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ARTICLE INFO ABSTRACT

Keywords: Combination therapy between paclitaxel (PTX) and doxorubicin (DXR) is applied as the first-line treatment of

LlPOSOHH?S_ breast cancer. Co-administration of drugs at synergistic ratio for treatment is facilitated with the use of nano-

PDOXI?"“bllcm carriers, such as liposomes. However, despite the high response rate of solid tumors to this combination, a
aclitaxe!

synergism of cardiotoxicity may limit the use. Thus, the objective of this work was to investigate the toxicity of
long-circulating and fusogenic liposomes co-encapsulating PTX and DXR at the synergistic molar ratio (1:10)
(LCFL-PTX/DXR). For this, clinical chemistry, histopathological analysis and electrocardiographic exams were
performed on female Balb/c mice that received a single intravenous dose of LCFL-PTX/DXR. The results of the
study indicated that the LD50 dose range (lethal dose for 50% of animals) of the LCFL-PTX/DXR treatment
(28.9-34.7 mg/kg) is much higher than that found for free PTX/DXR treatment (20.8-23.1 mg/kg). In addition,
liposomes promoted cardiac protection by not raising CK-MB levels in animals, keeping cardiomyocytes without
injury or electrocardiographic changes. After 14 days of treatment, free PTX/DXR caused prolongation of the
QRS interval when compared to LCFL-PTX/DXR treatment at the same dose (37.0 + 5.01 ms and 30.83 + 2.62
ms, respectively, with p = 0.017). The survival rate of animals treated with LCFL-PTX/DXR was three times
higher than that of those treated with free drugs. Thus, it was established that the toxicity of LCFL-PTX/DXR is
reduced compared to the combination of free PTX/DXR and this platform has advantages for the clinical
treatment of breast cancer.
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1. Introduction effect of the combination compared to the effect of the sum of the in-

dividual drugs. This approach allows the therapeutic efficacy to be

Cancer is one of the major health problems of the 21st century, and
breast cancer is the most common malignancy in women. It is estimated
that more than 23 million cases will be diagnosed by 2030 [1,2].
Currently, several therapeutic approaches are available, depending on
the cancer subtype: surgery, hormonal therapy, radiation therapy,
immunotherapy, and chemotherapy [2,3]. In the case of breast cancer
chemotherapy, combined treatment with paclitaxel (PTX) and doxoru-
bicin (DXR) is one of the most common approaches. The associated
treatment is partly successful due to the synergistic effect between
drugs, which presents different mechanisms of action overcoming drug
resistance to a certain extent [4-7]. This synergism implies a greater

achieved with lower doses of the drugs, which consequently also brings
a reduction of the side effects [8-11].

However, the systemic administration of the cocktail of bioactive
substances does not guarantee that they reach the target together and in
the appropriate concentration for synergism due to their own pharma-
cokinetics [11,12]. The need to control combinatorial ratios so that the
synergistic ratio is reached in the body and delivered to the tumor site
has led to the development of nanosystems co-encapsulating drugs in
synergistic ratios [10,12,13].

Thinking about this theme, Roque and collaborators (2019) devel-
oped and characterized a formulation of long-circulating and fusogenic
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liposomes co-encapsulating PTX and DXR in the molar ratio 1:10 (LCFL-
PTX/DXR) for the treatment of breast cancer. The formulation has
chemical and physicochemical characteristics suitable for intravenous
administration and is capable of co-encapsulating the drugs in the pre-
established molar ratios. Besides LCFL-PTX/DXR showed to be stable
for 30 days, maintaining their size characteristics (244.4 + 28.1 nm),
polydispersity index (PI) (0.29 + 0.01), zeta potential (PZ) (— 4.97 +
0.64 mV), and drug retention content (74.0 + 2.0% for PTX and 89.6 +
12.3% for DXR). Thus, in this work we investigated the step of the
preclinical evaluation of a new pharmaceutical formulation related to
the toxicological study. The lack of data related to the effect of the
simultaneous administration of DXR and PTX in healthy individuals led
us to develop studies of toxicity of LCFL-PTX/DXR. In addition, toxicity
studies are an important step when the aim is to introduce new phar-
maceutical products for clinical use [14,15]. Preclinical toxicological
tests allow a scientific basis to predict the main side effects and the
consequences of an overdose for further escalation in humans [16].

2. Materials and methods
2.1. Materials

1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) and 1,2
distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(poly-
ethyleneglycol) 2000 (DSPE-PEGzgq9) were supplied by Lipoid GmbH
(Ludwigshafen, Germany). Cholesterol hemisuccinate (CHEMS), doxo-
rubicin (DXR), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) sodium salt, sodium chloride, sodium hydroxide and Cremo-
phor EL were obtained from Sigma-Aldrich Co. (St Louis, MO, USA).
Paclitaxel (PTX) was supplied by Quiral Quimica do Brasil S.A (Juiz de
Fora, Brazil). All other chemicals used in this study were of analytical
grade. The female Balb/c mice were obtained from Centro de Bioterismo
(CEBIO/UFMG, Belo Horizonte, Brazil) and the treatments to which they
were submitted were approved by Comissao de Etica no Uso de Animais
(CEUA/ UFMG, Belo Horizonte, Brazil) under the protocol number 39/
2019.

