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Abstract
Background and Objective Sorafenib is an oral, multikinase inhibitor with established single-agent activity in several tumor 
types. Sorafenib was moderately transported by P-glycoprotein (P-gp) and more efficiently by breast cancer resistance protein. 
The constitutive androstane receptor (CAR) is a ligand-activated transcription factor involved in P-gp regulation in the brain 
microvasculature. Paracetamol is a CAR activator. The purpose of this study was to investigate the effect of paracetamol on 
the brain uptake of sorafenib and sorafenib N-oxide.
Methods The rats were assigned to two groups—rats receiving oral paracetamol 100 mg/kg and sorafenib 100 mg/kg (n = 42, 
 ISR+PA) and rats receiving oral vehicle and sorafenib 100 mg/kg (n = 42,  IISR). The sorafenib and sorafenib N-oxide concentra-
tions in blood plasma and brain tissue were determined by a high-performance liquid chromatography method with ultraviolet 
detection. Brain-to-plasma partition coefficient (Kp) was calculated as a ratio of the area under the curve from zero to 24 h 
(AUC) in the brain and plasma. A drug targeting index (DTI) was estimated as the group  ISR+PA Kp to group  IISR Kp ratio.
Results Pharmacokinetic analysis revealed increased brain exposure to sorafenib and sorafenib N-oxide after co-administra-
tion of paracetamol. The brain maximum concentration (Cmax) and the AUC of the parent drug in the  ISR+PA group compared 
with the  IISR group were greater by 49.5 and 77.8%, respectively, and the same parameters for the metabolite were higher 
by 51.4 and 50.9%. However, the Kp values of sorafenib and sorafenib N-oxide did not differ significantly between the two 
animal groups and the DTI values were close to 1.
Conclusion Paracetamol increases exposure to sorafenib and sorafenib N-oxide in the brain, likely due to increased exposure 
in plasma.
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Key Points 

A single administration of paracetamol increases expo-
sure to sorafenib and sorafenib N-oxide in the brain 
tissue.

Patients receiving paracetamol during sorafenib therapy 
may experience intensified adverse reactions from 
sorafenib.

1 Introduction

According to the World Health Organisation (WHO), the 
number of cancer cases is increasing despite better access to 
healthcare in the 21st century. Cancers are some of the major 
causes of deaths worldwide [1]. Hepatocellular carcinoma 
(HCC) is the sixth most common cancer in the world and 

the fourth most common cause of cancer mortality. Survival 
ranges from 6 to 9 months depending on the stage of the 
disease at the time of diagnosis and the treatment applied [2].

Tyrosine kinase inhibitors (TKIs) play an important role 
in cancer therapy. Sorafenib, a representative of this group, is 
one of the two TKIs approved by the Food and Drug Admin-
istration for the first-line treatment of HCC [3]. Sorafenib 
is a modern drug with an antiproliferative and anti-angio-
genic effect. It is also used to treat patients with renal cell 
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carcinoma (RCC) and thyroid cancer. Moreover, its efficacy 
has been evaluated in clinical trials in patients with breast 
cancer, salivary gland cancer, melanoma, non-small-cell lung 
carcinoma, and glioma. Sorafenib blocks cell signal transduc-
tion by binding to the intracellular domains of membrane 
receptors which belong to the group of tyrosine kinases—
VEGFR-1, VEGFR-2, VEGFR-3 (vascular endothelial 
growth factor receptor 1, 2, 3), PDGFR-β (platelet-derived 
growth factor receptor β), FLT-3 (fms-like tyrosine kinase 
3), FGFR1 (fibroblast growth factor receptor 1) and RET 
(rearranged during transfection). Sorafenib inhibits serine-
threonine kinases such as B-Raf, Raf1 and UGT (UDP-glu-
curonosyltransferase) isoforms (UGT1A1, UGT1A9) [4–9].

About 55% of cancer patients and up to 66% of metastatic 
patients with advanced cancer suffer from pain caused by 
cancer. Paracetamol (acetaminophen) is an antipyretic and 
non-opioid analgesic. It is a first-degree drug on the analgesic 
ladder, recommended by the WHO for the treatment of mild 
and moderate pain in cancer therapy [1]. Its mechanism of 
action is multidirectional. It inhibits cyclooxygenase (COX) 
in the arachidonic acid pathway. The central inhibition of 
the COX-1 and COX-2 isoforms gives an analgesic effect 
[10–12]. Ayoub et al. [13] proved that paracetamol reduced 
the concentration of  PGE2 prostaglandins in the brain. Pick-
ering et al. [14] proved that paracetamol affected the seroton-
ergic system by connecting it with 5-HT3 receptors. Research 
on animals showed the dependence between the use of a TKI 
(sunitinib) and concomitantly administered paracetamol; the 
exposure to the TKI and its plasma Cmax and area under the 
plasma concentration-time curve decreased [15].

