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ABSTRACT

P-glycoprotein (P-gp) is an ATP-binding cassette transporter involved in the efflux of numerous compounds that
influences the pharmacokinetics of xenobiotics. It reduces intestinal absorption and exposure of target cells to
toxicity. Thioxanthones are compounds able to induce and/or activate P-gp in vitro. Particularly, 1-(propan-2-
ylamino)-4-propoxy-9H-thioxanthen-9-one (TX5) behaves as a P-gp inducer and activator in vitro. The aims of
this study were: i) to perform a histological characterization, by testing a single high dose of TX5 [30 mg/kg, body
weight (b.w.), gavage], administered to Wistar Han rats, 24 hours after administration; and ii) to perform both a
complete histological characterization and a preliminary safety evaluation, in distinct target organs, 24 hours after
administration of a single lower dose of TXS5 (10 mg/kg, b.w., gavage) to Wistar Han rats. The results showed a
relevant histological toxicity for the higher dose of TX5 administered (30 mg/kg, b.w.), manifested by extensive
hepatic necrosis and splenic toxicity (parenchyma with hyperemia, increased volume of both white and red pulp,
increased follicles marginal zone). Moreover, in the kidneys, a slight hyperemia and tubular edema were observed
in TXS5-treated animals, as well as an inflammation of the small intestine. On the contrary, for the lower tested
dose (10 mg/kg, b.w.), we did not observe any relevant histological toxicity in the evaluated organs. Additionally,
no significant differences were found in the ATP levels between TX5-exposed and control animals in any of the
evaluated organs, with the exception of the intestine, where ATP levels were significantly higher in TX5-treated
rats. Similarly, TXS5 caused a significant increase in the ratio GSH/GSSG only in the lungs. TXS5 (10 mg/kg, b.w.)
did not induce any change in any of the hematological and biochemical circulating evaluated parameters. However,
TXS was able to significantly reduce the activated partial thromboplastin time, without affecting the prothrombin
time. The urine biochemical analysis revealed a TXS5-mediated increase in both creatinine and sodium. Taken
together, our results show that TXS, at a dose of 10 mg/kg, does not induce considerable toxicity in the biological
matrices studied. Given this adequate safety profile, TX5 becomes a particularly interesting compound for ex vivo
and in vivo studies, regarding the potential for induction and activation of P-gp at the intestinal barrier.

Keywords: Thioxanthones, oxidative stress, P-glycoprotein, toxicological biomarkers, peripheral toxicity
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Abbreviations

ABC ATP-binding cassette

APTT activated partial thromboplastin time
ATP adenosine triphosphate

BSA bovine serum albumin

b.w. body weight

CSF cerebrospinal fluid

DTNB 5,5'-dithiobis(2-nitrobenzoic acid)
EDTA ethylenediaminetetraacetic acid
GFR glomerular filtration rate

GR glutathione reductase

GSH reduced glutathione

GSSG oxidized glutathione

Hb hemoglobin

H&E hematoxylin-eosin

HPLC-DAD high-performance liquid chromato-
graphy with diode-array detection

ip. intraperitoneally

MCH mean cell hemoglobin

MCHC mean cell hemoglobin concentration
MCV mean cell volume

MDR multidrug resistance

INTRODUCTION

Thioxanthones (TXs) are heterocyclic
compounds with several reported biological
activities and therapeutic potential, namely
those related to antitumor activity and P-gly-
coprotein (P-gp) modulation potential (Paiva
et al., 2013). ATP-binding cassette (ABC)
carriers are efflux pumps mainly located at
the plasma membrane of barrier tissues, such
as the intestine, where they affect the phar-
maco/toxicokinetics of both endobiotics and
xenobiotics. For this reason, ABC proteins are
involved in the multidrug resistance (MDR)
phenomenon, being responsible for the extru-
sion of many unrelated therapeutically im-
portant drugs, including anticancer agents. On
the other hand, ABC proteins, due to their ef-
flux function, are important to maintain cellu-
lar homeostasis and to detoxify potentially
toxic substances by avoiding their accumula-
tion inside the cells (DeGorter et al., 2012;
Silva et al., 2015b). P-gp belongs to the
ABCB subfamily of carriers and is one of the
most studied ABC proteins, being involved in
drug efficacy and toxicity. Given the involve-
ment of ABC carriers, particularly P-gp, in
the defense mechanism against toxic sub-
stances, as well as in the MDR phenotype,

MPT mitochondrial permeability transition

MPV mean platelet volume

NADPH nicotinamide phosphate adenine dinu-
cleotide

PALS periarterial lymphatic sheath

PAS periodic acid-schiff

PCT plateletcrit

PDW platelet distribution width

P-gp P-glycoprotein

PLT platelet

PT prothrombin time

RDW red cell distribution width

ROW relative organ weight

SGLT2 sodium/glucose co-transporter 2

tGSH total glutathione

TNB 5'-thio-2-nitrobenzoic acid

TT thrombin time

TXs thioxanthones

X5 1-(propan-2-ylamino)-4-propoxy-9H-ti-
oxanthen-9-one

WBC white blood cell

they play a relevant role in physiological,
pharmacological and toxicological fields
(Couture et al., 2006; Silva et al., 2015b). As
such, there is much interest in modulating
ABC efflux function. Compounds interacting
with ABC transporters can act as substrates,
inhibitors, inducers or activators, but one
compound can also have overlapping modes
of'action (Gameiro et al., 2017; Wessler et al.,
2013). Several in vitro and in vivo studies
have shown that both the expression levels
and the activity of ABC transporters can be
modulated by inducers (Dinis-Oliveira et al.,
2006; Silvaetal., 2011; Silva etal., 2013) and
activators (Martins et al., 2019; Silva et al.,
2015a; Silva et al., 2014; Vilas-Boas et al.,
2013). The inducing and activating effects
have been shown to be triggered by (thio)xan-
thonic compounds, protecting different cell
models against paraquat-mediated toxicity
(Martins et al., 2019; Silva et al., 2015a; Silva
et al., 2014). Particularly, Silva and co-au-
thors (Silva et al., 2015a) tested five newly
synthesized thioxanthonic derivatives (TX1-
5) in Caco-2 cells, observing that all exam-
ined compounds were able to promote both
the induction and the activation of P-gp, alt-
hough with a significantly more pronounced
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effect for TXS, with consequent lower cyto-
toxicity effects elicited by paraquat (Silva et
al., 2015a). Our research group is committed
to continue this line of research, aiming at
finding P-gp inducers and/or activators at the
intestine, with an adequate safety/efficacy re-
lationship, using ex vivo and in vivo method-
ologies, in order to find enhancers of safety of
xenobiotics. In this regard, TX5 showed to
behave as a P-gp activator in the rat ileum
(data submitted for publication). To accom-
plish our purpose, a first histological and tox-
icological evaluation of TX5 was performed,
herein presented, testing two different doses
administered to Wistar Han rats and selecting
the less toxic dose to be used in the functional
studies.