2.2. Liposome preparation

LCFL-PTX/DXR was prepared by the lipid film hydration technique
using a rotary evaporator Buchi Labortechnik AG CH-9233, model R-
210, coupled to a V-700 vacuum pump (Flawil, Switzerland). For this,
chloroform aliquots of DOPE, CHEMS, and DSPE-PEGy (total lipid
concentration equal to 10 mM, molar proportions equal to 5.7: 3.8: 0.5,
respectively) and PTX (concentration equal to 0.25 mg/mL) were
transferred to a round bottom flask and subjected to evaporation in a
water bath at 50 °C to remove the solvent. The lipid film obtained was
then kept for 1 h under an atmosphere of chloroform for better disper-
sion of PTX in the lipids, according to the technique known as annealing
[17].

An aliquot of the 0.1 M NaOH solution was added to the film to
promote complete ionization of CHEMS, and the subsequent formation
of a lamellar structure. The lipid film was hydrated with a solution of
ammonium sulfate (300 mM, pH 7.4) preheated in a 50 °C water bath.
The mixture was kept in the ultrasonic bath for 10 min to hydrate the
lipid film. The non-encapsulated PTX was then separated from the li-
posomes by centrifugation at 3000 rpm, at 25 °C, for 10 min (Heraeus
Multifuge X1R centrifuge, Thermo Fischer Scientific, Massachusetts,
USA). To remove the non-encapsulated ammonium sulfate, the lipo-
somes were kept on dialysis for 24 h against HEPES buffered saline so-
lution (HBS), pH 7.4. The concentration of PTX in these liposomes was
determined by high performance liquid chromatography (HPLC).

After determining the PTX concentration, a super concentrated so-
lution of DXR (34 mg/mL) was incubated with the liposomes to obtain a
1:10 molar ratio of PTX and DXR respectively. DXR encapsulation was
performed by remote loading, conducted by a gradient of
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transmembrane sulfate. The liposomes containing PTX were kept in
contact with DXR for 2 h at 25 °C, and then dialyzed against HEPES
buffered saline solution (HBS), pH 7.4, for 24 h, to remove unencapsu-
lated DXR [6].

2.3. Determination of the content of PTX and DXR in LCFL-PTX/DXR

To determine the encapsulation percentage of the drugs in LCFL-
PTX/DXR, chromatography and spectrometry methods were used. The
concentration of PTX was measured using the chromatograph composed
of a Model 515 pump, a Model 717 Plus autoinjector, and a Model 2996
DAD detector (Waters Instruments, Milford, USA), controlled by
Empower software, version 2.0. The liposomal vesicles were disrupted
using isopropyl alcohol in a volume ratio of 1:2 and later diluted in a
mixture of acetonitrile:water (55:45 v/v). This dispersion was filtered
through a 0.45 um Millex HV filter (Millipore, Billerica, MA, USA) and
injected in the chromatographic apparatus. For analysis, a Hibar 250-4
LiChrospher 100RP-18, 25 cm x 4 mm, 5 um column (Merck, Darmstadt,
Germany) was used. The eluent system consisted of acetonitrile:water
(55:45) in a flow equal to 1.2 mL/min. The injection volume was 10 pL
and the running time was 8 min. The eluate was detected at a wave-
length equal to 227 nm at room temperature [18]. The PTX encapsu-
lation percentage (EP) was calculated according to the following
equation:

[amount of PTX in purified liposomes] x 100

EP =
[amount of PTX in non — purified liposomes]

UV-VIS spectrophotometry (Thermo evolution 201 UV visible
spectrophotometer) was used as the method for quantification of DXR in
the liposomes. The analyzes were performed evaluating the absorbance
at a wavelength equal to 480 nm [19]. Regression equation and linearity
(r?) were y = 0.01814x + 0.01119 and 0.997, respectively. The accu-
racy was found to be between 98% and 104% (n = 3) and samples of
blank liposomes showed no absorbance at the wavelength used [6].
Initially, the vesicles were opened with isopropyl alcohol at a ratio of
1:2, respectively, and then the preparations were diluted in HEPES
buffered saline (HBS), pH 7.4. The DXR encapsulation percentage (EP)
was calculated according to the following equation:

EP— [amount of DXR in purified liposomes] x 100

~ [amount of DXR in non — purified liposomes]

2.4. Determination of size, polydispersity index, and zeta potential of
LCFL-PTX/DXR

The diameter of the vesicles and the polydispersity index (PI) were
determined by dynamic light scattering (DLS). The measurements were
performed at a temperature of 25 °C, using a 90° laser incidence angle.
The zeta potential (¢) of the vesicles was determined by DLS associated
with electrophoretic mobility. To perform all measurements, 30 uL of
liposomes was diluted in 1 mL of HEPES buffered saline (HBS), pH 7.4,
and evaluated on the Zetasizer Nano ZS90 equipment (Malvern,
England).

