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Abstract. - OBJECTIVE: Doxorubicin (DOX)
is a widely used cytotoxic anthracycline antibi-
otic characterized by increased adverse effects
that limit its clinical usefulness. Pregnenolone
is a pregnane X receptor (PXR) agonist that in-
creases the expression of xenobiotic transport-
ers with anti-inflammatory and antioxidant po-
tential. Thus, we hypothesized that pregneno-
lone would protect against DOX-induced hepa-
totoxicity.

MATERIALS AND METHODS: Male Wis-
tar rats (180-200 g) were randomized into four
groups (n = 7): Control, Control + Pregnenolone
(35 mg/kg/day, orally), DOX (15 mg/kg, i.p.) sin-
gle dose on day five, and Pregnenolone + DOX.
All treatments continued for seven consecu-
tive days. Twenty-four hours after the last treat-
ment, serum and liver tissues were collected
for biochemical and histopathological assess-
ment. The possible interaction between preg-
nenolone and DOX on cell viability was test-
ed in HepG2 cells in vitro by 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay.

RESULTS: DOX treatment resulted in hepat-
ic damage and fibrosis with increased serum
alanine aminotransferase (ALT) and aspartate
aminotransferase (AST). Liver samples of the
DOX-treated group showed increased oxidative
stress [malondialdehyde (MDA) and total nitrite/
nitrate and decreased reduced glutathione (GSH)
and superoxide dismutase (SOD)], increased he-
patic tumor necrosis factor-alpha (TNF-a0), inter-
leukin-10 (IL-10), transforming growth factor-be-
tal (TGF-f1), and mRNA of interleukin-1beta (IL-
1B) and interleukin-6 (IL-6). Pretreating the rats
with pregnenolone antagonized these DOX-in-
duced effects. Moreover, pregnenolone upreg-
ulated the hepatic expression of Nrf2, heme ox-
ygenase-1 (HO-1), and P-glycoprotein and de-
creased Keapl, opposing the effects of DOX.
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Moreover, pregnenolone prevented the DOX-in-
duced activation and nuclear translocation of
NFkB and increased cleaved caspase-3. Preg-
nenolone potentiated DOX-mediated cytotoxici-
ty in HepG2 cells.

CONCLUSIONS: These results illustrate
the protective effects of pregnenolone against
DOX-induced hepatotoxicity without limiting its
anticancer activity.

Key Words:
Pregnenolone, Doxorubicin, Hepatotoxicity, Nrf2,
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Introduction

Doxorubicin (DOX) is a broad-spectrum anti-
cancer of the anthracycline antibiotic family with
wide therapeutic applications. It is used alone or
combined with other drugs to treat solid tumors,
including breast, gastric, muscular, and thyroid
cancers and hematological malignancies*. DOX is
an essential component of clinically used chemo-
therapy regimens, including CHOP (cyclophospha-
mide, DOX, vincristine, and prednisone), R-CHOP
(plus rituximab), EPOCH (prednisone, vincristine,
cyclophosphamide, and DOX), and DA-EPOCH
(with dose-adjusted etoposide), and others®*.

Like most anticancer agents, the high inci-
dence of serious adverse effects limits the clini-
cal benefits of DOX®. DOX induces dose-limiting
cardiotoxic manifestations and severe myelo-
suppression that warrant a boxed warning on its
packages®; however, it also harms other organs,
such as the kidney and liver”®. Thus, the search
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for protective therapies against DOX-induced or-
gan damage shall continue.

DOX undergoes extensive metabolic transfor-
mations in the liver by cytoplasmic and microso-
mal enzymes, with the hydroxylated metabolite
doxorubicinol being the most toxic®. More than
50% of the DOX dose is usually excreted in fe-
ces. The accumulation of toxic intermediates in
the hepatocyte mediates DOX-induced cellular
injury>>'°. The mechanisms underlying DOX-in-
duced cytotoxicity include inducing DNA dam-
age, increasing the production of reactive oxygen
species (ROS), disrupting mitochondrial genes
and metabolism, provoking inflammation, and
activating cellular apoptosis''>. The interplay
between oxidative stress and inflammation to ac-
tivate cellular apoptotic pathways is well-estab-
lished in different disease models'"*-'5.