MATERIALS AND METHODS

Chemicals and drugs

TXS5 hydrochloride was synthesized by
the Organic and Pharmaceutical Chemistry
Laboratory of the Faculty of Pharmacy of
University of Porto, according to described
procedures (Palmeira et al., 2012). Briefly, a
copper-catalyzed (Cul) cross-coupling be-
tween 1-chloro-4-propoxy-9H-thioxanthen-
9-one and isobutylamine, in alkaline medium
(K2CO3) and methanol, using a closed vessel
and conventional heating (100 °C), was per-
formed. TXS5 was characterized by spectro-
scopic methods and data was in accordance to
described procedures (Palmeira et al., 2012).
The purity of the compound was determined
by HPLC-DAD analysis, yielding a high de-
gree of purity of at least 95 %. Bovine serum
albumin (BSA), glycine, Tris hydrochloride,
reduced glutathione (GSH), oxidized glutathi-
one (GSSG), glutathione reductase (GR),
5,5'-dithiobis(2-nitrobenzoic acid) (DTNB),
adenosine triphosphate (ATP), luciferase, D-
luciferin, 2-vinylpyridine were all obtained
from Sigma-Aldrich (Saint Louis, MI/USA).
Folin-Ciocalteu reagent, copper (II) sulphate,
perchloric acid (HClO4), ethylenediaminetet-
raacetic acid (EDTA), potassium bicarbonate
(KHCO3), sodium hydroxide (NaOH), so-

dium carbonate, disodium phosphate, magne-
sium sulphate and potassium dihydrogen
phosphate were purchased from Merck
(Darmstadt, Germany). Potassium sodium
tartrate was purchased from Fluka (Buchs SG,
Switzerland). Sodium phosphate monobasic
and reduced B-nicotinamide phosphate ade-
nine dinucleotide (B-NADPH) were obtained
from Panreac (Barcelona, Spain). Sodium
chloride was purchased from VWR. Xylazine
and ketamine were obtained from Novavet
(Braganca, Portugal) and heparin from Braun
(Germany). Isoflurane (Isoflo®) was pur-
chased from Abbott (IL, USA). For histo-
pathological analysis, commercial 4 % buff-
ered formalin was acquired from Klinipath
(Netherlands), while ethanol was purchased
from Panreac AppliChem (Darmstadt, Ger-
many), xylene from BDH — Prolabo, VWR
International (Ireland), and paraffin from
Merck (Germany). Chemicals for hematoxy-
lin-eosin (H&E) and periodic acid-schiff
(PAS)/Alcian Blue stains were purchased
from Sigma-Aldrich (Saint Louis, MI/USA).
All reagents used were of analytical grade or
of the highest grade available.

Animals

Male Wistar Han rats, weighing in aver-
age 240 £+ 35 g, were born at the Institute of
Biomedical Sciences Abel Salazar - Univer-
sity of Porto (ICBAS-UP) animal facilities.
Animals were kept under light/dark cycles of
12/12 h, at 22 £+ 2 °C room temperature and
50-60 % humidity and had access to water
and pellet food ad libitum. Handling and care
of animals were conducted according to the
European Union guidelines for animal re-
search (2010/63/EU) and the current Portu-
guese Law (Decreto-Lei no. 113/2013, de 7
de Agosto). Moreover, animal experiments
were licensed by the Organism responsible
for the welfare of animals (ORBEA, ICBAS-
UP; protocol no. 250/2018). All procedures
were carried out considering the compliance
of 3 R’s (replacement, reduction, refinement),
providing appropriate animal care, minimiz-
ing their suffering and stress.
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Experimental protocol

Before the experiment, animals were sub-
jected to a short adaptation period to the met-
abolic cages, in order to reduce stress. Prior to
TX5 or vehicle administration, animals were
maintained in groups allowing social interac-
tions. Two experiments were carried out, by
using two distinct doses of TXS5 hydrochlo-
ride (30 and 10 mg/kg, b.w.), administered by
gavage. In the first experiment, a preliminary
assessment of safety was performed by using
four animals, two as controls and two treated
with the highest dose of TXS hydrochloride
(30 mg/kg; TX5-30 group). In the second ex-
periment, a lower dose of TXS5 hydrochloride
(10 mg/kg; TX5-10 group) was administered
to perform the complete biochemical and his-
tological evaluation, by using 14 animals (n =
7 controls; n = 7 TXS5-treated). In both exper-
iments, animals were fasted for 4 hours prior
to gavage administration, while maintaining
free access to water supplemented with 1 %
sugar. Each animal was subjected to a brief
inhalatory anesthesia with isoflurane to re-
duce the discomfort associated to the admin-
istration of the compound (or vehicle) by ga-
vage. Immediately after the administration
and for the next 24 hours, animals were indi-
vidually housed in metabolic cages for whole
urine collection. All animals were fasted for
the last 12 hours before sacrifice, but water
supplemented with 1 % sugar was given ad
libitum. TX5 hydrochloride was prepared at
the day of use in a concentration of 2 mg/mL
in ultrapure water. A volume of 1 mL was ad-
ministered per 200 g b.w. Control animals re-
ceived ultrapure water using equivalent ad-
ministration volumes of TX5-treated animals.

Blood and urine collection and processing
for hematological and biochemical analysis
Twenty-four hours after TX5/vehicle ad-
ministration, rats were deeply anesthetized
with a mixture of xylazine and ketamine [10
and 90 mg/kg b.w., intraperitoneally (i.p.), re-
spectively]. Animals were placed in the decu-
bito supino position and the abdomen was
opened, exposing the caudal cava vein, from
which blood was collected and placed into

heparin-, citrate- and EDTA-containing
tubes. The blood collected into heparinized
and citrate-containing tubes was centrifuged
(1670 x g, 15 min at room temperature) and
the obtained plasma was stored at -80 °C for
further biochemical and coagulation analysis,
respectively. Whole blood samples (collected
using EDTA as anticoagulant) were used for
hematological evaluations, namely erythro-
cyte count, hemoglobin (Hb) concentration,
hematocrit, hematological indexes — mean
cell volume (MCV), mean cell hemoglobin
(MCH), mean cell hemoglobin concentration
(MCHC), red cell distribution width (RDW),
platelet (PLT) count, plateletcrit (PCT), plate-
let distribution width (PDW), mean platelet
volume (MPV), total and differential white
blood cell (WBC) count, using an automated
blood cell counter (Sysmex K1000, Hamburg,
Germany). Blood smears were stained ac-
cording to Wright (International Committee
for Standardization in Haematology, 1984)
and blood cell morphology was observed. For
the coagulation study, the prothrombin time
(PT) and the activated partial thromboplastin
time (APTT) were evaluated by using the
clotting assay (Coagulation analyzer Coatron
M4, Teco Medical Instruments GmbH,
Neufahrn, Germany; APTT-XL and TEClot
PT-S, Teco Medical Instruments GmbH,
Neufahrn, Germany).

The urine of each animal was collected 24
hours after TXS5 or vehicle administration
(metabolic cage) and centrifuged (3220 x g,
15 min at 4 °C). The resulting supernatants
were separated and measured to assess the in-
dividual urinary flows (mL/day), and frozen
at -80 °C for further analysis.

Plasma and urine samples were used to
evaluate several clinical chemistry parame-
ters on an AutoAnalyzer (PRESTIGE® 244,
PZ Cormay S.A.), using the respective Kkits
and following the manufacturer’s instruc-
tions.

Tissue collection and processing for

histological and biochemical analysis
Immediately after exsanguination, the

liver, kidneys, heart, spleen, lungs, intestine
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and brain were removed, washed in refriger-
ated saline solution (0.9 % NacCl), gently
dried with filter paper and weighted to assess
the relative organ weight (ROW, calculated as
a percentage of the total body weight at the
sacrifice day). Organs were then processed
for histological and biochemical analysis.

Histological analysis

After animal sacrifice, pieces of the heart,
small intestine, liver, kidneys, lungs, spleen
and brain were randomly selected and imme-
diately fixed in commercial 4 % buffered for-
malin for histopathological evaluation. After
a fixation period of 24 hours, tissues were de-
hydrated through a series of graded ethanol
solutions (70.0 — 99.8 %), cleared in xylene
and impregnated and embedded in paraffin.
Each organ was sectioned (Microtome —
Leica RM 2255, Germany) into thin sections
(4 pm thick). In order to improve section ad-
hesion, the sampled sections were mounted in
silane-coated microscope slides [Nuova Ap-
taca, Canelli (AT), Italy]. The sections were
then stained with H&E and PAS/Alcian Blue.
For the histopathological analysis, the slides
of all treatments were examined blinded and
photographed under light microscope (BX50,
Olympus, Japan) equipped with a digital cam-
era (DP21, Olympus, Japan).