2.5. Acute toxicity study

The assessment of acute toxicity in vivo was carried out according to
the recommendations of the Organization for Economic Cooperation
and Development (OECD) 423 [20], adapted for formulations for
parenteral use. It is worth mentioning that the OECD standards were
established for an acute toxicity study after administration of the sub-
stances orally, with the recommended doses equal to 5, 50, 300, and
2000 mg/kg. Considering the intravenous administration route, the
initial dose proposed in this study was 20.8 mg/kg of the total drugs
(PTX + DXR) administered. In previous studies, our research group
found that the maximum tolerated dose of DXR encapsulated in
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liposomes composed by DOPE, CHEMS, and DSPE-PEG2000 (5.8: 3.7:
0.5 molar ratio, respectively) was greater than 15 mg/kg [21]. There-
fore, based on this study, we chose to use 18 mg/kg of DXR and
2.8 mg/kg of PTX to get a 1:10 molar ratio, respectively.

The parameters evaluated for the determination of toxicity were
behavioral observation, body weight, water and feed consumption,
mortality, biochemical and hematological analysis, histopathological
evaluation, and electrocardiographic analysis. The experimental model
adopted was healthy female Balb/c mice aged between 8 and 9 weeks
and weighing approximately 20 g. The animals were divided into 8
groups and the treatments received by the groups were NaCl 0.9% (w/v)
solution (saline), free PTX/DXR, and LCFL-PTX/DXR in different dos-
ages, as shown in Table 1.

In all groups, the formulations were administered in a single dose
intravenously (tail vein) and the animals were observed daily for a
period of 14 days. The mice were weighed and the water and feed
consumption evaluated every 3 days. After the observation period, the
animals were anesthetized with a mixture of ketamine (80 mg/kg) and
xylazine (15 mg/kg) intraperitoneally. The blood was collected by
puncture of the brachial plexus for hematological and biochemical
exams.

Initially, each group was composed of 3 animals. If the tested dose
was able to cause death in 2 or more animals of the group, it was
considered that the LD50 by the animals was lower than the tested one.
Therefore, it was necessary to start new tests at a lower dose, according
to the OECD guidelines. However, when the assessed dose caused one or
no death, the recommendation followed was to repeat the observations
with 3 animals using the same dose. Thus, each group consisted of 6
animals. Confirmation of the results it meant that the tested dose was not
yet the LD50, and the OECD guidance recommends continuing the study
with a new group using a higher dose. The figure with the treatment
scheme used to assess acute toxicity in this work is in the Appendix A.

2.6. Hematology and biochemistry analysis

For hematological analysis, the animal blood was collected in tubes
containing the anticoagulant (EDTA 0.1M) and inserted into the auto-
mated hematological analyzer HEMOVET 2300 (Hemovet, Sao Paulo,
Brazil). Hematological parameters related to hematocrit, erythrocytes,
hemoglobin and also white blood cells were evaluated for each group.

For biochemical analysis, the blood was centrifuged (3000 rpm,
15 min) and the plasma obtained was collected. The tests were carried
out on the Bioplus BIO-2000 semiautomatic analyzer (Bioplus, Sao
Paulo, Brazil) using commercial kits (Labtest, Lagoa Santa, Brazil).
Renal function was assessed by measuring urea and creatinine; liver
function by determining the activity of alanine aminotransferase (ALT)
and aspartate aminotransferase (AST); and cardiac injury by measuring
the creatine kinase activity — (CK-MB).

2.7. Histology

Liver, kidneys, sternum, spleen, lungs, and heart were collected for
histopathological analysis. Samples were fixed in phosphate-buffered
formalin 10% (pH =7.4) for 24-48 h, dehydrated in alcohol, and
included in paraffin blocks. 4 um sections were obtained and stained
with hematoxylin and eosin. The slides were evaluated by trained pa-
thologists and images were captured by a camera connected to an optical
microscope (Olympus BX-40; Olympus, Tokyo, Japan).

Table 1
Physicochemical characteristics of LCFL-PTX/DXR.
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2.8. Electrocardiographic analysis

In order to obtain the electrocardiograms (ECG), all animals were
anesthetized with closed loop inhalation anesthesia (VetCase®, Sumare,
Sao Paulo, Brazil) with isoflurane (Isoflurine® 2.5% for induction and
1.5% for maintenance). ECG monitoring (ECG-PC VET, Tecnologia
Eletronica Brasileira SA — TEB®, Sao Paulo, Brazil) was maintained for
1 min after stabilization. The animals were placed in the supine position
and the electrodes were placed on the thoracic and pelvic limbs. Heart
rate, duration, amplitude, and interval of electric waves were evaluated.
The experimental groups evaluated were animals treated with the LD50
lower limit dose of the combination of free PTX/DXR (20.8 mg/kg),
determined in the previous acute toxicity study. As a counterpoint, the
group treated with the formulation LCFL-PTX/DXR, at the same con-
centration, was also evaluated. In addition, the electrocardiograms of
mice that received the LD50 lower limit dose for liposomes (28.9 mg/
kg) were observed. The following parameters were analyzed: QT inter-
val (measured from the beginning of the QRS complex to the end of the
T-wave), ST interval (measured from the end of QRS complex to
beginning of T-wave),QRS complex (measured from the beginning of the
Q-wave to the end of the S-wave) and the RR interval (interval between
two successive R-waves and used for the determination of heart rate
HR = 60/RR). QT interval was corrected by HR using Fridericia’s for-
mula (QTc = QT/(RR)'3) [21,22].

