mL, 10 pg/mL, 4 pg/mL, 0.4 pg/mL, 0.08 pg/mL, and 0.016 pg/mL) of Pm, Pm-Pac, and
Sb-Pac (Chongqing Laimei, China) for 24 hours, and then the absorbance was measured at 450 nm with
a spectrophotometric plate reader (Bio-Tek, USA) after incubation with CCK8 reagent. For apoptosis assessments, 10°
cells were cultured in 6-well plates for 12 hours. Then, the cells were exposed to 0.4 pg/mL Pm, Pm-Pac, and Sb-Pac for 24
hours. Cells were stained with propidium iodide (PI) and annexin V-FITC simultaneously and then analysed by flow
cytometry (BD LSRFortessa, USA). Establishment of the xenograft tumour model was performed according to our previous
study.” Briefly, male BALB/c nude mice (aged 4-6 weeks) were purchased from Shanghai Laboratory Animal Center,
Shanghai, China. A total of 10" A549/H226 cells mixed with 100 uL of saline was subcutaneously injected into the right
fore-lateral abdomen of each mouse. For the A549-derived animal model, after 3 days of culture, mice with cell-derived
xenograft tumours were assigned to 6 groups [Control (Ctrl): saline, 0.2 mL/mouse; Pm: 0.2 mL/mouse; Sb-Pac: 20 mg/kg
BW; Pm-Pac (low): 10 mg/kg BW; Pm-Pac (medium): 20 mg/kg BW; Pm-Pac (high): 50.0 mg/kg BW] at equivalent
dosages according to body weight. Each mouse received the one treatment every three days (on Day 0, Day 3, Day 6, Day
9, Day 12, Day 15, Day 18, and Day 21), and then the mice were sacrificed on Day 22. For the H226-derived animal model,
the processes of group and administration are similar, and then the mice were sacrificed on Day 31. Tumour volume was
measured three times per week and was calculated based on the following formula: volume = length x width"2/2.
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Animals and Treatments

In total, 120 SD rats (including 60 males and 60 females) were purchased from Zhejiang Laboratory Animal Center,
Hangzhou, China. Male rats weighing 200 + 10 g and female rats weighing 160 = 10 g were left undisturbed to acclimatize
for 1 week before the experiments. Sixty rats (30 male and 30 female) were assigned to evaluate short-term toxicity, and the
other 60 rats (30 male and 30 female) were assigned to evaluate long-term toxicity. For each toxicity study, sixty rats were
assigned to 6 groups [Ctrl: saline, 15.0 mL/kg BW; Pm: 15.0 mL/kg BW; Sb-Pac: 7.0 mg/kg BW; Pm-Pac (low): 14.0 mg/kg
BW; Pm-Pac (medium): 23.7 mg/kg BW; Pm-Pac (high): 40.0 mg/kg BW] according to the equivalent factors of sex and body
weight. For the assessment of short-term toxicity, each rat received the appropriate treatment once a week for 5 consecutive
weeks, and then the mice were sacrificed to determine the organ indices and evaluate organ injury. For the assessment of long-
term toxicity, the rats received the same treatments as above for the first 5 weeks and were then allowed to recover for 6 weeks.
Finally, the rats were sacrificed to determine the organ indices and evaluate organ injury. All protocols involving animals
complied with the national guidelines for the care and use of laboratory animals (Ministry of Health, P.R. China, 1998).

Dosage Determination of Toxicological Assessment

According to the from BALB/c nude mice results (effective dose = 20 mg/kg BW), the equivalent dose for rats was
determined to be 14 mg/kg BW according to a previously introduced method.** According to our preexperiment, the
body weights of the rats decreased significantly after continuous injection of Pm-Pac (56 mg/kg BW) three times a week.
Therefore, we decided on a Pm-Pac dosage of 40 mg/kg BW for the high-dosage experimental group. According to
Kadota T et al*®> we used a Sb-Pac dosage of 10 mg/kg BW in the positive control group.