A third of patients with disseminated cancer have brain 
metastases. The occurrence of metastatic lesions within the 
central nervous system is a sign of a poor prognosis in the 
disease progression [16]. Paracetamol is a P-gp inducer in 
an indirect mechanism, which results in the expression of 
P-gp in the brain. Tan et al. [17] conducted experiments on 
mice and observed that the simultaneous administration of 
paracetamol and sunitinib increased the concentration of 
the TKI in male brains, but decreased it in female brains.

Our previous pilot study showed that a single adminis-
tration of sorafenib and paracetamol increased the plasma 
exposure to sorafenib and its active metabolite [18]. There-
fore, the aim of this study was to determine the effect of 
paracetamol on the degree of sorafenib penetration through 
the blood–brain barrier (BBB).

2  Materials and Methods

2.1  Chemicals and Drugs

Sorafenib (CAS number 284461-73-0) and sorafenib 
N-oxide were purchased from LGC Standards (Łomianki, 

Poland). Lapatinib (CAS number 231277-92-9), methanol, 
acetonitrile, ethyl acetate, ammonium acetate, glacial acetic 
acid, sodium hydroxide, and dimethyl sulfoxide (DMSO) 
were purchased from Sigma-Aldrich (Poznań, Poland). 
Water used in the mobile phase was deionized, distilled and 
filtered through a Millipore system (Direct Q3, Millipore, 
USA) before use. Sorafenib tosylate  (Nexavar®, batch num-
ber BXHT61) was purchased from Bayer Polska Sp. z o.o., 
(Warsaw, Poland). Paracetamol (Pedicetamol, batch number 
K003) and 0.9% NaCl (9 mg/mL, 100 mL) were purchased 
from Sequoia sp. z o.o. (Warsaw, Poland) and Baxter sp. z 
o.o (Warsaw, Poland).

2.2  Experimental Animals, Dosing and Sample 
Collection

The experimental protocol for this study was reviewed and 
approved by the Local Ethics Committee. All applicable 
international, national, and/or institutional guidelines for the 
care and use of animals were followed. Eighty-four adult 
male Wistar rats (weight 460–505 g) were used in the study 
so that the plasma and brain tissue might be collected from 
3 animals at each analyzed time point. The experimental 
animals were kept under 12-h light–dark cycles at 23 ± 2 °C, 
relative humidity (55 ± 10%) and were provided with food 
and water ad libitum. The animals were allowed to acclima-
tize for a week before starting the experiments. The rats were 
divided into two equal groups—one receiving paracetamol 
and sorafenib (n = 42,  ISR+PA) and the other receiving a vehi-
cle (0.9% NaCl) and sorafenib (n = 42,  IISR). Paracetamol 
was given directly into the stomach at a dose of 100 mg/
kg [19], 30 min prior to sorafenib administration [20]. For 
oral administration, sorafenib (100 mg/kg b.w. [21]) was dis-
solved in 1 mL of 10% DMSO. The blood and brain samples 
were collected at the following time points—0, 0.5, 1, 1.5, 2, 
3, 4, 5, 6, 7, 8, 10, 12, and 24 h after administration. Blood 
(100 µL) was collected from each rat by cutting off a piece 
of the tail. At sampling times, the animals were killed and 
their brains were rapidly removed. The blood samples were 
transferred into heparinized tubes and centrifuged at 2,880g 
for 10 min at 4 °C. The collected brains of the animals were 
immediately dissected, washed in 0.9% NaCl, divided along 
the longitudinal axis and homogenized with 0.9% NaCl 
(4 mL per 1 g of brain) in an Ultra-Turrax homogenizer 
(Witko, Łódź, Poland).