3. Statistical analysis

The normality and homoscedasticity of the variables were verified by
the Shapiro-Wilk and Brown-Forsythe tests, respectively. Regarding the
analysis of the treatments, the One-way ANOVA test with Tukey’s post-
test was used to verify if the means of the groups differed significantly. If
the data were not normal or homoscedastic, the Kruskal-Wallis test with
Dunn’s post-test was used for the same purpose. The Two-way ANOVA
test with Tukey’s post-test was also used to relate two different inde-
pendent variables over one dependent variable. Values of p < 0.05 were
considered significant. The analyzes were performed using the Graph-
Pad Prism software (version 9.00, La Jolla, California, USA).

4. Results
4.1. Preparation and characterization of LCFL-PTX/DXR

LCFL-PTX/DXR followed the pattern developed by Roque et al. [6],
co-encapsulating PTX and DXR in the 1:10 synergistic molar ratio,
maintaining an adequate diameter close to 200 nm with low poly-
dispersity and slightly negative zeta potential, but close to neutrality as
shown in Table 2.

4.2. Acute toxicity study

4.2.1. Evaluation of animal mortality and morbidity

The evaluation of the LD50 by the animals of the PTX/DXR drug
combination (molar ratio 1:10 respectively) started with 20.8 mg/kg
(2.8 mg/kg PTX + 18 mg/kg DXR), both for the combination of free
drugs and for the LCFL-PTX/DXR formulation. For the combination of
free drugs at this dose, marked piloerection was observed in all animals,
with the presence of signs of diarrhea and ascites in one of them. For the
first 3 mice evaluated, there was only 1 death on the 9th day of the

[PTX] [DXR] DXR/PTX Mean diameter PI Zeta potential
mg/mL mg/mL molar ratio (nm) (mV)
0.15 + 0.02 0.96 + 0.28 10.10 +1.81 211.8 +£16.3 0.29 + 0.02 -7.39 + 2.20

PTX: paclitaxel; DXR: doxorubicin; PI: polydispersity index. The results are presented as mean =+ standard deviation from the mean (n = 10).
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Table 2
Experimental groups evaluated in acute toxicity studies for biochemical, he-
matological analysis and observations of mortality and morbidity.

Formulation Groups  Dosage of drug (mg/ Total dose of drugs (mg/kg)
kg)
PTX DXR
Free PTX/DXR 1 2.8 18 20.8
2 3.1 20 23.1
LCFL-PTX/DXR 3 2.8 18 20.8
4 3.1 20 23.1
5 3.4 22 25.4
6 3.9 25 28.9
7 4.7 30 347
Control (saline) 8 - - -

study. According to the experimental planning shown in the Appendix A,
this step was repeated with three more animals, and we verified one
death on the 12th day of the experiment. Thus, according to the OECD
423 guideline, a higher dose of the combination of free drugs should be
tested. The dose of 23.1 mg/kg (3.1 mg/kg PTX + 20 mg/kg DXR) was
injected in mice. After 3 days of application of the drugs, piloerection
and lethargy of the animals were observed, resulting in 2 deaths on the
7th day of the study. Therefore, according to OECD 423 rules, the LD50
for free PTX/DXR treatment in the 1:10 molar ratio is between 20.8 and
23.1 mg/kg for this experimental model. Thus, 23.1 mg/kg was the last
dose tested for the combination of free drugs.

The studies with LCFL-PTX/DXR also started with a dose of 20.8 mg/
kg and due to the absence of deaths or morbidities, they evolved by a
higher number of tested doses, as shown in Table 1 and the diagram in
the Appendix A. For this treatment, up to a dose of 28.9 mg/kg (3.9 mg/
kg PTX + 25 mg/kg DXR), no death was observed. However, for the
doses of 25.4 mg/Kg (3.4 mg/kg PTX + 22 mg/kg DXR) and 28.9 mg/
kg (3.9 mg/kg PTX + 25 mg/kg DXR) there was loss of weight of the
animals varying between 8% and 10% in the first 3 days after admin-
istration of LCFL-PTX/DXR. However, in the following days the recovery
of the weight occurred. For the dose of 28.9 mg/kg, mild piloerection
and the formation of mild to moderate ascites were seen in most of these
animals.

According to these results, we repeated the experiments for each
group treated with LCFL-PTX/DXR at doses of 20.8, 23.1, 25.4 and
28.9 mg/kg using 3 more animals per treatment, and the observations
were confirmed. It was concluded that the treatment with doses higher
than 20.8 mg/kg of the drugs PTX and DXR was only possible with the
use of liposomes, since no morbidity and mortality were seen in the
animals.

We followed the acute toxicity study for LCFL-PTX/DXR treatment,
increasing the dose to 34.7 mg/kg (4.7 mg/kg PTX + 30 mg/kg DXR).
However, it was necessary to interrupt the study and sacrifice the ani-
mals on the 4th day after intravenous administration of the formulation.
Severe signs of morbidity were detected, such as intense weight loss

Table 3
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reaching 15%, piloerection, signs of diarrhea, and cyanotic tail. After
desiccation of the animals, the intestines were found dilated with
accumulation of feces. Thus, the LD50 for LCFL-PTX/DXR treatment was
the doses range equivalent to 28.9-34.7 mg/kg of drugs.