General Observations

During the experiment, the animal body weights were recorded once a week. Peripheral neuropathy symptoms (including
fatigue, general weakness, lying prostrate, tachypnoea and closing eyes) were monitored for 4 hours after drug
administration, and then these indicators were checked every day thereafter. Peripheral neuropathy symptoms (including
diarrhoea, alopecia, reversal of the hind legs, muscle stiffness, and death) were recorded every day. If the rats
experienced peripheral neuropathy symptoms, including fatigue, diarrhoea, alopecia, reversal of the hind legs, muscle
stiffness, death, general weakness, lying prostrate, tachypnoea, and closing eyes, the frequency and degree were recorded.
The ratios of the symptoms that occurred were calculated at the end of the experiments.

Organ Weights and Indices

In total, 31 organ samples [including the heart, aorta, spinal cord, lung, kidney, bladder, uterus, ovary, mammary gland,
salivary gland, oesophagus, pancreas, adrenal gland, thyroid, parathyroid gland, ischiadic nerve, brain, trachea, stomach,
small intestine, large intestine, testis, epididymis, liver, spleen, pituitary gland, prostate, thymus, bone, lymph nodes, and
administration site (tail)] were collected after finishing the experimental process. Every organ was weighed, and the
organ indices were calculated ((organ weight/body weight) x 100%).

Evaluation of Haematological Indices

Rats were fasted 12 hours before blood collection. The red blood cell (RBC), haematocrit (HCT), platelet (PLT), mean
platelet volume (MPV), white blood cell (WBC), mean corpuscular volume (MCV), mean corpuscular haemoglobin
(MCH), mean corpuscular haemoglobin concentration (MCHC), and red blood cell distribution width (RDW) were
determined by laser scattering spectroscopy. Neutrophil (NEUT), lymphocyte (LYMPH), monocyte (MONO), eosinophil
(EOS), and basophile (BASO) counts were measured by catalase staining. Reticulocyte (RETIC) evaluations were
carried out by RNA staining, haemoglobin (HGB) was assessed by colorimetry, and the prothrombin time (PT) was
determined by the agglutination method.
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Evaluation of Blood Biochemical Indices

Rats were fasted 12 hours before blood collection. Aspartate aminotransferase (AST), alanine aminotransferase (ALT),
alkaline phosphatase (ALP), and creatine kinase (CK) were examined using International Federation of Clinical
Chemistry (IFCC)-guided methods. Blood urea nitrogen (BUN) and triglycerides (TGs) were assessed by
a colorimetric method, creatinine (CREA) was evaluated by the Jaffé’s method, and total protein (T.P) was determined
by the Biuret method. Moreover, albumin (ALB) was investigated by the bromocresol green method, glucose (GLU) was
studied by the hexokinase method, total bilirubin (T.BIL) was evaluated by the vanadic acid oxidation method, and total
cholesterol (T.CHO) was determined by the Folin method.

Histopathological Observations

Fresh organs were fixed in 4% PFA for 10 hours and then embedded in molten paraffin. Tissue sections approximately 5
pm thick were deparaffinized and then stained with haematoxylin and eosin (HE) for histological examinations.
Histological observations of various organ sections were made under a light microscope at a magnification of 100x
(Olympus, Japan). Evaluation of the histopathological images was performed with a pathological image analysis system
(Pixer, USA).

Statistical Analysis

The data are presented as the mean + standard deviation. Differences between groups were analysed using one-way
analysis of variance (ANOVA) and Duncan’s multiple range tests. A P value < 0.05 indicated a significant difference
between groups.