Increased cellular inflammation downregu-
lates the expression of the cytoprotective carrier
systems. Notable examples include the ATP-bind-
ing cassette (ABC) transporter P-glycoprotein
(P-gp) — also known as multidrug resistance pro-
tein 1 (MDRI1), which is encoded in humans by
ABCBI, the multidrug resistance-associated pro-
tein 2 (MRP2)", and the multiple organic anion
transporter proteins'’. The activity of such trans-
porters prevents the accumulation of harmful
xenobiotics, hence protecting these cells against
various insults. On the other hand, the upregula-
tion of such transporters in tumor cells confers
resistance against anticancer therapy's'°.

Pregnenolone is a pregnane X receptor (PXR)
agonist that stimulates the expression of liver mi-
crosomal enzymes, notably cytochrome P450
3A (CYP3A), ABC transporters, organic anion
transporting polypeptides, glutathione transfer-
ases (GSTs), and UDP-glucuronosyl transferases
(UGTs), thus antagonizing the inhibitory effects of
increased inflammation on these factors?*?*2. Be-
sides, the inflammation modulatory effects of preg-
nenolone have been reported’**?*. Pregnenolone
interferes with inflammatory gene transcription®.
The reported antioxidant activity of pregnenolone,
whether direct or based on its anti-inflammatory
potential, adds another advantage***".

Based on these pleiotropic effects of pregneno-
lone, we hypothesized that it would protect the liv-
er against DOX-induced injury. We proposed that
pregnenolone-mediated hepatoprotection would
involve the activation of antioxidant, anti-inflam-
matory, and antiapoptotic signaling and upregu-
lation of hepatic P-gp. To test this hypothesis, we
pretreated experimental rats with or without preg-

nenolone before challenging them with a single
hepatotoxic dose of DOX. We also tested the effect
of combined pregnenolone and DOX on the prolif-
eration of a hepatic cancer cell line in vitro to rule
out the possible interaction between them.

Materials and Methods

Animals

Male Wistar rats of body weight 180-200 g
from the National Research Center (NRC, Giza,
Egypt) were kept under 25 + 1°C and a 12-h light/
dark cycle, with free access to standard animal
chow and tap water. All experimental procedures
were approved by the Faculty of Medicine-Re-
search Ethics Committee, Minia University,
Egypt (ethical approval No. 317/4/2022), follow-
ing the EU directive 2010/63/EU.

Experimental Design

Following a one-week of acclimatization, ani-
mals were grouped into four groups (n="7): 1) Con-
trol rats that received only the vehicle; 2) Control
+ Preg rats that received pregnenolone (pregneno-
lone carbonitrile, Cas Number: 1434-54-4, Toronto
Research Chemicals, Toronto, Ontario, Canada) in
a dose of 35 mg/kg/day, orally, dissolved in corn
oil; 3) DOX rats that received a single i.p. DOX
challenge (15 mg/kg) on day five, and 4) Preg +
DOX rats that received both DOX and pregneno-
lone. All rats received the different treatments for
seven consecutive days. On the fifth experiment
day, DOX (dissolved in 0.9% saline) was injected
intraperitoneally one hour after the routine daily
treatment at 15 mg/kg in the DOX and Preg + DOX
groups to induce hepatoxicity’.

Sample Collection

All rats were euthanized after thiopental anes-
thesia (50 mg/kg, i.p.) 24-h after the last treatment to
collect serum and liver tissues for biochemical and
histopathological assessment. Briefly, blood collect-
ed by cardiac puncture was centrifuged at 5,000
rpm for 10 min after its coagulation for collecting
the serum. The liver was immediately harvested,
washed with cold saline, blotted dry on filter paper,
and cut into portions. A piece of liver tissue from
each rat was fixed in 10% neutral buffered formalin
and further processed for histopathological and im-
munohistochemical staining'**. Samples from each
animal were submerged in RNA safeguard Reagent
(Cat. No. BSC54M1, BioFlux, Bioer Technology,
Hangzhou, China), kept at —80°C, and used later for
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RNA extraction. The remaining portions of the liver
tissue were homogenized in 10 mM ice-cold phos-
phate buffer (pH 7.4) to produce 10% w/v homoge-
nates, which were centrifuged at 10,000 rpm for 10
min in a cooling centrifuge. The supernatants were
stored at -80°C until used.