4.2.2. Hematological analysis

The results for the hematological exams are shown in Table 3. The
hematological examination revealed no changes in the distribution of
red blood cells (RDW). However, hematocrit (HCT), the amount of he-
moglobin per blood volume (HGB), and the number of red blood cells
(RBC) showed a slight reduction for groups treated with higher con-
centrations of drugs in liposomes (23.1, 25.6, and 28.9 mg/kg).

The evaluation of white blood cells showed that the amount of
granulocytes (neutrophils, eosinophils and basophils) increased the
LCFL-PTX/DXR treated group with the highest doses (23.1, 25.6 and
28.9 mg/kg). However, the amount of agranulocytes (lymphocytes and
monocytes) decreased in these same groups, when compared to the
control group. This opposite behavior resulted in the maintenance of the
total white blood cell count (WBC) equal to the control group. The other
groups evaluated as free PTX/DXR and LCFL-PTX/DXR (20.8 and
23.12mg/kg) also had no significant difference in WBC values
compared to the control group.

The amount of platelets (PLT) increased significantly with the in-
crease of the dosage of the LCFL-PTX/DXR treatment administered to
mice. This increase appears to be the result of a reactive thrombocytosis,
a clinical disorder that stimulates the bone marrow to produce excess
platelets.

4.2.3. Biochemical analysis

The results for the biochemical analysis are shown in Table 4. It was
observed that the doses used did not cause changes in renal function,
since there was no significant difference in the concentration of urea and
creatinine between the groups when compared to the control.

Increased serum levels of ALT and AST may indicate the develop-
ment of drug-induced acute liver injury in animals [21,23]. In this study,
serum ALT levels for all groups treated with LCFL-PTX/DXR, regardless
of the dose administered (20.8, 23.1, 25.4, or 28.9 mg/kg), were equal
to those determined for the group treated with free PTX/DXR
(20.8 mg/kg) at the dose equivalent to the lowest administered in li-
posomes. In addition, the groups treated with LCFL-PTX/DXR (23.1,
25.4, and 28.9 mg/kg), including the highest dose tested, had serum
ALT levels equivalent to the control group. This confirms that liposomal
formulations at the doses cited are not capable of producing sufficient
liver toxicity to elevate ALT. On the other hand, the AST enzyme serum
levels showed to be high for all treatments performed with
LCFL-PTX/DXR (20.8, 23.1, 25.4, or 28.9 mg/kg) compared to the
control group. The CK-MB enzyme cardiotoxicity marker level presented
elevated only for the group treated with LCFL-PTX/DXR at the dose of
25.4 mg/kg, which stood out from the others.

Hematological parameters for Balb/c mice treated with different doses of LCFL-PTX/DXR and one free combination of PTX and DXR.

Blood components Control Free PTX/DXR 20.8 (mg/kg) LCFL-PTX/DXR (mg/kg)
20.8 23.1 25.4 28.9

WBC (cel mm3 x 103) 4.78 +1.34% 6.93 + 1.29% 5.50 + 1.272 4.55 + 2,082 6.92 + 1.82° 4,55 +1.72%
NON GRANULOCYTES (%) 67.53 + 2.73° 63.73 + 10.422° 53.22 + 8.952% 51.25 + 10.68% 47.58 + 11.72b¢ 42.47 + 6.81¢
GRANULOCYTES (%) 32.47 + 2.73% 36.27 + 10.42%° 46.78 + 8.95%> 48.75 + 10.68" 52.42 + 11.72% 57.53 + 6.81¢
RBC (%) 6.67 +0.18% 6.01 + 0.51%° 6.37 + 0.28%° 5.86 + 0.34" 6.01 + 0.46" 5.83 + 0.34"
HGB (¢el mm3 X 106) 12.95 + 0.45% 11.30 + 1.45%° 12.02 + 0.72%° 11.08 + 0.87° 11.23 + 1.97° 10.85 + 0.72°
HCT (%) 32.82 + 1.45° 30.07 + 3.112° 31.53 + 1.44%® 29.00 + 1.97° 29.25 + 2.49° 28.03 + 1.78°
RDW (%) 14.20 + 0.39° 14.47 + 0.40° 14.77 + 0.48% 14.30 + 0.172 14.67 + 0.60% 14.08 + 0.39°

PLT (cel mm3 x 103)

288.00 + 27.34* 271.50 + 43.13%¢

448.20 + 64.40° 566.80 + 79.68¢ 478.00 + 45.66%¢ 396.60 + 61.51%¢

WBC: means white blood cells; RBC: red blood cells; HGB: hemoglobin; HCT: hematocrit; RDW: red cell distribution width; PLT: platelet. The results are presented as
mean + standard deviation from the mean (n = 6). Different letters represent a significant difference between the parameters evaluated (p < 0.05). Data were
evaluated by One-way ANOVA (Tukey’s post-test), if they were abnormal, the Kruskal-Wallis test with Dunn’s post-test was used.
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Table 4
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Biochemical parameters for Balb/c mice treated with different doses of LCFL-PTX/DXR and one free combination of PTX and DXR.