Biochemical analysis

The remaining tissue samples were ho-
mogenized in ice-cold 25 mM phosphate-
buffered solution [1:4 (m/v), Ultra-Turrax®
Homogenizer], pH 7.4. The homogenates
were kept on ice, then centrifuged at 3000 x g
for 10 min, at 4 °C. An aliquot of the resulting
supernatants was separated for total protein
quantification, and stored at -20 °C. Another
aliquot of the resulting supernatants was pre-
cipitated with an equal volume of 10 %
HCIO4 (5% final acid concentration) and
again centrifuged (16 000 x g, 10 min at
4 °C). Aliquots of the acidic supernatants
were then separated and frozen at -80 °C for
ATP quantification, and at -20 °C for total
glutathione (tGSH) and oxidized glutathione
(GSSG) quantification.

Determination of tissue ATP levels

The ATP levels of tissue homogenates
were determined by bioluminescence, which
is based on the generation of light using the
luciferin-luciferase system (Costa et al., 2007;
Rossato et al., 2014a). The method uses the
enzyme luciferase that catalyzes the oxidation
reaction of the luciferin reagent, consuming
ATP. This reaction gives rise to light, being
the amount of ATP present in the sample lin-
early proportional to the amount of light emit-
ted. Briefly, 150 pL of the acidic supernatant
referred in the section “Biochemical analysis”
was neutralized with 150 pL of 0.76 M
KHCOs3 and centrifuged (16 000 x g, 1 min at
4 °C). Bioluminescence was immediately
read in a microplate reader Biotech Synergy
HT (Winooski, VT/USA) after the reaction of
100 uL of neutralized supernatant with an
equal volume of luciferin/luciferase solution
(prepared in luciferin/luciferase buffer: 50
mM glycine, 10 mM MgSOa4, 1 mM Tris-HCIL,
0.55 mM EDTA, 0.1 % BSA; pH 7.6). ATP
standards were prepared in 5 % HCIO4 and
treated like the samples. ATP intracellular
levels were expressed in nmol of ATP per mg
of protein.

Determination of tissue total glutathione
(tGSH) and oxidized glutathione (GSSG)
The tGSH and GSSG levels of tissue ho-
mogenates were determined by the DTNB-
GSSG reductase recycling assay (Costa et al.,
2007; Teixeira-Gomes et al., 2016). The
method involves oxidation of GSH by the
sulfhydryl reagent DTNB to form the yellow
derivative 5'-thio-2-nitrobenzoic acid (TNB),
measurable at 415 nm. This formation is pro-
portional to the concentration of GSH in the
sample. The GSSG is recycled to GSH by GR,
in the presence of NADPH. For the quantifi-
cation of GSSG, 2-vinylpyridine was used to
block GSH. The levels of GSH were deter-
mined considering the following formula:
GSH = tGSH - 2 x GSSG. Briefly, for tGSH
quantification, 200 uL of the acidic superna-
tant referred in the section “Biochemical anal-
ysis” was neutralized with 200 uL of 0.76 M
KHCOs3 and centrifuged (16 000 x g, 2 min at
4 °C). For GSSG quantification, 10 uL of 2-

702



EXCLI Journal 2019;18:697-722 — ISSN 1611-2156

Received: July 25, 2019, accepted: August 20, 2019, published: August 27, 2019

vinylpyridine was added to 200 uL of acidic
supernatant, and the samples were shaken
during 1 hour on ice prior to the neutralization
step with 0.76 M KHCOs. In 96-well plates,
100 pL of neutralized supernatant of sample,
standard or blank were added in triplicate and
mixed with 65 pL of fresh reagent solution
containing 1.3 mM DTNB and 0.24 mM
NADPH. Plates were incubated at 30 °C for
15 min in a plate reader (PowerWaveX; Bio-
Tek Instruments, Winooski, VT/USA) prior
to the addition of 40 uL. GR solution (10
U/mL). The final product of this reaction is a
colored substance, and its formation was
monitored for 3 min, at 415 nm, and com-
pared with a standard curve (Pontes et al.,
2008). GSH and GSSG standard solutions
were prepared in 5 % HClO4 and treated like
the samples. Levels of tGSH, GSSG and GSH
were normalized to the protein content (re-
sults are presented in nmol tGSH per mg of
protein or nmol GSSG per mg of protein or
nmol GSH per mg of protein).

Determination of total protein tissue levels

Protein quantification was carried out ac-
cording to the method previously described
by Lowry et al. (1951). An aliquot of the tis-
sue homogenate supernatant referred in the
section “Biochemical analysis” was used to
assess the total tissue protein levels by spec-
trophotometry, using a microplate reader
(wavelength = 750 nm). BSA standard curves
were prepared in 0.5 M NaOH.

Statistical analysis

Statistical analysis was performed with
the GraphPad Prism software program ver-
sion 6 (San Diego, CA/USA) and the results
presented as means =+ standard error of the
mean (SEM). Outliers were identified using
the ROUT test. The Shapiro—Wilk normality
test was conducted before group comparison.
Statistical comparison between control and
TXS5-exposed groups was estimated using the
Unpaired Student t-test when the distribution
was normal and the Mann-Whitney test when
the distribution was not normal. A p value
lower than 0.05 was considered to denote sta-
tistically significant differences.

RESULTS

Organ weights were not changed by TX5

The individual weight of each organ
(heart, liver, brain, kidneys, small intestine,
spleen, lungs) was registered and the ratio or-
gan weight/body weight (ROW) was calcu-
lated. Statistical analysis was only done for
the TX5-10 group. No significant differences
were observed between TX5-exposed and
control animals for all collected organs (Table
1). Additionally, no differences were ob-
served in the pattern of water intake and in the
individual body weights betweent=0h and t
= 24 h (data not shown).

Table 1: Relative organ weight (ROW) of control and TX5-exposed animals

Organ Control TX5-30 Control TX5-10

Heart 0.34 +0.04 0.35+0.01 0.38 + 0.03 0.38 +0.03
Liver 5.13+0.35 5.45+0.23 3.91+0.17 3.85+0.27
Brain 0.67 £0.03 0.74 £ 0.00 0.82 +0.07 0.79 +0.05
Kidneys 0.86 = 0.00 0.91+0.01 0.95+0.03 0.91 +0.04
Intestine 0.70 £0.32 0.66 = 0.00 0.74+0.12 0.60 + 0.05
Spleen 0.30 £ 0.02 0.29 £ 0.00 0.33+0.04 0.31+0.04
Lungs 0.50 + 0.02 0.52 +0.03 0.63 +0.04 0.55 +0.02

Relative organ weight (ROW) was calculated as percentage of the absolute body weight at sacrifice day. Results are presented
as means + standard error of the mean (SEM), and were obtained from two to seven animals in each group. Statistical compari-
sons were made using the Unpaired Student t-test. TX5-30 — thioxanthone 5, 30 mg/kg; TX5-10 — thioxanthone 5, 10 mg/kg
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TX5 administration induced extensive
hepatic necrosis at 30 mg/kg, but this
effect was not observed at 10 mg/kg

The morphology of the liver was very
similar in animals from all groups. It was pos-
sible to observe the classic lobules defined as
polygonal structures with several portal tracts
at the periphery and a central vein in the cen-
ter (Figure 1A). Hepatic cords or plates are
composed of columns of hepatocytes extend-
ing from the portal region to the central vein.
The spaces between the plates, seen as pale
white regions, contain the liver sinusoids or
“capillaries” of the liver. Due to the smaller
size and decreased amount of connective tis-
sue, portal regions may frequently be over-
looked in histologic sections, being composed
by four elements: arterioles, venules, bile
ducts and lymphatics (Figure 1B). The main
difference between the liver of control and

TX5-10-exposed animals is the presence of a
higher number of megakaryocytic cells in the
animals exposed to TXS5, denoting a reactive
megakaryocytopoiesis (Figure 1C-F).