2.3  HPLC–UV Assays

The concentrations of sorafenib and sorafenib N-oxide were 
assayed using a high-performance liquid chromatography 
(HPLC) method with ultraviolet (UV) detection (HPLC 
Waters 2695 Separations Module with autosampler, Waters 
2487 Dual λ Absorbance Detector) [22]. This HPLC method 
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was adapted to the conditions of our laboratory and fully 
validated in accordance with the published EMA guideline. 
Stock solutions of sorafenib and sorafenib N-oxide were 
prepared by dissolving the drugs in DMSO at a concentra-
tion of 1 mg/mL and stored in glass tubes at − 80 °C. Serial 
(working) dilutions in acetonitrile were prepared from this 
stock solution for the preparation of calibration and qual-
ity control (QC) samples. The internal standard (IS) master 
stock and working stock were prepared at concentrations of 
1 mg/mL and 100 μg/mL in DMSO and acetonitrile, respec-
tively. Both the master and working IS stocks were stored 
at − 80 °C. Fifty µL of acetonitrile containing IS was added 
to each plasma sample (20 µL) and vortex-mixed for 20 s. 
Then, 300 µL of acetonitrile was added to precipitate pro-
teins. Subsequently, all samples were centrifuged at 7,833g 
for 10 min. The supernatant was transferred into glass cen-
trifuge tubes and 1.0 mL Millipore water was added. After 
vortex-mixing for 2  min, the mixture was successively 
extracted twice, each with 3.0 mL ethyl acetate (EA). After 
every addition of EA, the centrifuge tubes were shaken for 
25 min at room temperature and then centrifuged for 10 min 
at 4,867g. The EA layer was transferred into a 5-mL flask 
and the EA layers collected from both extractions were evap-
orated to dryness under a stream of concentrator at 40 °C. 
The residue was reconstituted in 80 µL phase (ammonium 
acetate:acetonitrile = 3:7). Brain homogenate samples were 
prepared in the same way. Chromatographic separation was 
carried out on a reversed phase C18 column  (Symmetry®C 
8, 5 µm 4.6 mm × 250 mm HPLC column). Eluent A con-
sisted of ammonium acetate 0.1 M pH 3.4 (adjusted with 
glacial acetic acid) and eluent B acetonitrile. Linear gradi-
ent started at 60% eluent A and 40% eluent B to 29% eluent 
A and 71% eluent B. The temperature of the column was 
maintained at 25 °C. The detection wavelength was set at 
265 nm and the injection volume was 20 µL. The column 
was equilibrated for at least 20 min with the mobile phase 
at a flow rate of 1 mL/min. The plasma samples were ana-
lyzed against the calibration curve, obtained from calibration 
standards prepared in blank rat plasma. The lower limit of 
quantification (LLOQ) for sorafenib was 0.1 µg/mL. Intra- 
and inter-day precision and accuracy of the low QC (0.3 µg/
mL), medium QC (1.5 µg/mL), and high QC (3.0 µg/mL) 
were well within the acceptable limit of 10.5% coefficient 
of variation (CV%). The calibration curve for sorafenib was 
linear and ranged from 0.1 to 3.5 µg/mL (r = 0.997). The 
LLOQ for sorafenib N-oxide was 0.02 µg/mL. Intra- and 
inter-day precision and accuracy of the low QC (0.06 µg/
mL), medium QC (0.12 μg/mL), and high QC (0.2 µg/mL) 
were within the acceptable limit of 12% CV%. The cali-
bration curve for sorafenib N-oxide was linear in the range 
0.02–0.25 µg/mL (r = 0.997). The brain homogenate samples 
were analyzed against the calibration curve obtained from 
calibration standards prepared in ultrapurified water. The 

LLOQ for sorafenib and sorafenib N-oxide was 0.01 µg/mL. 
Intra- and inter-day precision and accuracy of the low QC 
(0.03 and 0.02 µg/mL), medium QC (0.2 and 0.025 µg/mL) 
and high QC (0.3 and 0.03 µg/mL) were within the accepta-
ble limit of a 14% CV% for sorafenib and sorafenib N-oxide, 
respectively. The linearity of the method was proved for the 
range of 0.01–0.4 µg/mL (r = 0.999) and 0.01–0.04 µg/mL 
(r = 0.998) for sorafenib and sorafenib N-oxide, respec-
tively. The retention times for lapatinib, sorafenib N-oxide, 
and sorafenib were 9.0, 12.8, and 15.6 min, respectively. 
The relative recoveries for sorafenib, sorafenib N-oxide, and 
lapatinib were 92, 87, 52%, respectively.