Biochemical parameters Control Free PTX/DXR 20.8 (mg/kg) LCFL-PTX/DXR (mg/kg)

20.8 23.1 25.4 28.9
CREATININE (mg/dL) 0.36 + 0.09% 0.48 + 0.19% 0.37 + 0.09% 0.37 +0.13* 0.42 + 0.05* 0.34 + 0.08%
UREA (mg/dL) 48.16 + 4.65° 49.47 + 2.64%° 46.11 + 2,522 36.03 + 5.20° 42.67 + 6.24°° 53.19 + 10.08%
ALT (U/L) 28.64 + 2.79° 32.88 + 2.19%° 57.10 + 18.85" 49.06 + 14.83%° 47.00 + 16.81%° 46.97 + 12.04%°
AST (U/L) 36.14 + 7.90% 67.22 + 36.23%¢ 126.90 + 21.99° 125.00 + 28.96° 105.50 + 29.83%° 91.23 + 12.23%
CK-MB (U/L) 37.25 + 9.33% 53.58 + 2,95%" 45.55 + 1.40°° 55.64 + 14.89°" 70.01 + 18.83° 50.24 + 17.273P

ALT: means alanine aminotransferase; AST: means aspartate aminotransferase; CK-MB: means creatine kinase MB isoform. The results are presented as mean-
+ standard deviation from the mean (n = 6). Different letters represent a significant difference between the parameters evaluated (p < 0.05). Data were evaluated by
One-way ANOVA (Tukey’s post-test), if they were abnormal, the Kruskal-Wallis test with Dunn’s post-test was used.

4.2.4. Histology

Histological analyses were performed with all groups evaluated in
hematological and biochemical tests for both free drug and liposome
treatments. Thus, the groups treated with the combination of free PTX/
DXR in the total dose of 23.1 mg/kg and the group treated with LCFL-
PTX/DXR in the total dose of 34.7 mg/kg were also desiccated and the
organs and tissues were evaluated.

The analysis of cardiac tissues revealed that for treatments with free
drugs at the (20.8 mg/kg) and at a higher dose (23.1 mg/kg), there was
a start of vacuolization of cardiomyocytes, indicating discrete multifocal
degeneration, which was not observed for treatments involving lipo-
somes in any of the tested doses. Representative photomicrographs of
the heart can be seen in Fig. 1A-C. Representative images of the control
group (A) were placed from left to right, followed by free PTX/DXR
treatments at doses of 20.8 (B) and 23.1 (C) mg/kg, in which the arrows
indicate the presence of small cytoplasmic vacuoles in the
cardiomyocytes.

The analysis of bone marrow showed changes only at the highest
doses of liposomes administered (28.9 and 34.7 mg/kg), whose photo-
micrographs are shown in Fig. 1D-F. Photo (D) is representative of the
control group, without histological changes. For 28.9 mg/kg, there was
a reduction in cellularity (E) that evolved to severe hypocellularity in
the higher dose of 34.7 mg/kg (F).

The liver in all treatments presented mild diffuse hydropic degen-
eration which worsened to mild diffuse steatosis at the highest dose of
LCFL-PTX/DXR treatment (34.7 mg/kg). Fig. 2A-C illustrates these
findings, where (A) represents the control group, which is succeeded by
a photo representative of the groups that received free PTX/DXR (B).
The arrows indicate places with apparent hydropic degeneration. Photo

(C) represents the treatment with LCFL-PTX/DXR at the dose of
34.7 mg/kg, in which the arrows show the presence of steatosis.

Animal spleen photomicrographs are available in Fig. 2D-F, starting
with the control group (D). The image (E) represents the spleen of mice
treated with free drugs (23.1 mg/kg), and the occurrence of congestion
was observed since the red pulp was increased due to the large presence
of red blood cells as indicated by the arrow. The image (F) shows the
spleen of mice treated with free drugs (34.7 mg/kg). The presence of
apoptotic corpuscles in the white pulp of the spleen, with the appearance
of a “starry sky”, and some corpuscles are identified by arrows. There
were no changes in the lungs and kidneys of the animals treated with
20.8 mg/kg of free PTX/DXR or LCFL-PTX/DXR when compared to the
control group (data not shown).

4.2.5. Electrocardiographic analysis

Due to the death of a portion of animals on the 14th day of the
experiment, the analysis of the influence of treatments and time on the
parameters heart rate and ST, QRS, and QTc intervals was evaluated
only until 7th day. Fig. 3 shows that the time interval influenced only the
LCFL-PTX/DXR treatment at the dose of 28.9 mg/kg, which was
different between day 0 and 7 (p =0.0222) for the QTc interval,
showing its increase during this period (from 106.15 =+ 10.85 ms on day
0 to 125.31 + 19.55 ms on day 7). The prolongation of the QT interval
can be seen in the electrical ECG signals also present in Fig. 3. Addi-
tionally, a statistical difference was observed between the treatments
free PTX/DXR at dose of 20.8 mg/kg and LCFL-PTX/DXR treatment at
dose of 28.9 mg/kg in this same parameter (p = 0.0208).