Regarding TX5-30 rats, extensive necro-
sis was observed (Figure 2). Intrahepatic gly-
cogen and/or other glycoproteins were almost
wholly concentrated in liver sections of TX5-
exposed rats, mainly near the necrotic areas
(Figure 2). These areas presented swelled
cells, with clumping of nuclear chromatin and
breaks in the plasma membrane. In small ar-
eas, the complete release of cellular compo-
nents into the extracellular environment
caused an inflammatory response. When both
hepatocellular necrosis and destruction of the
endothelial cells occurred, a central lobular
hemorrhage into the zone of necrotic hepato-
cytes was observed.

Figure 1: Light microscopy photomicrographs of H&E stained sections of different liver regions from

control (A and B) and TX5-10-treated (C—F) rats. CV, central vein; EN, endothelial cell; BD, bile duct; PR, portal
region (dashed line); MEP, megakaryocytic precursors. CTR — Control group; TX5-10 — thioxanthone 5, 10 mg/kg group
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Figure 2: Light microscopy photomicro

P h 5

ek

graphs of H&E (

B g8
i
o sa ol
: .-\:"" 100pum § B Tx5-30 f, j'
e T PN e, amr il

A—C) and PAS/Alcian Blue (D-F) stained sec-

tions of the liver of TX5-30 group, showing confluent necrosis with central lobular hemorrhage (arrows)
and an increase in hepatocytes glycoprotein content (dashed line). Tx5-30 — thioxanthone 5, 30 mg/kg group

TX5 induced splenic parenchyma
hyperemia at 30 mg/kg, but this effect
was not observed at 10 mg/kg

The substance of the spleen is divided into
white and red pulp. White pulp consists of a
cylindrical mass of lymphocytes arranged
around a central artery that constitutes the
periarterial lymphatic sheath (PALS). Splenic
nodules occur along the length of the PALS.
When observed in cross section through part
of the sheath that contains a nodule, the cen-
tral artery appears eccentrically located with
respect to the lymphatic mass. Red pulp con-
sists of splenic sinuses surrounded by splenic
cords (cords of Billroth). The splenic red pulp
is a normal site of low levels of hematopoiesis
and a major site of reactive hematopoiesis
(i.e., myeloid, erythroid and megakaryocytic
hyperplasia). As in the liver, the main differ-
ence observed between control and TX5-10-
exposed animals was a prominent megakar-
yocytic hyperplasia observed in the red pulp
of the treated group (Figure 3C and D).

The spleen tissue from TXS5-30 group ex-
hibited marked histological changes charac-
terized by splenic parenchyma with hypere-

mia of red pulp (Figure 3E and F). Addition-
ally, small hemorrhagic areas were observed
in some sections. In these animals, the volume
of both white and red pulp increased, being
the increase in the splenic red pulp more pro-
nounced than that of the white pulp. Addition-
ally, it was observed a significant increase of
the marginal zone of the follicles (Figure 3E
and F).

TX5 did not cause any change in the heart
at both doses

Photomicrographs of H&E stained sec-
tions of myocardial tissue revealed that myo-
cardial cytoplasm and nuclei were clear and
well distributed. In all groups, cardiomyo-
cytes with eosinophilic cytoplasm occupy the
largest myocardium. In Figure 4, most mus-
cular cells are oriented longitudinally, and the
faint cross-striations are evident. Cardiomyo-
cyte nuclei are large, with an ellipsoid shape,
and contain granular chromatin with one or
two nucleoli. Between cardiomyocytes it is
observed loose connective tissue containing
fibroblasts and capillaries lined by endothelial
cells. Erythrocytes are present within capillar-
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ies. No visible changes in the total of glyco-  the total of glycoproteins occurred in the ani-
proteins were observed in the animals of both  mals of all groups (Figure 4D herein for TX5-
groups. There was a very slight, non-relevant, 10 group).

hyperemia in the myocardium of the TX5-30

animals (Figure 4C). No visible changes in
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Figure 3: Light microscopy photomicrographs of H&E stained sections of the spleen of control (A and
B), TX5-10-exposed (C and D) and TX5-30-exposed (E and F) rats. CA, central artery; EH, erythroid hyperplasia;

MEP, megakaryocytic precursors; MZ, marginal zone; PALS, periarterial lymphatic sheath; RP, red pulp; WP, white pulp. CTR —
Control group; TX5-10 — thioxanthone 5, 10 mg/kg group; TX5-30 — thioxanthone 5, 30 mg/kg group
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Figure 4: Light microscopy photomicrographs of H&E (A—C) and PAS/Alcian Blue (D) stained sections

of myocardial tissue of control (A) and TX5-exposed (B—D) groups. CN, cardiomyocyte nuclei; E, erythrocytes.
CTR — Control group; TX5-10 — thioxanthone 5, 10 mg/kg group; TX5-30 — thioxanthone 5, 30 mg/kg group

TX5 did not induce lung alterations

No morphological alterations were found
in the lungs of control and TXS5-exposed rats,
at both doses. Figure 5 is composed by photo-
micrographs of an intrapulmonary bronchi-
ole, lined with columnar to cuboidal epithe-
lium with some ciliated cells. The very thin
lamina propria and submucosa separate epi-
thelial cells from the muscular layer. The al-
veolar duct has a wall formed by alveoli and
sparse bundles of smooth muscle. The alveo-
lar sacs have a wall formed completely by al-
veolar septa. Alveoli emanating from neigh-
boring alveolar ducts and respiratory sacs are
connected through pores in the alveolar septa.

TX5 caused minor morphological altera-
tions in the small intestine at 30 mg/kg

In the small intestine of all animals, the
villous epithelium is contiguous with the

crypt epithelium, which is composed of sur-
face absorptive cells (enterocytes), goblet
cells, stem cells, Paneth cells and enteroendo-
crine cells (Figure 6). Enterocytes are tall co-
lumnar cells with an apical (luminal) surface
covered with closely packed microvilli (brush
border). Goblet cells are responsible for pro-
ducing mucin. Stem cells divide rapidly to re-
plenish the epithelium. The exocrine serous
Paneth cells have abundant brightly eosino-
philic cytoplasmic granules within their cyto-
plasm. Enteroendocrine cells exist near the
basement membrane. Intraepithelial lympho-
cytes are also common. Plasma cells, macro-
phages, eosinophils and mast cells are also
present in the lamina propria of small intes-
tine. The muscularis externa consists of two
concentric and relatively thick layers of
smooth muscle. The cells in the inner layer
form a tight spiral, described as a circularly
oriented layer; those in the outer layer form a
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Figure 5: Light microscopy photomicrographs of H&E stained sections of the lungs of control (CTR) and
TX5-exposed animals (10 mg/kg). B, bronchiole; RZ, respiratory zone; ML, muscular layer; E, epithelium

loose spiral, described as a longitudinally ori-
ented layer. Within the connective tissue lo-
cated between the two-muscle layer lies the
myenteric plexus (also called Auerbach’s
plexus), containing nerve cell bodies (gan-
glion cells), as well as blood vessels and lym-
phatic vessels (Figure 6). All these features
are similarly observed in control and TX5-ex-
posed animals. However, rats exposed to
TXS5, at both doses, apparently had an in-
flamed small intestine with the presence of a
higher number of lymphocytes, eosinophils

and mast cells, being in higher number in an-
imals exposed to the higher dose (30 mg/kg)
(Figure 6E and F).