Determination of Liver Function
and Redox State

Liver function was assessed by determination
of the serum activity of alanine transaminase
(ALT) and aspartate transaminase (AST) using
commercial colorimetric kits (Biodiagnostic,
Giza, Egypt) as previously described®. Lipid per-
oxidation in liver homogenates was measured at
534 nm as malondialdehyde (MDA) after a reac-
tion with thiobarbituric acid*®. The hepatic con-
tent of reduced glutathione (GSH) and superoxide
dismutase (SOD) was determined, as previously
reported?'. Determination of the tissue nitric
oxide (NO) output was measured as the total ni-
trite/nitrate (NOx) after reducing nitrate to nitrite
using copper-coated cadmium beads. The absor-
bance of the colored product developed after re-
acting the Griess reagent with nitrite ions in the
sample in an acid medium was used to calculate
the total NO in each sample as described before®.

Determination of Hepatic TNF-a
and IL-10

The levels of hepatic tumor necrosis factor-al-
pha (TNF-0) and interleukin-10 (IL-10) were
measured in the tissue homogenate supernatants
for all groups using ELISA kits. The rat TNF-a
(ab100785) and IL-10 (ab100765) ELISA kits (Ab-
cam, Cambridge, United Kingdom) were used as
per the manufacturer’s recommendations?.

Real-Time PCR Determination
of IL-1§ and IL-6 Gene Expression
Extraction of total RNA from liver tissues us-
ing the RiboZol Reagent (AMRESCO, Solon,
OH, USA) was followed by a reverse transcriptase
polymerase chain reaction (PCR) in the presence
of non-specific primers to generate cDNA tem-
plates. cDNA templates (250 ng) of each sample
were mixed with specific primers (1 pM) for inter-
leukin-1beta (IL-1B): 5’-CAC CTT CTT TTC CTT
CAT CTT TG-3’ (sense) & 5-GTC GTT GCT
TGT CTC TCC TTG TA-3’ (anti-sense); [L-6: 5’-
TGA TGG ATG CTT CCA AAC TG-3’(sense) &
5-GAG CAT TGG AAG TTG GGG TA-3’ (an-
ti-sense); and GAPDH: 5’-GTC GGT GTG AAC
GGA TTT G-3’ (sense) & 5°-CTT GCC GTG GGT
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AGA GTC AT-3’(anti-sense). The HERA SYBR
green RT-qPCR kit was used to prepare the final
reaction volume of 20 uL. The reaction was ini-
tiated and monitored in the StepOne™ Real-Time
PCR Detection System (Applied Biosystems, Fos-
ter City, CA, USA). The expression of IL-1f and
IL-6 genes was calculated relative to GAPDH in
each sample®.

Western Blot Analysis of Hepatic
P-gp, TGFf1, Keap1, Nrf2, and HO-1
Liver tissue supernatants containing 50 pg total
protein were denatured (3 min at 95°C) in 2X sam-
ple buffer containing 2-mercaptoethanol and sub-
jected to sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE)*. The separated
protein bands were transferred to polyvinylidene
fluoride (PVDF) membranes, which were blocked
for 1 h by 5% non-fat milk and 0.05% Tween-20
in Tris-buffered saline (TBS-T). The membranes,
after washing three times with TBS-T, were incu-
bated overnight at 4°C with 1:1000 aliquots of pri-
mary immunoglobulins against P-gp (ab170904,
Abcam, Cambridge, MA, USA), transforming
growth factor-betal (TGF-B1) (ab215715, Abcam),
Keapl (ab227828, Abcam), Nrf2 (ab92946, Ab-
cam), heme oxygenase-1 (HO-1) (ab52947, Abcam),
histone H3 (ab1791, Abcam), or B-actin (abl115777,
Abcam). Secondary goat anti-rabbit polyclonal anti-
bodies (1:5000) tagged with horseradish peroxidase
(Cell Signaling Technology, Danvers, MA, USA)
in blocking buffer was applied for 1 h, and then
washed three times. The specific protein bands were
visualized by chemiluminescence, normalized to
[B-actin, or histone H3 (for Nrf2), and quantified as
fold change relative to the normal control group with
the help of Image J, version 1.53c (http:/rsbweb.nih.
gov/ij/; NIH, Bethesda, MD, USA)*.

Histopathology and Immuno-
histochemistry

Paraffin-embedded hepatic tissue sections (5
pum thick) were subjected to hematoxylin and eosin
(H&E) or Masson trichrome staining for determi-
nation of tissue morphological, or fibrotic changes,
respectively, as described elsewhere'*?*3%. Liver
fibrotic changes were given a score of 0, 1, 2, 3,
or 4 if showing: normal tissue, collagen deposits
without septa, incomplete septa, complete but thin
interconnected septa, or complete thick intercon-
nected septa formation, respectively*’.