When comparing the influence of treatments on the same parameters
mentioned on the 14th day (Fig. 4), it was possible to observe that there

Fig. 1. Histological sections of female Balb/
¢ mice heart and bone marrow. (A-C) Pho-
tomicrographs of the heart. (A) Represents the
control group and the groups treated with all
the tested doses of LCFL-PTX/DXR (20.8, 23.1,
25.4, 28.9, and 34.7 mg/kg). Cardiac fibers and
cardiomyocytes without histological changes. B
and C represent the groups treated with the
combination of free PTX/DXR at doses of 20.8
and 23.1 mg/kg respectively. The arrows indi-
cate the regions of cardiomyocyte vacuolization
and discrete multifocal degeneration. (D-F)
Bone marrow photomicrographs. D represents
the control group and the groups treated with
all the tested doses of free PTX/DXR (20.8 and
23.1 mg/kg) and the groups treated with LCFL-
PTX/DXR (20.8, 23.1, and 25.4 mg/kg). The
cells present in the medulla do not present
histological changes. (E) represents the group
treated with LCFL-PTX/DXR at dose of
28.9 mg/kg. The arrows indicate a reduction of
cellularity in the region. (F) shows the bone
marrow of mice treated with LCFL-PTX/DXR at

highest dose (34.7 mg/kg). The reduction of the cellularity indicated by the arrows is even more drastic.
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Fig. 2. Histological sections of female Balb/
¢ mice liver and spleen. (A-C) liver photo-
micrographs. (A) represents the control group
without histological changes in the hepatocytes.
(B) represents all treatments with free PTX/
DXR (20.8 and 23.1 mg/kg) and also treatments
with LCFL-PTX/DXR at doses of 20.8, 23.1,
25.4, and 28.9 mg/kg. These treatments led to
discrete diffuse hydropic degeneration indi-
cated by the arrows. (C) represents the group
treated with the highest dose of LCFL-PTX/DXR
(34.7 mg/kg). In this specific group, multifocal
steatosis started, as can be seen in the regions
indicated by the arrows. (D-F) contains the
spleen photomicrographs. (D) represents the
control group without histological changes. (E)
represents the group that received treatment
with free PTX/DXR in the highest dose
(23.1 mg/kg). There is an increase in the red
pulp indicated by the arrow, with an agglom-
eration of red blood cells. (F) represents the
group that received the highest dose of LCFL-
PTX/DXR (34.7 mg/kg). The formation of

apoptotic corpuscles can be observed as indicated by the arrow and is known as “starry sky.”.
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Fig. 3. Determination of cardiographic parameters for female balb/c mice after 7 days of treatment with LCFL-PTX/DXR and free PTX/DXR. The results are
presented as mean + CI. The data were evaluated by Two-way ANOVA test followed by Tukey’s post-test at a significance level of 5%. # indicates a statistically
significant difference for the treatment LCFL-PTX/DXR at dose of 28.9 mg/Kg between days 0 and 7. ° indicates a statistically significant difference between the
groups free PTX/DXR at dose of 20.8 mg/kg and LCFLP-PTX/DXR at dose of 28.9 mg/kg on day 0.

was a statistical difference only for the QRS interval between treatments
free PTX/DXR at dose of 20.8 mg/kg and LCFL-PTX/DXR at the same
dose (37.00 + 5.01 ms and 30.83 + 2.62 ms, respectively; p = 0.0177).
In this case, the prolongation of the QRS interval can be seen in the
electrical ECG signals present in Fig. 4.

Fig. 5 shows the ratio between live animals at the end of the exper-
iment and the total number of animals used at the beginning of the
experiment. It is remarkable how the treatment with free PTX/DXR
impacted the animals’ survival, resulting in a higher number of deaths,

when compared with the liposomal formulation for both concentrations
of 20.8 and 28.9 mg/kg.

5. Discussion

LCFL-PTX/DXR proved to be of medium size and homogeneous
average size distribution, being suitable for intravenous administration
[6,24-26]. The encapsulation of the drugs PTX and DXR in the molar
ratio (1:10) is adequate for breast cancer therapy and the zeta potential
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Fig. 4. Determination of cardiographic parameters for female balb/c mice after 14 days of treatment with LCFL-PTX/DXR and free PTX/DXR. The results
are presented as mean =+ CI. The data were evaluated by ANOVA One-way test followed by Tukey’s post-test for the heart rate variable; and for the variables QRS, ST,
and QTc, the Kruskal-Wallis test with Dunn’s post-test was used. All tests were performed at a significance level of 5%. Different letters indicate a statistically

significant difference between treatments.

close to neutrality is already expected for PEG-coated liposomes [6,26,
27]. Thus, the formulation of LCFL-PTX/DXR is suitable for toxicity
studies.

The lack of data on the effect of simultaneous administration of DXR
and PTX in normal tissue has led us to develop studies of toxicity of
LCFL-PTX/DXR. In addition, toxicity studies are an important step when
the aim is to introduce new pharmaceutical products for clinical use [14,
15]. Preclinical toxicological tests allow a scientific basis to predict the
main side effects and the consequences of an overdose for further
escalation in humans [16].