2.4  Calculation of Drug Concentration in the Brain

The total concentrations of sorafenib and its metabolite in 
the rat brain were calculated knowing that 1 μg/mL deter-
mined in the brain homogenate resulted in 5 μg/mL in the 
brain itself, due to the homogenization of 1 g of the tis-
sue with 4 volumes of the 0.9% NaCl solution. The calcu-
lated brain concentrations were then corrected for the drug 
amount in the residual brain blood (Eq. 1), according to the 
procedure reported by Fridén et al. [23]:

where Cb,corr = the total drug concentration in the brain cor-
rected for the residual blood; Cb = total concentration deter-
mined in the brain; Cp = total drug concentration in plasma; 
CRBC = total drug concentration in red blood cells; fu,p = 
unbound drug fraction in plasma; Vw, Vprotein, and VRBC = 
apparent brain vascular spaces of plasma water (10.3 μL/g), 
plasma proteins (8.0 μL/g), and red blood cells (2.1 μL/g), 
respectively. As sorafenib is strongly bound to human and 
rat plasma proteins (about 99.5% [24]), the value of fu,p = 0 
was used in the calculations for both the parent drug and 
its N-oxide. The values of CRBC were estimated using Eq. 2 
reported in [23]:

where Cblood denoted the total drug concentration in whole 
blood and Hct was the hematocrit of rat blood (0.45). The 
Cblood values were calculated as 0.893 Cp, based on the rat 
plasma-to-whole blood sorafenib concentration ratio of 1.12 
[24].

2.5  Pharmacokinetic Analysis

Based on the total concentrations of sorafenib and its 
metabolite in the rat plasma and brain, the area under the 
curve from zero to 24 h (AUC) was computed in Phoenix 

(1)
Cb,corr =

Cb −
[

fu,p × Vw × Cp +
(

1 − fu,p
)

× Vprotein × Cp

]

− CRBC × VRBC

1 − Vw − VRBC

(2)CRBC =
Cblood − Cp × (1 − Hct)

Hct
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WinNonlin 8.1 (Certara USA Inc., Princeton, USA) using 
a noncompartmental analysis with a sparse sampling 
approach. The analysis also provided the standard error (SE) 
of the AUC estimates, which enabled calculation of the SE 
for the brain-to-plasma AUC ratio:

The brain-to-plasma partition coefficient (Kp) was cal-
culated as AUC brain/AUC plasma. The tissue uptake efficiency 
and selectivity were assessed with the Kp and drug targeting 
index (DTI), which was calculated as a ratio of the Kp in the 
 ISR+PA group to the Kp in the  IISR group [25].

3  Results

Changes of the mean concentration of sorafenib and 
sorafenib N-oxide over time in the plasma and brain are 
presented in Figs. 1 and 2, respectively. The concentration 
of sorafenib in the brain samples collected at 0.5 h after 
drug administration in the  IISR group was undetectable. The 
concentration of sorafenib N-oxide in all the brain samples 
collected at 0.5, 1, 1.5, 2, and 3 h in the  IISR group was also 
undetectable. Moreover, in the  ISR+PA group at 0.5, 1, 1.5 and 
2 h, the sorafenib N-oxide levels in the brain samples were 
below the LLOQ.

The pharmacokinetic profiles of sorafenib and sorafenib 
N-oxide in the blood plasma and brain were shown to be dif-
ferent between the groups. The pharmacokinetic parameters 
of the compounds in plasma and brain are listed in Table 1. 
Paracetamol increased the sorafenib and sorafenib N-oxide 

SE AUCbrain

AUCplasma

=
1

AUCplasma

× SEAUCbrain
+

AUCbrain

AUC2
plasma

× SEAUCplasma
.

plasma AUC in the  ISR+PA compared with the  IISR group 
(54.1 vs 32.1 and 3.74 vs 3.05 µg × h/mL, respectively). The 
Cmax of sorafenib and sorafenib N-oxide was also higher in 
the  ISR+PA group (2.41 vs 2.13, and 0.19 vs 0.16 µg/mL). The 
comparison of both groups of animals revealed an increase 
in the Cmax and AUC 0–t of sorafenib and sorafenib N-oxide 
in the brain. The brain Cmax and AUC of the parent drug in 
the  ISR+PA group compared with the  IISR group were greater 
by 49.5 and 77.8%, respectively, and the same parameters 
for the metabolite were higher by 51.4 and 50.9% (Table 1). 
The Kp values showed that the effectiveness of sorafenib and 
sorafenib N-oxide uptake in the brain was the same in both 
groups (Table 1). The DTI values of sorafenib and sorafenib 
N-oxide were 1.051 and 1.229.