Results

Preparation and Antitumour Efficacy of Pm-Pac

The preparation of the nanoparticle Pm-Pac is illustrated in Figure 1. First, mPEG 2000-PLA was synthesized by the
designed reaction between PEG-Mw 2000 and DL-lactide. Second, the self-assembly of mPEG 2000-PLA and paclitaxel
was performed to obtain Pm-Pac with a size of =25.4 nm and encapsulation efficiency of ~96.5%. Cell viability analysis
suggested that Pm-Pac can induce slightly more inhibitory efficacy than Sb-Pac in the NSCLC cell lines A549 and H226
in vitro (Figure 2A and B). Cell apoptosis analysis suggested that Pm-Pac can induce more A549 and H226 cell apoptosis
than Sb-Pac in vitro (Figure 2C and D). Furthermore, we performed an in vivo experiment to evaluate the antitumour
efficacy of Pm-Pac. Compared with Sb-Pac, Pm-Pac showed markedly enhanced tumour growth inhibition efficacy in an
A549-derived xenograft tumour model (Figure 2E and F). These results suggested that the nanoparticle Pm-Pac has
potential application value for improving the therapeutic efficacy of paclitaxel, but the toxicity profile of Pm-Pac is still
unclear.

Effects of Pm-Pac on Body Weight, Peripheral Neuropathy and Organ Indices from the

Short-Term Toxicological Observations

In this study, we evaluated the toxic effects of Pm-Pac on healthy SD rats. After the administration of Pm-Pac and Sb-Pac
once a week for 5 consecutive weeks, we found that the body weights of the rats in the treatment groups decreased
significantly compared to those in the Ctrl and Pm groups. Among the treatment groups, the body weights of the rats who
were administered Pm-Pac (40 mg/kg) decreased more remarkably, suggesting that potential intolerable toxicity occurred
at this dosage (Figure 3A, Supplementary Table 1).

The incidence of peripheral neuropathy chemotherapy-related side effects ranges from 11% to 87%, with the highest
value reported for paclitaxel.”® Here, we observed peripheral neuropathy symptoms in healthy SD rats after Sb-Pac
administration and Pm-Pac administration (Table 1). In the Ctrl and Pm groups, none of the rats experienced peripheral
neuropathy symptoms throughout the experiment. In the Sb-Pac group, all rats displayed peripheral neuropathy
symptoms, including fatigue, general weakness, lying prostrate, tachypnoea, and closing eyes. These symptoms basically
disappeared within 3 hours after the first administration and within 1 hour after the fifth administration, suggesting the
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Figure 2 Pm-Pac-induced antitumour activity in vitro and in vivo. (A) The antitumour activity of Pm-Pac-induced cell viability inhibition was assessed in A549 cells in vitro (n
= 3). (B) The antitumour activity of Pm-Pac-induced cell viability inhibition was assessed in H226 cells in vitro (n = 3). (C) The antitumour activity of Pm-Pac-induced cell
apoptosis was assessed in A549 cells in vitro (n = 3, *P < 0.05, ***P < 0.001). (D) The antitumour activity of Pm-Pac-induced cell apoptosis was assessed in H226 cells in vitro
(n = 3, *P < 0.05, ***P < 0.001). (E and F) The antitumour activity of Pm-Pac was assessed in A549/H226 cell-derived xenograft tumour model (n = 8, *P < 0.05).
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Figure 3 Pm-Pac-induced short-term toxicity to healthy SD rats. Sixty SD rats were allocated to 6 groups [Ctrl, Pm, Sb-Pac (7 mg/kg), and Pm-Pac (low: 14 mg/kg, medium:
23.7 mg/kg, and high: 40 mg/kg)] and received the corresponding treatment once a week for 5 consecutive weeks. (A) Effects of the polymeric micellar paclitaxel (Pm-Pac)
nanoparticle on the body weights of healthy SD rats. Left: body weights of male rats (n = 5, **P < 0.01); right: body weights of female rats (n = 5, **P < 0.01). (B) Evaluation
of Pm-Pac-induced death, liver injury, cerebral injury, and cerebellar injury after administration once a week for 5 consecutive weeks (n = 10, **P < 0.001). (C) Pathological
evaluation of Pm-Pac-induced testicular toxicity to healthy SD rats (n = 5, HE, 100x).