For immunohistochemical detection of tissue
cleaved caspase-3 and NFxB, deparaffinized liver
sections were rehydrated, washed with phosphate



Pregnenolone ameliorates doxorubicin liver injury

buffered saline (PBS), and treated with H,O, (3%) to
block the activity of the endogenous peroxidase.
After heat-activated antigen retrieval and block-
ing non-specific binding, primary antibodies were
applied for NFkB-p65 or cleaved caspase-3 (cat.
No. PA5-17264 and PA5-23921, respectively, Ther-
moFisher Scientific, Waltham, MA, USA) accord-
ing to the supplier’s recommendations. Following
that, sections were treated for 0.5 h at room tem-
perature with a peroxidase-conjugated secondary
antibody. Protein expression was marked by the
color developed after addition of 3,3'-diaminoben-
zidine (DAB), and sections were counterstained
with hematoxylin®. A pathologist unaware of the
experimental groups used Imagel] software® to
measure the surface area fractions showing positive
anti-NFkB-p65 or anti-cleaved caspase-3 staining.

Cell Viability Assay

The HepG2 liver cancer cells were used for
the cell viability assay. Cell survival was assessed
using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphen-
yltetrazolium bromide (MTT) method, as previ-
ously described?®. Briefly, HepG2 liver cancer cells
were subcultured initially at 10* cells/well in a 96-
well plate for one day in DMEM. For another 24 h,
the cells received DOX at 0.0, 0.1, 1, and 10 uM;
pregnenolone at 0.1, 1, 10, or 100 uM; or their com-
binations. The MTT reagent (5 mg/mL in PBS)
was then added (15 pL) to each well and incubated
in the dark (37°C) for another 4 h. The formed for-
mazan crystals were dissolved by adding dimethyl
sulfoxide (100 uL) to each well. The absorbance at
540 nm was measured in a microplate reader.

Statistical Analysis

The results of different measurements are pre-
sented as mean = SEM. The GraphPad Prism version
8.0.0 for Windows (GraphPad Software, San Diego,
CA, USA) was used for data analysis. One-way anal-
ysis of variance (ANOVA) and Tukey’s post-hoc test
were used to compare different group means. The
MTT assay cell survival data were analyzed using
non-linear regression. Differences were considered
significant when the p-value was lower than 0.05.

Results

Pregnenolone Amelijorates DOX-Induced
Hepatotoxicity in Rats

Administration of 15 mg/kg DOX in male
Wistar rats induced hepatic tissue damage, as
shown in the H&E-stained sections (Table I

Table I. Hepatic tissue microscopic injury scores.

Control Preg DOX Preg +
DOX

Congestion 0 0 3 1

Hepatocyte 1 1 3 2
apoptosis

Sinusoidal 0 0 3 1
dilatation

Central vein 0 0 2 1
dilatation

Periportal 0 0 3 2
inflammation

Preg: pregnenolone; DOX: doxorubicin.

and Figure 1). Examination of histopathologi-
cal sections of groups 1 and 2 revealed normal
hepatic architecture with the central veins and
cords of hepatocytes radiating from them. The
cords were separated by blood sinusoids. He-
patocytes appeared polyhedral with slightly ac-
idophilic cytoplasm and vesicular nuclei. Portal
tract areas showed branches of the hepatic ar-
tery, portal vein, and bile duct (Figure 1A-B).
The DOX group showed abnormal hepatic archi-
tecture with congested central veins and dilated
congested sinusoids. Besides, the portal areas
showed marked inflammatory cell infiltration.
Hepatocytes assumed apoptotic morphology
with dense acidophilic cytoplasm and pyknotic
nuclei. The latter effect was evident, especially
in the periportal areas (Figure 1C1-C3). Mean-
while, sections from group 4, showed marked
improvement. Both central veins and hepatic
sinusoids appeared normal. Still, periportal in-
flammatory cell infiltration and scattered apop-
totic hepatocytes were noticed (Figure 1D1-D3).
Data in Table I summarize the injury scores in
different groups.

In line with the histology results, the untreat-
ed DOX group showed deteriorated liver function
in comparison with the vehicle-treated controls.
DOX-treated rats showed significantly higher se-
rum activity of ALT and AST, which was ame-
liorated by pregnenolone pretreatment (Figure 2).
However, the pregnenolone-treated DOX-intoxi-
cated rats still showed higher than normal levels
of serum liver function parameters.