Rats exposed to TXS apparently had an
increase in Paneth cells number, located at the
base of crypts of Lieberkiihn. The Paneth cells
of rats administered with TXS5 at higher dose
(30 mg/kg) also had more and bigger cyto-
plasmic granules that were PAS positive (Fig-
ure 7). Additional morphologic relevant alter-
ations were not observed in the small intes-
tine.
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Figure 6: Light microscopy photomicrographs of H&E stained sections of the rat small intestine from
control (A and B), TX5-10-treated (C and D) and TX5-30-treated (E and F) rats. AP, Auerbach’s plexus; C,

circular (inner) layer of muscularis externa; E, enteroendocrine; EC, enterocytes; Eo, eosinophils; GC, goblet cells; IGI, intestinal
glands (crypts); L, longitudinal (outer) layer of muscularis externa; LP, lamina propria; LY, lymphocytes; M, mastocytes; PC,
Paneth cells; V, villi. CTR — Control group; TX5-10 — thioxanthone 5, 10 mg/kg group; TX5-30 — thioxanthone 5, 30 mg/kg group
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F|gure 7 Photomlcrographs of H&E (A, B, D, E) and PAS/Alcian Blue (C and F) stained sections of
small intestine of TX5-30 group (thioxanthone 5, 30 mg/kg). Thin arrows — Mastocytes; Thick arrows — Eosinophils;

Dashed arrow — Paneth cells

TX5 caused a slight hyperemia and tubular
edema in rat kidneys at 30 mg/kg

The kidney cortex consists of renal cor-
puscles along with the convoluted tubules and
straight tubules of the nephron, the collecting

tubules, collectlng ducts and an extenswe

vascular supply. The kidney medulla is char-
acterized by straight tubules, collecting ducts
and a special capillary network, the vasa
recta. In the kidneys, normal glomerular and
tubular histology was registered in animals of
both control and TX5-10 group (Figure 8).

Figure 8: Light microscopy photomicrographs of H&E stained sections of the kidneys from control (A

and C) and TX5-10-treated (B and D) rats. CT, collecting tubule; DT, distal tubule; GL, glomerulus; MD, macula densa;
PT, proximal tubule; VP, vascular pole of renal corpuscle; UP, urinary pole of renal corpuscle. CTR — Control group; TX5-10 —

thioxanthone 5, 10 mg/kg group
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On the contrary, the kidneys of TXS5-30
rats presented a slight hyperemia (Figure 9A
and B) and tubular edema (Figure 9B).

TX5 did not cause brain histopathological
changes

Microscopic assessment is a well-vali-
dated approach for evaluating nervous system
structural abnormalities in rodents, providing
an excellent correlation with gross pathology.
In this study, the nervous system cytoarchi-
tecture was normal in animals of all groups.
All animal’s hippocampus evidenced pyrami-
dal neurons which were densely packed and
of small size. Gray matter has cell bodies neu-
rons associated with neuropil that is a mesh-
work of axonal, dendritic and glial processes
(data not shown). No differences were ob-
served in the cerebellum of control and TXS5-
exposed rats. The peripheral gray matter is
uniformly organized in three layers, which are
(from outside to inside) the molecular layer,
Purkinje cell layer and the granular layer. The
molecular layer is a broad expanse of densely
packed neuronal processes with few neuronal
bodies. The Purkinje cell layer is a monolayer
of large, torpedo-shaped cells with prominent
apical processes extending into the molecular
layer. The granular layer is packed with small,
dark, round granule cells and Golgi cells (Fig-
ure 10A and C). The choroid plexus, modified

{7 e
B ohes J -

2 7 >

S

ependymal cells that cover the capillary loops
and are responsible for the production of the
cerebrospinal fluid (CSF), had normal appear-
ance and contained the normal amount of gly-
coproteins, as revealed by PAS/Alcian Blue
histochemistry (Figure 10D).

No changes in both plasma and hematolog-
ical parameters, but a higher tendency to
blood coagulation after TX5 administration
Given the evident histological alterations
observed in the rats administered with TX5 30
mg/kg in the pilot assay, we continued this
study by electing the lower dose tested (10
mg/kg) for which, as mentioned before, no
important histopathological changes were ob-
served in any evaluated organs, with the ex-
ception of a moderate megacaryocytic hyper-
plasia in both the liver and the spleen. TXS
(10 mg/kg) did not induce any alteration in ei-
ther the plasma biochemical or the hemato-
logical parameters evaluated (Table 2). Sev-
eral parameters were measured as biomarkers
of toxic effect. Particularly, the plasma levels
of AST, ALT, CK, CK-MB, creatinine and
urea were measured 24 hours after exposure
to TXS5 (10 mg/kg) as biomarkers of liver,
heart, muscle or kidneys integrity. There were
no significant differences in any of these pa-
rameters between control and TX5-exposed
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Figure 9: Light microscopy photomicrographs of H&E stained sections of the kidneys of TX5-30 animals

group. Itis possible to observe slight hyperemia (A, B) and tubular edema (B). CT, collecting tubule; DT, distal
tubule; GL, glomerulus; PT, proximal tubule. TX5-30 — thioxanthone 5, 30 mg/kg group
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Figure 10: Light microscopy photomicrographs of H&E (A—C) and PAS/Alcian Blue (D) stained sections
of the nervous tissue from control (A) and TX5-treated (B—D) rats. As an example, herein, the cerebel-
lum (A and C) and the choroid plexus (B and D) are shown. No brain histopathological changes were

observed among groups. GR, granular layer; MO, molecular layer; PK, Purkinje cell layer; WM, white matter; PC, Choroid
plexus. CTR — Control group; TX5-10 — thioxanthone 5, 10 mg/kg group; TX5-30 — thioxanthone 5, 30 mg/kg group

rats. Moreover, the AST/ALT ratio was also
calculated and no differences were found
(data not shown). Very importantly, TX5 was
able to cause a significant decrease in APTT
when compared to control animals (14.4 + 0.4
seconds versus 18.3 + 0.5 seconds, respec-
tively), without alterations in PT, as shown in
Table 2.

Additionally, in the urine, as can be ob-
served in Table 3, no differences were ob-
served in the biochemical parameters evalu-
ated between control and TXS5-exposed rats,
with the exception of creatinine and sodium,
both of which suffered a TXS5-induced in-
crease relatively to control animals (35.96 +
3.93 versus 21.97 + 3.43 mg/kg/day and 1.95
+ 0.31 versus 1.13 £ 0.19 nmol/kg/day, re-
spectively).
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Table 2: Plasma and hematological parameters of control and TX5-exposed (10 mg/kg) animals

Parameter Control TX5

Total proteins (g/dL) 5.09+£0.31 5.36 £ 0.24
Albumin (g/dL) 3.94 +0.28 3.75+0.12
AST (U/L) 113.28 +12.88 126.79 + 4.07
ALT (U/L) 24.74 £ 6.34 21.04 +£2.06
Urea (mg/dL) 47.08 +8.16 47.37 £9.15
Creatinine (mg/dL) 1.05+0.47 0.42+0.11
Uric acid (mg/dL) 1.10+0.21 2.11+£0.66
Glucose (mg/dL) 195.42 + 24,56 184.01 + 23.29
Lactate (mg/dL) 64.49 + 11.06 77.46 +9.93
Cholesterol (mg/dL) 63.76 +5.15 58.24 + 4.78
Triglycerides (mg/dL) 73.68 + 15.32 69.47 +11.03

Iron (ng/dL)

264.44 + 38.13

274.53 +39.01

LDH (U/L) 1134.16 + 382.36 1159.87 + 335.32
CK (U/L) 728.20 + 71.52 967.91 +188.11
CK-MB (U/L) 35.35+7.34 32.66 £6.15

Pseudocholinesterase (U/L)
Amylase (U/L)