emergence of some adaptation with the number of administrations. Furthermore, 30% of the rats experienced diarrhoea,
50% experienced alopecia, 10% experienced reversal of hind legs, and 60% experienced muscle stiffness. In the Pm-Pac
(low, medium, and high) groups, the peripheral neuropathy symptoms, including general weakness, lying prostrate,
tachypnoea, and closing eyes, were similar to those in the Sb-Pac group. The longer the dosage of Pm-Pac was
administered, the longer the duration of peripheral neuropathy symptoms. However, there were differences in the
other peripheral neuropathy symptoms in rats with different administered dosages of Pm-Pac. In the Pm-Pac (low)
group, 100% of the female rats experienced alopecia, and 20% experienced muscle stiffness. In the Pm-Pac (medium)
group, 30% of the rats experienced fatigue, 10% experienced diarrhoea, 100% experienced alopecia, and 50% experi-
enced muscle stiffness. Alopecia recovered in these rats until 3 weeks after the last administration. In the Pm-Pac (high)

International Journal of Nanomedicine 2023:18 hetps: 269
Dove:


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

Lu et al Dove

Table | Observation of Pm-Pac-Induced Peripheral Neuropathy Symptoms After the Sb-Pac and Sb-Pac Administration

Groups (n = 10) Fatigue | Diarrhea | Alopecia | Reverse the Muscle General Lie Tachypnea | Closing
Hind Legs Stiffness | Weakness | Prostrate Eyes
Ctrl Total (%) 0 0 0 0 0 0 0 0 0
Male (%) 0 0 0 0 0 0 0
Female (%) 0 0 0 0 0 0 0
Pm Total (%) 0 0 0 0 0 0 0 0 0
Male (%) 0 0 0 0 0 0 0
Female (%) 0 0 0 0 0 0 0
Sb-Pac Total (%) 100% 30% 50% 10% 60% 100% 100% 100% 100%
Male (%) 100% 40% 20% 0 40% 100% 100% 100% 100%
Female (%) 100% 20% 80% 20% 80% 100% 100% 100% 100%
Pm-Pac Total (%) 0 0 50% 0 10% 100% 100% 100% 100%
(Low) Male (%) 0 0 0 0 0 100% 100% 100% 100%
Female (%) 0 0 100% 0 20% 100% 100% 100% 100%
Pm-Pac Total (%) 30% 10% 100% 0 50% 100% 100% 100% 100%
(Medium) | Male (%) 20% 20% 100% 0 40% 100% 100% 100% 100%
Female (%) 40% 0 100% 0 60% 100% 100% 100% 100%
Pm-Pac Total (%) 100% 40% 100% 100% 100% 100% 100% 100% 100%
(High) Male (%) 100% 60% 100% 100% 100% 100% 100% 100% 100%
Female (%) 100% 20% 100% 100% 100% 100% 100% 100% 100%

group, 100% of the rats experienced fatigue, 40% experienced diarrhoea (one rat died after each the fourth administration
and fifth administration), 100% experienced alopecia (within 3 days after the first administration), 100% experienced
reversal of the hind legs, and 100% experienced muscle stiffness. Alopecia recovered in these rats until 4 weeks after the
last administration, diarrhoea recovered until 2 weeks after the last administration, and the other symptoms, including
reversal of the hind legs and muscle stiffness, recovered until 3 weeks after the last administration. These results
suggested that Pm-Pac can reduce the incidence of peripheral neuropathy.

Furthermore, by analysing the changes in organ weights and indices, we found that the weights/indices of the testis
and epididymis in the Pm-Pac groups decreased significantly compared with those in the Sb-Pac group, suggesting that
Pm-Pac is potentially more toxic to these targeted organs than Sb-Pac (Supplementary Table 1).