Initially, when evaluating only the morbidity and mortality of the
animals, it is already clear that the combination of the free PTX/DXR
drugs has greater toxicity compared to the liposomal formulation. This
fact is true even when the dose of the liposomal formulation exceeds
8.1 mg/kg of the administration of free PTX/DXR drugs. This thera-
peutic benefit reduced the toxicity with a consequent increase in LD50
range. This occurs due to the different biodistribution profile of lipo-
somes when compared to free drugs [28]. The intrinsic properties of
liposomes, such as particle size, charge, and lipid composition, can
produce changes in the biodistribution of drugs, leaving them prone to
certain organs or tissues. In addition, lipid bilayers facilitate the trans-
port, cell and tissue uptake, and intracellular processing of vesicles
[28-30].

Given the possibility of administering free PTX/DXR only in the
lowest dose of the study, due to the early mortality of mice when
exposed to a dose of (23.1 mg/kg), the proof of toxic effects on organs,

tissues, and systems of mice was made difficult for this group. The
visualization of these effects became viable only at the highest doses of
drugs, which were possible to administer only through encapsulation in
liposomes. Although with slight signs of apparent toxicity, the animals
that received the highest doses of LCFL-PTX/DXR remained alive and
without morbidities.

Hematological evaluation showed the occurrence of mild cytopenia
and an increase in the platelet production after administration of higher
doses of LCFL-PTX/DXR. These findings may be due to the presence of
DXR, which can interrupt red blood cell production and cause blood
clotting disorders and leukopenia [21,31]. This type of toxicity affects
the bone marrow, as seen in histology images. From the administration
of the higher doses of LCFL-PTX/DXR, hypocellularity was detected in
the medulla (sternum), which also affected the production of blood cells.
For these doses, the spleen also showed signs of toxicity, evidenced as
areas of apoptosis in the white pulp. This region is a zone for the pro-
duction of lymphocytes, and such lesions may contribute to the cyto-
penia found.

In addition to renal elimination, DXR and PTX are mostly eliminated
via the hepatobiliary route; therefore, the liver is an important target for
injury [32-35]. Despite this, the histological analysis of the groups
treated in this study, the animals that received treatments with
LCFL-PTX/DXR at doses lower than LD50 range showed only small
degenerative liver lesions without a significant increase in the activity of
serum ALT, which is the most specific enzyme to indicate liver damage,
being found predominantly in the cytoplasmic portion of hepatocytes
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Fig. 5. Determination of the ratio of live animals at the end of study of
acute toxicity. The ratio of live animals at the end of the study of acute toxicity
was calculated by dividing the number of live animals at the end of the
experiment by the total number of animals at the beginning of the experiment
for each treatment separately.

[36]. This combination of results may indicate no or low liver toxicity
induced by the liposomal formulation. The process of acute liver injury
that progressed to steatosis only occurred after administration of a
higher dose of LD50 [21,23]. The trend of isolated serum AST elevation
that occurs in treated groups may not only be related to the increased
uptake of nanosystems by the mononuclear phagocytic system, which
includes the liver. In addition to the liver, AST is produced in other
organs such as the heart, skeletal muscle, kidney, brain, pancreas,
spleen, lung and erythrocytes [37,38]. The amount of AST in the blood is
directly related to tissue damage. The high level of AST up to 300 U/L is
considered non-specific [39].

Cardiotoxicity, the most well-known side effect of the use of DXR,
can become serious and debilitating for patients. In our study, the
administration of LCFL-PTX/DXR did not produce the appearance of
cardiotoxicity. There was no structural change in cardiac tissues, such as
vacuolization or hyalinization of cardiomyocytes, and the levels of the
CK-MB enzyme were maintained. However, the ECG showed a small but
significant difference in the QTc interval, 7 days after administration of
LCFL-PTX/DXR at the dose of 28.9 mg/kg. The QT interval is a classical
marker to evaluate the potential of ventricular arrhythmias for drug
candidates during preclinical evaluation [40,41]. The increase in the
QTc interval can be an early indicator of DXR-induced cardiotoxicity.
However, the clinical consequences of QT prolongation, such as ar-
rhythmias or sudden cardiac death, remain rare [36,42].

Another common ECG change after DXR administration is the

Biomedicine & Pharmacotherapy 144 (2021) 112307

extension of the QRS complex, which was noticed at the end of 14 days
for the group that received the combination of free drugs [43]. Several
reports have revealed that the QT and QRS prolongation that occurs
with DXR treatment is due to the stretching of the action potentials of
ventricular cardiomyocytes and is correlated with the severity of his-
tological lesions of the heart [36,42,43]. Thus, the evaluation of the
acute toxicity of the LCFL-PTX/DXR treatment allowed verification that
its administration at similar doses of the combination of free PTX/DXR
led to less toxic effects. Therefore, the liposomal formulation indicated
to be safer, showing low or no profile of physiological and tissue
changes, morbidity, and mortality, being an alternative to reduce the
side effects of the breast cancer treatment.

6. Conclusion

The results of our study established that the toxicity of LCFL-PTX/
DXR is lower than the combination of free PTX and DXR, proving that
liposomes are capable of delivering higher doses of PTX/DXR without
causing serious damage to organs and tissues, and with reduced side
effects. This was reflected in the increased survival of animals treated
with LCFL-PTX/DXR. Thus, regarding the toxicity, these nanosystems
have significant advantages over the combination of free drugs and are a
promising therapeutic platform for chemotherapy against breast cancer.
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