4  Discussion

The incidence of metastases in patients with HCC is increas-
ing. There may be intra-hepatic and extra-hepatic metasta-
ses, with an incidence ranging from 15 to 50%, depending on 
the cancer stage [26, 27]. The incidence of brain metastases 
in HCC patients is relatively low (1–6%). The prognosis 
for these patients is poor and the survival period is several 
weeks if therapy is not applied. Therefore, brain metastases 
are considered a terminal state in patients with HCC [28]. 
The incidence of brain metastases in patients with RCC is 
approximately 4–7%. There is a poor prognosis for RCC 
patients with brain metastases, as the median overall sur-
vival is only 11 months after diagnosis [29]. Therefore, it 
is important that targeted therapy applied to patients with 
brain metastases should be characterized by a high level of 
tumor penetration, which is usually limited by the activity 

Fig. 1  Plasma and brain pharmacokinetic profiles of sorafenib after oral administration of 100 mg/kg sorafenib dose alone  (IISR) or coadminis-
tered with 100 mg/kg oral dose of paracetamol  (ISR+PA) to rats. Data represent mean ± SD (n = 3 per time point)
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of transporters located in the BBB. Research has shown that 
sorafenib may increase the susceptibility of glioma cells to 
TTFields [30].

Wolchok et al. reported a patient with metastatic mela-
noma who was treated with paracetamol administered at a 
dose of 15 g/m2 and 80 mg/m2 carmustine (BCNU). The 
therapy significantly reduced liver metastases. Response 
was stabilized and continued throughout the therapy. There 
was a partial response observed in another patient after two 
cycles of 20 g/m2 paracetamol and 10 mg/m2 BCNU. Both 
responses were noted at lower than standard BCNU doses. 
The authors concluded that the improvement in the therapy 
was either caused by paracetamol alone or paracetamol 
potentiated the antitumor effect of BCNU [31]. However, 
this hypothesis has not been confirmed on a larger group of 
patients. Wu et al. [32] proved that paracetamol increased 
the cytotoxic activity of cisplatin/paclitaxel in human ovar-
ian cancer in vitro and in in vivo cisplatin treatment. The 
authors suggested that the inclusion of high doses of par-
acetamol, which is a widely available drug, into cisplatin- 
or paclitaxel-based regimens may increase the efficacy of 
cytostatics in ovarian cancer. Gai et al. [33] noted that when 
paracetamol was combined with erastin, it induced ferrop-
tosis in non-small-cell lung carcinoma cells, which may be 
another option of treatment of this cancer. Sorafenib was 
also found to be one of the few TKIs inhibiting ferroptosis 
[34].

Paracetamol penetrates through the BBB where it may 
induce ABCB1 and ABCB2 [17]. On the other hand, Novak 
et al. [35] observed that paracetamol exhibited a short inhibi-
tory effect on P-gp activity in the intestines, manifested by 
the increased bioavailability of digoxin (P-gp substrate). 

Fig. 2  Plasma and brain pharmacokinetic profiles of sorafenib N-oxide after oral administration of 100 mg/kg sorafenib dose alone  (IISR) or 
coadministered with 100 mg/kg oral dose of paracetamol  (ISR+PA) to rats. Data represent mean ± SD (n = 3 per time point)

Table 1  Non-compartmental plasma and brain pharmacokinetic 
parameters of sorafenib and sorafenib N-oxide after oral administra-
tion of 100  mg/kg of sorafenib alone  (IISR) or coadministered with 
100 mg/kg of oral paracetamol  (ISR+PA)

Cmax maximum concentration, tmax time to reach Cmax, AUC 0–t area 
under the plasma or brain concentration–time curve from zero to the 
time of the last measurable concentration (24 h), Kp tissue-to-plasma 
partition coefficient
a Data represent mean ± SD (n = 3)
b Data represent estimate ± SE for 8–13 points profiles with n = 3 ani-
mals per each point

Pharmacokinetic parameters ISR+PA IISR

Blood plasma
 Sorafenib
  Cmax (µg/mL)a 2.41 ± 0.14 2.13 ± 0.28
  tmax (h) 10.0 7.0
  AUC 0–t (µg × h/mL)b 54.1 ± 1.7 32.1 ± 2.0