Effects of Pm-Pac on Haematological and Biochemical Indices from the Short-Term

Toxicological Observations

Among the haematological indices, we found that WBCs and LYMPHs decreased significantly, and the RDW and RETICs
increased remarkably after both Sb-Pac administration and Pm-Pac administration. More severe toxicity was observed from
the blood indices (enhanced RBCs, HCT and MCH; decreased MONOs) in the Pm-Pac (high) group. Haematological index
abnormalities occurred in only the Pm-Pac groups, including decreased NEUTs, decreased MONOs, and decreased EOSs
(Supplementary Table 2). Regarding the blood biochemical indices, our results indicated that Sb-Pac did not show significant

alterations, except for decreased GLU; Pm-Pac-induced biochemical index alterations included increased ALT, decreased
ALB, decreased T.P, and decreased CREA. Consistent with the above results, more severe toxicity was observed from the
biochemical index abnormalities (such as ALT, AST, GLU, ALB, CREA, TG, Na', and CI") in the Pm-Pac (high) group
(Supplementary Table 3). These results suggested that high-dosage Pm-Pac-induced toxicity is intolerable, while the toxicity

caused by the low and medium dosages of Pm-Pac is potentially acceptable.

270 hetps: International Journal of Nanomedicine 2023:18
Dove!


https://www.dovepress.com/get_supplementary_file.php?f=372961.pdf
https://www.dovepress.com/get_supplementary_file.php?f=372961.pdf
https://www.dovepress.com/get_supplementary_file.php?f=372961.pdf
https://www.dovepress.com
https://www.dovepress.com

Dove Lu et al

Histopathological Alterations Caused by Pm-Pac from the Short-Term Toxicological

Observations

Pathological examination was performed to observe changes in the microstructures of all 31 organs. After administration of
Pm-Pac (40 mg/kg) for 5 consecutive weeks, we found that the microstructures of the organs, including the heart, aorta, spinal
cord, lung, kidney, bladder, uterus, ovary, mammary gland, salivary gland, oesophagus, pancreas, adrenal gland, thyroid,
parathyroid gland, ischiadic nerve, hypophysis, trachea, stomach, small intestine, and large intestine, were normal
(Supplementary Figure 1). However, for those rats who received different dosages of Pm-Pac and Sb-Pac, we found that

the organs, including the thymus, testis, epididymis, bone marrow, lymph node, spleen, and prostate, showed atrophy or injury
(Supplementary Figure 2). In particular, the rats treated with Sb-Pac (7 mg/kg) and Pm-Pac (40 mg/kg) had more toxic

reactions (Figure 3B, Supplementary Figure 2). Among the 10 rats in the Sb-Pac group, 8 showed cerebral injury (multiple

instances of malacia in the cortex, nuclear debris, increased macrophages, and gliocyte hyperplasia along with vacuolar
degeneration of nerve fibres), 3 showed cerebellar injury (degeneration and necrosis of neurocytes in the stratum granulosum,
necrosis, nuclear pyknosis and histocyte infiltration), and all 10 rats showed liver injury (mild extramedullary haematopoiesis)
(Figure 3B, Supplementary Figure 2). Among the 10 rats in the Pm-Pac (40 mg/kg) group, the 2 male rats that died showed

multiple organ failure (data not shown), and the other 3 male rats showed more severe testicular atrophy (atrophy of the
convoluted seminiferous tubules, thickening of the outer membrane, interstitial oedema, diffuse interstitial cell proliferation)
(Figure 3C). These results demonstrated that the paclitaxel-induced short-term toxic reaction in rats could be decreased with
the Pm-Pac formulation. However, Pm-Pac-induced long-term toxicity is still elusive.