723.74 +187.33
644.12 + 47.12

864.85 + 121.77
634.56 + 39.08

Hemoglobin (g/dL) 15,004 15.3+0.5
Hematocrit (%) 452+2.0 446 +£1.8
RBC (x10%/L) 7.77+0.28 7.79+0.27
MCV (fL) 58.0 + 0.9 57.0+0.9
MCH (pg) 19.4 +0.3 19.8 + 0.3
MCHC (g/dL) 33.3+£0.6 34.4+£05
RDW (%) 12.7+0.3 126+04
Platelet (x10°/L) 667 £ 20.3 538 + 118
PCT (%) 0.49 £0.03 0.40 £0.09
PDW (%) 9.0+0.5 7.9+1.3
MPV (fL) 7.3+0.3 7.3+0.3
WBC (x10°%/L) 3.7+09 3.5+03
Granulocytes (x10%/L) 0.5+0.2 0.5+0.1
Linfocytes (x10°%/L) 2.8+0.7 2.7+0.3
Monocytes (x10°/L) 0.4+0.1 0.4+0.0
APTT (seconds)” 18.3+0.5 14.4 + 0.4™
PT (seconds)”# 23.18 +0.77 22.93 +0.68

Results are presented as means + standard error of the mean (SEM) and were obtained from five to
seven animals in each group. Statistical comparisons were made using the Unpaired Student t-test or
the Mann-Whitney test (****p <0.0001 TX5 vs. control). APTT - activated partial thromboplastin time; PT

- prothrombin time
“n varies between three and four animals in each experimental group
##n varies between two and four animals in each experimental group
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Table 3: Urine biochemical parameters of control and TX5-exposed (10 mg/kg) animals

Parameter Control TX5
Total proteins (mg/kg/day) 1710 + 382 2082 + 480.6
Albumin (mg/kg/day) 18.29 +2.41 31.48 £6.33
Urea (mg/kg/day) 284.2 £ 95.47 197.9 £ 34.94
Creatinine (mg/kg/day) 2197 +3.43 35.96 + 3.93*
Uric acid (mg/kg/day) 5.13+£0.70 6.43+0.84
Glucose (mg/kg/day) 15.69 + 3.40 16.54 + 2.22
Phophorus (mg/kg/day) 16.00 + 3.34 13.27 £ 2.44
Calcium (mg/kg/day) 5.78 £1.25 7.73+£1.69
Iron (ug/kg/day) 83.31 +23.08 118.0 + 28.38
Magnesium (mg/kg/day) 4.19+£0.91 4,13 +£0.54
Chloride (nmol//kg/day) 5.44 £0.75 7.12+1.15
Sodium (hmol/kg/day) 1.13+0.19 1.95+0.31*

Results are presented as means * standard error of the mean (SEM) and were obtained from six to
seven animals in each group. Statistical comparisons were made using the Unpaired Student t-test (*p

<0.05 TX5 vs. control).

TX5 increased ATP content in the small
intestine

As can be observed in Figure 11 and Table
4, TXS significantly increased the ATP levels
in the small intestine (0.34 + 0.06 nmol/mg of

protein) relatively to the control animals (0.19
+ (.02 nmol/mg of protein), 24 hours after ad-
ministration of the compound. No other
changes in ATP content were evoked by TX5
in any of the other organs evaluated.
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Figure 11: ATP levels in the heart (A), liver (B), brain
(C), kidneys (D), intestine (E), spleen (F) and lungs (G)
'\g" T after TX5 (10 mg/kg) administration. Results, in nmol
210 per mg of protein (nmol/mg), are presented as means
';f' + standard error of the mean (SEM) and were obtained
< 005 from six to seven animals in each group. Statistical
000 comparisons were made using the Unpaired Student t-
& PR test (*p <0.05 TX5 vs. control).
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Table 4: Effect of TX5 (10 mg/kg) administration in oxidative stress-related parameters and ATP levels

in the seven evaluated organs

Parameter

Heart
tGSH (nmol/mg protein)
GSH/GSSG ratio
GSSG (nmol/mg protein)
GSH (nmol/mg protein)
ATP (nmol/mg protein)
Liver
tGSH (nmol/mg protein)
GSH/GSSG ratio
GSSG (nmol/mg protein)
GSH (nmol/mg protein)
ATP (nmol/mg protein)
Brain
tGSH (nmol/mg protein)
GSH/GSSG ratio
GSSG (nmol/mg protein)
GSH (nmol/mg protein)
ATP (nmol/mg protein)
Lungs
tGSH (nmol/mg protein)
GSH/GSSG ratio
GSSG (nmol/mg protein)
GSH (nmol/mg protein)
ATP (nmol/mg protein)
Kidneys
tGSH (nmol/mg protein)
ATP (nmol/mg protein)

Spleen
tGSH (nmol/mg protein)
GSH/GSSG ratio
GSSG (nmol/mg protein)
GSH (nmol/mg protein)
ATP (nmol/mg protein)
Intestine
tGSH (nmol/mg protein)
GSH/GSSG ratio
GSSG (nhmol/mg protein)
GSH (nmol/mg protein)
ATP (nmol/mg protein)

Control

15.46 +3.70
20.56 +5.15
1.06 +0.26
16.30 + 3.35
0.41 +£0.05

51.13+5.19
0.52 £0.09
21.36 +1.97
10.88 + 2.56
0.13+£0.03

14.32 +2.44
13.33+2.20
1.00+£0.24
11.98 + 2.53
0.40 £ 0.05

8.154 +1.52
5.38+0.74
1.42 +0.26
6.41+1.16
0.10+0.01

0.051 £ 0.005
0.25+0.02

18.53 + 1.46
2.23+0.37
447 +0.35
9.60 +1.32
0.41+0.03

18.32 + 3.57
6.20 + 0.68
1.70 £ 0.55
13.65 + 2.54
0.19 +0.02

TX5

22.27 +4.35
21.43+1.71
1.02+0.24
20.23+3.94
0.37£0.03

48.43 +9.13
0.21+0.17
25.03+4.18
5.88 £ 6.67
0.19+0.05

10.66 + 2.64
11.34+2.78
0.66 £ 0.07
7.64 £2.33
0.37 £0.06

11.57+2.42
9.38 + 1.46*
1.08 +0.21
9.41+2.10
0.13 +£0.02

0.062 + 0.004
0.23+0.02

21.23+2.95
277081
4.69+0.51
11.84 +2.96
0.48 £ 0.05

11.70 £ 2.87
4.64 +1.86
2.16 £0.37
7.39+2.54
0.34 + 0.06*

Total glutathione (tGSH), the ratio of reduced (GSH) and oxidized (GSSG) glutathione levels, oxidized
glutathione (GSSG), reduced glutathione (GSH) and adenosine triphosphate (ATP) levels, in the heart,
liver, brain, lungs, kidneys, spleen and intestine of control and TX5-treated rats. Data of tGSH, GSSG,
GSH and ATP levels in nmol per mg of protein (nmol/mg protein), and the GSH/GSSG ratio are
presented as means + standard error of the mean (SEM), and were obtained from four to seven animals
in each group. Statistical comparisons were made using the t-test when the ditribution was normal or
the Mann Whitney test when the distribution was not normal (*p <0.05 TX5 vs. control).

DISCUSSION

The history related to TXs is already long.
The last twenty years were rich in disclosing
new and challenging therapeutic applications

for these compounds (Paiva et al., 2013).