 Sorafenib N-oxide
  Cmax (µg/mL)a 0.19 ± 0.05 0.16 ± 0.05
  tmax (h) 10.0 7.0
  AUC 0–t (µg × h/mL)b 3.74 ± 0.14 3.05 ± 0.17

Brain tissue
 Sorafenib
  Cmax (µg/mL)a 1.68 ± 0.14 1.12 ± 0.63
  tmax (h) 6.0 6.0
  AUC 0–t (µg × h/mL)b 15.6 ± 0.7 8.75 ± 0.48
  Kp

b 0.287 ± 0.022 0.273 ± 0.032
 Sorafenib N-oxide
  Cmax (µg/mL)a 0.16 ± 0.01 0.10 ± 0.02
  tmax (h) 8.0 7.0
  AUC 0–t (µg × h/mL)b 3.22 ± 0.13 2.14 ± 0.10
  Kp

b 0.862 ± 0.068 0.701 ± 0.073
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The authors emphasized that the potential occurrence of 
drug–drug interaction should be taken into consideration 
when P-gp substrates are co-administered with paracetamol.

Manov et al. [36] found that the activity of P-glycoprotein 
in cancer cells could be modulated by paracetamol. This 
finding is very important for cancer patients, who often 
receive high doses of paracetamol, which may influence the 
effect of cancer therapy.

Chee et al. [37] found that the administration of keto-
conazole resulted in a higher concentrations of sunitinib in 
the liver, kidney and brain tissues. The Cmax of sunitinib in 
the brain doubled after the administration of ketoconazole, 
whereas the AUC 0–inf was 20% higher than in the control 
group. However, the authors emphasised that the increase 
in the exposure was not caused by the effect of ketoconazole 
on the BBB, because the AUC 0–inf ratio between the brain 
tissue and plasma was 2.25 in the control group, whereas in 
the group under study it decreased to 1.70. This means that 
the drug penetration across the BBB was in fact less effec-
tive in the studied group.

Paracetamol penetrates through the BBB and can mod-
ulate the activity of OATP1B1, OATP1B3 and OAT3. It 
also affects other efflux transporters in the BBB, especially 
ABCG2 and ABCB1 [20]. When mice were administered 
paracetamol and sunitinib [20], the exposure to sunitinib 
decreased by half in male and female animals. Moreover, in 
the female group the uptake efficiency decreased by 50%, 
whereas the Cmax decreased in female and male mice by 32 
and 36%, respectively. The constitutive androstane receptor 
(CAR) is a ligand-activated transcription factor involved in 
P-gp regulation in the brain microvasculature. Paracetamol 
is a CAR activator. Our study showed that a single dose of 
paracetamol increased the levels of sorafenib and sorafenib 
N-oxide in the plasma and brain. However, the Kp and DTI 
parameters showed that the uptake efficiency in both groups 
was comparable. The increase in the plasma drug exposure 
may have been caused by the influence of paracetamol on 
intestinal P-gp, which resulted in increased exposure to 
sorafenib in the brain. Patients receiving paracetamol during 
sorafenib therapy may experience intensified adverse reac-
tions from sorafenib, especially encephalopathy, peripheral 
sensory neuropathy, dysgeusia, and depression.

The limitations of our study have to be noted. The sam-
pling protocol was destructive (one-animal-per-sample 
design). With the use of 84 animals in total, we could pro-
vide three individuals per each time point. However, the use 
of 84 animals was justified by realization of the principle 
of the 3Rs (replacement, reduction, and refinement). On 
the other hand, the concentration–time profiles obtained 
for sorafenib and its N-oxide contained as many as 8–13 
points, which supports their robustness. Another limitation 
of the study was the age of the rats (adult rats), i.e., associ-
ated with their high body mass. This in fact facilitated the 

oral administration of the drug and the collection of blood. 
Future studies in younger rats are warranted to verify the 
influence of age on the brain penetration of sorafenib and 
its N-oxide.

5  Conclusion

It is important to increase the penetration of the drug into 
the cancer-lesioned tissue in patients with brain metastases. 
A single administration of paracetamol increases exposure 
to sorafenib and sorafenib N-oxide in the brain tissue. This 
effect is likely caused by increased exposure to the parent 
drug and its metabolite compounds in plasma. The issue 
warrants further research on larger groups of animals, prefer-
ably younger than in our study.
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