Long-Term Toxicity of Pm-Pac to Healthy Rats

To determine the long-term toxicity of Pm-Pac, macroscopic and pathological examinations were performed on the rats that had
recovered for 6 weeks after the last administrations of Pm-Pac and Sb-Pac (Figures 4 and 5). The body weights of the Pm-Pac
(40 mg/kg)-treated rats decreased significantly, indicating intolerable toxicity induced by Pm-Pac at this dosage (Figure 4A).
According to the results from the macroscopic examination, all of the organs from the Pm-Pac (14 mg/kg)-treated and Pm-Pac
(23.7 mg/kg)-treated rats showed no visual abnormalities (data not shown). However, the weights and indices of the organs,
including the thymus gland, testis, and epididymis, were significantly decreased after further examination (Supplementary
Table 1). However, in the Pm-Pac (high) group, the organs, including the testis and epididymis, showed both visual abnormalities
and weight/index abnormalities (Supplementary Table 1). After recovery for 6 weeks, the pathological examination suggested that

the majority of the organs were normal and that the main liver and brain toxicity of Sb-Pac had decreased significantly, but genital
system toxicity was still observed in all rats treated with Sb-Pac/Pm-Pac (Figure 4B and C, Supplementary Figures 3 and 4). The

results indicated irreversible atrophy of the testis and epididymis in all paclitaxel-treated rats (including Sb-Pac and Pm-Pac)
(Figure 4C and 5). The Pm-Pac-induced long-term toxicity as evaluated by the haematological indices was also acceptable after 6
weeks of recovery, except in the Pm-Pac (high) group (Supplementary Tables 2 and 3). These results suggested that doubling the

paclitaxel dosage using a nanoparticle Pm delivery system did not increase paclitaxel-induced toxicity to healthy rats.

Discussion
Chemotherapy has always played an indispensable role in the historical treatment of NSCLC.>'%*” Although new
therapeutic regimens (such as immunotherapy and targeted therapy) have attempted to bring NSCLC clinical treatment

28-31

into a chemo-free stage, recent clinical trials have demonstrated that the ORR and OS can be greatly improved when

these regimens are combined with chemotherapy,''-'**?

suggesting that chemotherapy is indispensable, at least at
present. However, how to reduce chemotherapy-induced systemic toxicity has always been a hot issue in the field of
cancer therapy. Previous studies have discussed the pharmacokinetic profiles and clinical efficacy of Pm-Pac in clinical
trials.'®'*2% In this study, we found that Pm-Pac (2~3-fold greater dosage than Sb-Pac) can significantly reduce the
incidences of peripheral neuropathy, brain injury and liver injury in terms of both short-term and long-term toxicity to
healthy SD rats and induce potential male genital system toxicity (testicular atrophy and prostatic atrophy).

Paclitaxel is one of the most conventional chemotherapeutic drugs for NSCLC in clinical practice. The molecular

mechanism of the paclitaxel-induced anticancer effect includes (1) direct effects on the tubulin dimers of microtubules to
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Figure 4 Pm-Pac-induced long-term toxicity to healthy SD rats. Sixty SD rats were allocated to 6 groups [Ctrl, Pm, Sb-Pac (7 mg/kg), and Pm-Pac (low: 14 mg/kg, medium:
23.7 mg/kg, and high: 40 mg/kg)] and received the corresponding treatment once a week for 5 consecutive weeks and were then allowed to recover for 6 weeks. (A) Effects
of the polymeric micellar paclitaxel (Pm-Pac) nanoparticle on the body weights of healthy SD rats. Left: body weights of male rats (n = 5); right: body weights of female rats
(n =5, *P < 0.01). (B) Evaluation of Pm-Pac-induced death, liver injury, cerebral injury, and cerebellar injury after administration once a week for 5 consecutive weeks and
then recovery for 6 weeks (n = 10). (C) Pathological evaluation of Pm-Pac-induced testicular and epididymal toxicity to healthy SD rats (n = 5, HE, 100x).

cause them to lose their dynamic balance®® and (2) promotion of tubulin polymerization and microtubule assembly and
prevention of depolymerization to allow microtubule stability, inhibit cancer cell mitosis and induce apoptosis, thus
effectively preventing the proliferation of cancer cells.** Nevertheless, tubulin, an important component taking part in
cell mitosis, is ubiquitous in eukaryotic cells. Conventional solvent-based paclitaxel can be widely distributed in the body

and then induce damage to the peripheral nervous system, normal organs and tissues, resulting in treatment-related