Among them, TXS5, a novel aminated thioxan-
thonic compound, has being deserved our at-
tention in recent years, since docking studies
uncovered its potential as a P-gp modulating
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agent (Palmeira et al., 2012). Moreover, ac-
cording to our previous data, TX5 showed to
be a P-gp inducer and activator in vitro, in
Caco-2 cells (Silva et al., 2015a, b), as well as
ex vivo, using the rat ileum as a model (data
submitted for publication). Based on these
findings, the present study aimed at perform-
ing a preliminary in vivo safety study. It con-
sisted in a first experiment in which a few
number of Wistar Han rats (n = 2 controls and
n =2 TXS5-treated) were administered, by ga-
vage, with TX5 30 mg/kg b.w. This dose was
selected according to a previous in vivo phar-
macokinetic study (submitted elsewhere).
During the 24 hours of the protocol, both pu-
tative behavior changes and the pattern of wa-
ter and food ingestion were monitored and no
alterations were noted. No differences were
registered in the ROW, but it is not feasible to
take strong conclusions given the low number
of'animals used in this first approach. In order
to evaluate the degree of tissue damage due to
TX5 treatment, we monitored tissue sections
using microscopy. The histopathological
analysis performed in the several organs
(heart, liver, spleen, kidneys, small intestine,
lungs and brain) revealed toxicity, particu-
larly evident in the liver and spleen. We ob-
served extensive hepatic necrosis (Figure 2),
as well as hyperemia of the splenic paren-
chyma (Figure 3E and F). Moreover, signs of
red pulp hemorrhage were observed in some
sections after TX5 administration. Although
with a mild degree of expression, it was ob-
served a slight hyperemia in the myocardium
of the animals exposed to TX5 (30 mg/kg), as
well as an inflamed small intestine revealed
by the presence of a higher number of lym-
phocytes, eosinophils and mast cells. Besides,
the kidneys of the animals exposed to this
dose of TXS presented tubular edema and a
slight hyperemia. On the contrary, there were
no deleterious histological effects in the brain
and the lungs. Given the impact of the histo-
pathological analysis in the safety assessment
of compounds, we considered these effects to
be relevant. Consequently, the study was pro-
ceeded by testing a lower dose of TXS.

Thus, in the second experiment, seven an-
imals were administered with 10 mg/kg dose
under the same protocol described for the
highest dose tested. No differences were reg-
istered neither in the ROW nor in the water
ingestion pattern. In histopathological terms,
no relevant alterations were observed in any
of the organs analyzed. Only a minor inflam-
mation in the small intestine seemed to be pre-
sent given the small number of inflammatory
cells observed. Noteworthy, the necrotic ef-
fect in the liver observed with TXS 30 mg/kg
was no longer observed with TX5 10 mg/kg.
Additionally, at the lowest dose tested, the
splenic toxic effects were not observed.

The bone marrow is the major hematopoi-
etic organ and a primary lymphoid organ re-
sponsible for the production of red cells, leu-
kocytes and platelets, in response to systemic
needs (Travlos, 2006). However, it is known
that extramedullary hematopoiesis occurs
physiologically in the juvenile rat, presenting
a tendency to decrease gradually with age and
increasing in response to environmental stim-
uli (Figueiredo et al., 2016; Parker and
Papenfuss, 2016). In the rat and the mice, ex-
tramedullary hematopoiesis has been rec-
orded in the spleen, liver, lymphnode, kidney
and adrenals (Raval et al., 2014). Hematopoi-
esis in juvenile rats occurs primarily in liver
and spleen. Particularly, it is common in ro-
dent red pulp, especially in fetal and neonatal
animals. Any combination of erythroid, mye-
loid and megakaryocytic cells may be evident
(Cesta, 2006; Parker and Papenfuss, 2016).
The histopathological analysis revealed the
presence of megakaryocytopoiesis in the liver
and in the spleen red pulp of both control and
TXS5-treated rats. Nonetheless and very inter-
estingly, our qualitative analysis showed an
apparent more prominent megakaryocytopoi-
esis in the liver and spleen of the animals ex-
posed to TXS5 (10 mg/kg) when compared to
control rats. As stated before, extramedullary
hematopoiesis can be increased as a conse-
quence of xenobiotic’s treatment (Domingues
et al., 2011; Mabhiout et al., 2017), an aspect
that is in accordance with our findings. No
signs of necrosis, lymphocytic infiltrate or
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hemorrhage were found in TX5-administered
animals (10 mg/kg), in any of the other organs
analyzed.

By the exposed, comparing the two doses
tested, the histopathological findings showed
that the lowest dose was apparently safe. As
such, hematological and biochemical analysis
were then performed. Indeed, the qualitative
histological analysis only gives an indication
of the degree of toxicity and should be com-
bined with biochemical data to ascertain the
overall toxicity induced by the compound. Al-
ternatively, whenever changes are slight,
quantification should be carried out so that
they can be used, by themselves, in the con-
clusion of the observed results.

The investigation of clinical pathology
parameters (hematology, clinical chemistry
and coagulation) is an important part of the
preclinical evaluation of drug safety (Seibel et
al., 2010). In the present study, none of the
hematological and biochemical parameters
determined in the plasma of the animals
showed any change due to exposure to TXS5
(10 mg/kg).

We have also evaluated the possible inter-
ference of TXS5 on blood coagulation. Hemo-
stasis is a cell-based process that is regulated
in a tissue-specific manner by the differential
expression of pro-coagulant and anticoagu-
lant factors on endothelial cells from different
sites throughout the vasculature (Fager and
Hoffman, 2018). Regarding coagulation, PT,
APTT and thrombin time (TT) are the most
commonly used clotting time assays in mam-
mals. In fact, APTT and PT are the recom-
mended laboratory tests of hemostasis for
non-clinical toxicity and safety studies
(Weingand et al., 1992). PT, APTT and TT
assess the function of the extrinsic, the intrin-
sic and the common pathways (Takahashi et
al., 2011). APTT can be used to evaluate the
intrinsic and common pathways of coagula-
tion and may be prolonged due to anticoagu-
lant therapy, clotting factor deficiencies, lu-
pus anticoagulant or acquired inhibitors of
specific clotting factors (Loizou et al., 2018;
Winter et al., 2017). Furthermore, it is known
that there are differences in the time required

for coagulation between species (Tabata et al.,
1995). Moreover, there are gender intra-spe-
cies differences in the hemostatic parameters
PT, APTT, TT and fibrinogen (Lemini et al.,
2007). In the rat, blood coagulation is faster
than that in humans. On the other hand, ac-
cording to Seibel and colleagues (2010), the
coagulation parameters might be susceptible
to the sampling method used. Specifically, the
authors compared PT and APTT from Spra-
gue-Dawley blood samples collected termi-
nally from the vena cava immediately before
necropsy with samples taken from the sublin-
gual vein also prior to necropsy. The results
showed that APTT was significantly de-
creased in blood taken from the vena cava
than that taken from the sublingual vein
(Seibel et al., 2010). In the present study, the
values obtained for APTT in control rats were
in accordance to those reported by Seibel et
al. for the same vascular territory (Seibel et
al., 2010). Additionally, the APTT and PT
values in the present study are in line with
those presented by Lemini and colleagues,
who studied the influence of species and gen-
der in coagulation tests (Lemini et al., 2007).
Interestingly, according to our results, TXS5
seems to accelerate blood coagulation. This
pro-coagulant effect is revealed by a signifi-
cantly reduction in the APTT of the rats ex-
posed to TXS5, when compared to the controls.
Since no alterations were observed in PT, we
hypothesize that the hemostatic effect is due
to a change in the coagulation factors belong-
ing to the intrinsic pathway, namely in factors
VIII, IX, XI and/or XII. This TX5-mediated
decrease of APTT may have implications in
hemostasis management. Particularly, TX5
could confer protection against bleeding, at
the potential expense of increased thrombotic
risk.