272 hetps: International Journal of Nanomedicine 2023:18
Dove


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

Dove Lu et al

Kidney
Pancreas Y ; -
B e 8 rats with cerebrum injury e [T bt
Sma nostinn Lung Copbelum @ ( ‘ 10 rats with liver injury
Large ntestine \ & gorosnum @] All organs are normal ®C ---%:w 3 rats with cerebellum injury Tiver,
LEPEEood » k 1;;.&:.‘\:. o Enlﬁm_ «~~>Multiple organ failure
it Bonemary Livee 1 - » & ® ;M\ - 2 ’ .-> 3 rats 3
/7 Heart Bono  Lymph  spiean Prostate Y il 2! mﬁ,@ Testicular atrophy
el CE 2ratsdied o oic hedy weinht denraacn, (extremely)

8 rats body weight decreased

Pathological character of 31 organs

N Kidney
A \ | Pancreas
carsboum g\ |

Smallintastine
Cerebriim

All organs are normal

@ Pm-Pac 14mgl/kg
® Pm-Pac 23.7mgl/kg
Pm-Pac 40mg/kg

Thymus  Testis  Epididymis
gland 0 Ll

e Bois masrow

120 rats

Injection once a week et 8 rats body weight decreased

for 5 weeks Macroscopical character of 31 organs

® Ct 1 3 e et )
3 3 il g dl r y J. f 60 rats J"/ % @] 2 rats died
-|® Sb Pac 7mgl/kg -> s - %] & [CE P Ve Waegyac
®
®

Atrophy

60 rats l Without administration for 6 weeks

Kidney
Pancreas.

Corebellum | g
Cerebrum \

Small intestine

% ]AII organs are normal

Large intestine

...... ), 2 > |®
e J \ @] All organs with no
[ visual abnormality

b <
! Liver Borie marrow

Hoart

‘)—---» Atrophy (extremely)

I} :
Eso rats Macroscopical character of 31 organs
‘\

\,

, Kidney

‘\\ D Pancrees O) . 2 rats with cerebrum injury
~ — Lung Corebollum
\\ g \ (i % = 1 rats with cerebellum injury
e b L ® ® Prostatic atroph ® -
gl P i ,_m > O 5 /S
et gl ® ® -
Heart L 1 rats with liver injul
Atrophy 9,, I8y

Pathological character of 31 organs

Figure 5 Schematic description of short-term and long-term toxicity to healthy SD rats. Sixty SD rats were allocated to 6 groups [Ctrl, Pm, Sb-Pac (7 mg/kg), and Pm-Pac
(14 mg/kg, 23.7 mg/kg, and 40 mg/kg)] and received the corresponding treatment once a week for 5 consecutive weeks. (A) The macroscopic characteristics of thirty-one
organs were used to evaluate Pm-Pac-induced short-term toxicity. (B) The pathological characteristics of thirty-one organs used to evaluate Pm-Pac-induced short-term
toxicity. Sixty SD rats were allocated to 6 groups, received the corresponding treatment once a week for 5 consecutive weeks and then were not administered any drugs for
6 weeks. (C€) The macroscopic characteristics of thirty-one organs were used to evaluate Pm-Pac-induced long-term toxicity. (D) The pathological characteristics of thirty-
one organs were used to evaluate Pm-Pac-induced long-term toxicity.

dosing difficulties (recommended dosage: 175 mg/m?).'” Nanodelivery platforms can potentially decrease drug-related
toxicity, although some nanoparticles are distributed in the liver and spleen. However, the merits of nanoparticles have
also been shown to be significant, as they can accumulate in tumour cells or tissues for a long time.'® Pm is a nanocarrier
delivery platform developed by Shanghai Yizhong Biotechnical Co., Ltd. that can significantly reduce paclitaxel-induced
toxicity. A Phase I clinical trial provided a safe dose range of 175-435 mg/m?® for cancer patients.'® Our randomized
phase III clinical trial suggests a dose range of 230 mg/m? to 300 mg/m?, which provides a safe dosage and better ORR
and PFS without grade 2—4 haematological toxicity.'® These clinical results suggest that Pm-Pac can reduce paclitaxel-
induced toxicity and improve chemotherapeutic efficacy in NSCLC patients.

The incidence of peripheral neuropathy prevents an increase in the administered dose of paclitaxel to enhance the
antitumour effect.”® Previous studies have demonstrated that paclitaxel-induced neuropathy usually presents as numb-
ness, dysesthesias, altered proprioception, paraesthesia, and a loss of dexterity in the toes and fingers.*> Further analysis
suggested that paclitaxel-induced microtubule disruption and ion channel alterations can explain most peripheral
neuropathy symptoms.” In brief, the mechanisms of peripheral neuropathy include microtubule disruption,®® mitochon-
drial dysfunction,’” axon degeneration,*® altered calcium homeostasis,*® changes in peripheral nerve excitability,*
immune processes and neuroinflammation.*® Here, our results suggested that paclitaxel induced peripheral neuropathy
symptoms in healthy rats, including fatigue, diarrhoea, alopecia, reversal of hind legs, muscle stiffness, general weakness,
lying prostrate, tachypnoea, and closing eyes. Interestingly, our results also demonstrated that Pm-Pac (low, 2-fold the
dosage of Sb-Pac) can reduce the incidence of peripheral neuropathy in healthy rats.

Understanding the pathological profiling of Pm-Pac-induced toxicity is a very important issue for clinical practice that
potentially affects the indications for combined treatment. First, SD rats were administered Pm-Pac at different dosages for 5
consecutive weeks (short-term toxicity) and were then allowed to recover for 6 weeks (long-term toxicity). A total of 31
organs were collected from each rat, and then the organ weights and indices were determined. Second, the haematological and
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biochemical indices were investigated for each rat, and then the Pm-Pac-induced toxicity on the haematological and metabolic
organs was evaluated. Finally, we performed HE staining to examine all 31 collected organs and then evaluated Pm-Pac-
induced toxicity in these organs. Paclitaxel-induced toxicity (including sensory neuropathy, gastrointestinal reaction, liver
injury, and so on) usually occurs in clinical practice.'® In this study, we found that the majority of rat organs (including the
heart, aorta, spinal cord, lung, kidney, bladder, uterus, ovary, mammary gland, salivary gland, oesophagus, pancreas, adrenal
gland, thyroid, parathyroid gland, ischiadic nerve, hypophysis, trachea, stomach, small intestine, and large intestine) were not
injured when the dosage of Pm-Pac reached 40 mg/kg body weight or when the dosage of Sb-Pac reached 7 mg/kg body
weight. Interestingly, we found that Pm-Pac can decrease liver injury, cerebral injury, cerebellar injury, and drug administra-
tion-induced mortality compared with Sb-Pac. Furthermore, male genital system toxicity rather than female genital system
toxicity induced by Pm-Pac is worth considering. After the abovementioned examinations, we found that the Pm-Pac-induced
short-term toxicity to healthy rats did not significantly increase, even when the dose was 3-fold greater than that of Sb-Pac.
During the long-term observations, the toxicity of the 2-fold dosage of Pm-Pac was still lower than that induced by Sb-Pac.
Collectively, these results provide potential evidence for future clinical strategy exploration (especially combination strategies
of Pm-Pac plus immunotherapy, antiangiogenic therapy, or TKI therapy).

Conclusion

In summary, we systematically evaluated the ability of Pm-Pac engineered nanoparticles to reduce toxicity to SD rats. In
the present study, we provide the first histopathological examination of the Pm-Pac-induced toxicity profile in healthy
rats. Therefore, this work provides a novel perspective on the development of nanomedicines to investigate chemother-
apeutic toxicity to SD rats and a potential basis for the exploration of future clinical combination strategies.
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