The kidney normally functions to main-
tain hemodynamic homeostasis and is a major
site of damage caused by xenobiotic toxicity
(Fisch et al., 2016). Acute kidney injury is a
heterogeneous group of conditions character-
ized by a sudden decrease in glomerular fil-
tration rate (GFR), manifested by an increase
in serum creatinine concentration or oliguria,
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and can be a consequence of drug toxicity
(Levey and James, 2017). Several urine bio-
chemical parameters were measured to assess
whether TXS was able to induce renal tox-
icity, under the experimental conditions. Dif-
ferently to the plasma biochemical results ob-
tained, TX5 was able to significantly increase
urinary creatinine and sodium. Creatinine is
the final product of creatine phosphate catab-
olism. It is excreted in the kidneys via glomer-
ular filtration, being a measure of GFR and a
biomarker of renal injury (Wyss and
Kaddurah-Daouk, 2000). The increase in se-
rum and urine creatinine was considered to
represent an index of cisplatin-induced ne-
phrotoxicity in Wistar rats, in such a way that
the reversion of the toxic effect occurs
through the normalization of these values
(Khairnar et al., 2019). Therefore, the urinary
creatinine result may indicate some change at
the renal level without a concomitant increase
in plasma creatinine. In our study, plasma and
urine urea levels were not altered by TXS5.
Similarly to our results, Lima and co-authors
have shown that treatment with TXA1 hydro-
chloride (50 mg/kg, by subcutaneous injec-
tion 3 times per week), a TX5-related thioxan-
thonic compound, did not induce any change
in both serum creatinine and urea of nude xen-
ografted mice, 22 days after first treatment
(Lima et al., 2018). However, TXA1 hydro-
chloride was able to cause an alteration in
steroid biosynthesis and an abnormal cellular
cholesterol localization, both in vitro and in
vivo (Lima et al., 2018). The elevation in uri-
nary creatinine observed in the present study
would suggest the presence of histological al-
terations in the kidneys, which, however,
were not observed. This is a very important
conclusion in terms of a preliminary toxicity
evaluation. In fact, a normal glomerular and
tubular histology were seen in animals of both
control and TXS5-10 groups. Renal histo-
pathological abnormalities were observed
only at the highest dose (30 mg/kg) and were
manifested by mild hyperemia and tubular
edema. Additionally, TX5-10 rats presented a
higher amount of sodium in urine when com-

paring to control animals. However, this ef-
fect was not accompanied by a concomitant
increase in urinary volumes due to the os-
motic effect of the electrolyte. We hypothe-
size that these results may indicate the ability
of TXS to alter sodium homeostasis, particu-
larly by interfering with sodium reabsorption
at tubular level. Nonetheless, the increase in
sodium excretion might be a beneficial effect
of the compound for certain pathological con-
ditions. In fact, a similar effect was reported
by other authors while studying antidiabetic
agents and their impact in cardiovascular out-
comes. In this regard, Lin and colleagues
(2014) reported that empagliflozin (per os,
with standard diet containing empagliflozin
0.03 %), an inhibitor of the renal sodium/glu-
cose co-transporter 2 (SGLT2) located at the
apical membrane of the renal tubular epithe-
lial cells, was able to significantly increase re-
nal sodium excretion in the db/db mice dia-
betic model, on day 1 of treatment (Lin et al.,
2014). Although our results require further in-
vestigation, the possibility of TXS5 being able
to positively interfere with sodium homeosta-
sis appears to be of great importance in the
cardiovascular context.

We also tried to understand if TXS5 could
possibly cause toxicity by interfering with en-
ergetic metabolism and/or oxidative stress.
Our study shows that TXS did not cause sig-
nificant alterations in the glutathione levels
(tGSH, GSSG, GSH) of the several organs an-
alyzed. Only an increase in the GSH/GSSG
ratio was observed in the lungs of the rats ex-
posed to TXS. This can be an indication of an
interference of TXS in the antioxidant de-
fenses in this organ. The energetic metabo-
lism was altered by TXS, with a significant
increase in ATP levels, an effect observed ex-
clusively in the small intestine of TXS5-ex-
posed animals (10 mg/kg). This effect might
be related to an impairment in the bioenerget-
ics in this organ induced by TXS5. The lack of
in vitro and in vivo data in the literature re-
lated to the interference of thioxanthonic
compounds in bioenergetics and oxidative
stress processes turns the discussion of our re-
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sults more difficult. It is known that ATP bi-
oavailability is related to mitochondrial func-
tion (Burke, 2017). For example, one im-
portant mechanism of cytotoxicity relies on
the induction of the mitochondrial permeabil-
ity transition (MPT), which causes mitochon-
drial failure, leading to necrosis from ATP de-
pletion or caspase-dependent apoptosis if
ATP depletion does not occur fully (Jaeschke
et al., 2002). In this regard, several studies re-
port ATP depletion as a consequence of xeno-
biotic-induced mitochondrial disruption in
distinct tissues, such as the liver, heart and
brain (Barbosa et al., 2015; Rossato et al.,
2014a, b; Shi et al., 2018; Shiba et al., 2011).
In contrast, we found an increase in the intra-
cellular concentration of ATP in the intestine
of TX5-treated animals. Although, in the pre-
sent study, mitochondrial —morphologic
changes were not observed in the intestine, we
cannot exclude the existence of functional mi-
tochondrial disturbances that could putatively
explain the changes in ATP intestinal content
found in TXS5-exposed animals. This finding
requires further research. We hypothesize that
the increase in intestinal ATP might be related
with the mechanism of action of TX5, i.e., the
TX5-mediated P-gp activator effect observed
in the rat intestinal mucosa ex Vivo (results
submitted elsewhere). In fact, P-gp is an en-
ergy-dependent efflux protein, so its exacer-
bated activity induced by TXS5 requires a
greater supply of ATP and, consequently, the
increase in ATP content observed in this
study. Following this logic, there are studies
reporting a decrease in tissue ATP levels as-
sociated with a reduction in the activity of
ATP-dependent efflux carrier proteins in rats
(Aleo et al., 2014; Slater and Delaney, 1970)
and humans (Chijiiwa et al., 2002). These ef-
fects, in turn, might be related to alterations in
enzymatic activity, such as ATP synthase or
ATPase. Indeed, ATP synthase is a central en-
zyme of the cellular energy metabolism and
could constitute a target in reprogramming
energetic metabolism (Bianchi et al., 2018).
Alternatively, the increase in ATP content ob-
served in the intestine of TXS5-treated rats

could be due to an involvement in the inflam-
matory process observed, revealed by the
presence of a higher number of lymphocytes,
eosinophils and mast cells (Figure 6). Indeed,
other authors have demonstrated that ATP in-
fluences the response of intestinal epithelial
cells to TLR ligands and favors the matura-
tion of dendritic cells to become inflamma-
tory (Yao et al., 2012). Another explanation
might be the ability of TX5 to induce transient
changes in ATP intestine levels, with an in-
crease after a short period of exposure, fol-
lowed by a return to normal levels after a
longer exposure period. Accordingly, transi-
ent changes in ATP brain levels following
amphetamines exposure, namely MDMA,
were reported, although, in these cases, with a
decrease after a short contact and a long-term
returning to control values (Barbosa et al.,
2015; Teixeira-Gomes et al., 2016). As previ-
ously stated, the TX5-induced increase in in-
testinal ATP content found in the present
study deserves further investigation in order
to unveil the possible mechanisms underlying
this finding.

In summary, this study highlights the: 1)
presence of relevant histological hepatic and
splenic toxicity induced by TX5 (30 mg/kg);
2) absence of histological damage with TX5
(10 mg/kg); 3) APTT decrease in TX5 (10
mg/kg) animals; 4) creatinine and sodium in-
crease in the urine of TXS (10 mg/kg) rats; 5)
increased ATP levels in the small intestine of
TX5 (10 mg/kg) group; 6) absence of relevant
oxidative stress deregulation in all studied or-
gans.

Taken together, our results show that
TX5, at a 10 mg/kg dose, does not induce sig-
nificant toxicity in the several biological ma-
trices studied but may possibly have a pro-co-
agulant effect. The renal and intestinal effects
observed require more research, although do
not constitute a source of relevant toxicity.

This study encourages further investiga-
tion of this molecule considering its activator
effect, already demonstrated by us, of the im-
portant P-gp efflux transporter at the rat intes-
tinal mucosa, ex vivo. This finding brings us
closer to the use of this compound, with an
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adequate safety/efficacy relationship, as an
antidote or therapeutic adjuvant in the phar-
macological approach to intoxications caused
by P-gp substrates.
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