Pregnenolone Improves DOX-Induced
Hepatic Oxidative Stress

To study the role of oxidative stress in
DOX-induced liver toxicity, we determined he-
patic tissue levels of MDA, a marker of lipid per-
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Figure 1. Pregnenolone protects against doxorubicin-induced hepatic tissue injury. Liver tissues were fixed in formalin and
processed for H&E staining as described under Materials and Methods. A-B, Photomicrographs of the liver of groups 1 (untre-
ated controls) and 2 (pregnenolone-treated) showing cords of hepatocytes (H). The hepatocytes appear with central vesicular
nuclei (arrows), and some scattered hepatocytes are binucleated (white arrows). Notice the central vein (CV) and normal blood
sinusoids (S). Insets show the portal tract (PT) area. H&E, x400; scale bar = 50 pm. C1-C3, Photomicrographs of the liver
of doxorubicin-treated rats showing markedly congested central veins (CV) and dilated congested sinusoids (S). Notice some
apoptotic hepatocytes with dense acidophilic cytoplasm and pyknotic nuclei (arrows). C3, Shows the portal tract (PT) area
with marked inflammatory cell infiltration (¥) and many apoptotic hepatocytes with dense acidophilic cytoplasm and pyknotic
nuclei (arrows). H&E, C1 x100, (C2, C3) x400; (C1) scale bar = 100 um, (C2, C3) scale bar = 50 um. D1-D3, photomicrographs
of the liver of group 4 rats (treated with pregnenolone before induction of hepatotoxicity by doxorubicin) showing normal
central veins (CV) and sinusoids (S). Notice the fewer apoptotic hepatocytes with dense acidophilic cytoplasm and pyknotic
nuclei (arrow). D3, Shows portal tract (PT) area with some inflammatory cell infiltration (*) and normal periportal hepatocytes
(arrow). H&E, D1 %100, (D2, D3) x400; (D1) scale bar = 100 um, (D2, D3) scale bar = 50 pm.

nenolone treatment significantly increased he-
patic SOD when compared with Control, DOX,

oxidation, and total NOx content (Figures 3A-B).
Compared with the control group, we observed a

3-fold increase in MDA and total NOx in the he-
patic tissues of the untreated DOX group, which
was completely abrogated when rats received
pregnenolone pretreatment. We further studied
the effect of DOX on hepatic SOD activity and
levels of GSH. Tissues from DOX-treated rats
showed normal SOD activity comparable to that
of the normal control animals. However, preg-
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or Preg + DOX groups (Figure 3C). Moreover,
the liver of Preg + DOX rats showed significantly
(p <0.5) higher levels of SOD than the untreated
DOX group. On the other hand, the DOX rats
showed the lowest levels of GSH compared with
all other groups. Importantly, pregnenolone-pre-
treated DOX rats showed normalized GSH levels
(Figure 3D).
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Figure 3. Pregnenolone (Preg) mi-
tigates doxorubicin (DOX)-induced
oxidative and nitrative stress. Rats
were treated with vehicle (Control),
Preg (35 mg/kg/day, p.o.), DOX (15
mg/kg), or Preg + DOX. All treat-
ments were given once daily for seven
days except for DOX, which was ad-
ministered only once on the fifth day
of the experiment. Liver tissues were
homogenized, as described in Mate-
rials and Methods, and the superna-
tants from each group were used for
the determination of (A) malondial-
dehyde (MDA), (B) total nitrite/nitrate
(NOx), (C) activity of superoxide di-
smutase (SOD), and (D) reduced glu-
tathione (GSH). Data, represented by
the mean + SEM of 6-7 observations,
were analyzed by one-way ANOVA
followed by Tukey’s test for multiple
comparisons. ****: denote signifi-
cant differences between the assigned
groups at p-values lower than 0.05 and
0.001, respectively.

Figure 2. Pregnenolone (Preg) ameliorates
doxorubicin (DOX)-induced elevation of ALT
and AST. The activity of serum ALT (A) and
AST (B) were measured spectrophotometri-
cally as markers of liver function. Animals
received only vehicle (Control), Preg (35 mg/
kg/day, p.o.), DOX (15 mg/kg), or Preg + DOX.
All treatments continued once daily for seven
days except for DOX, which was administered
only once on the fifth day of the experiment.
Data, represented by the mean + SEM of 6-7
observations, were analyzed by one-way ANO-
VA followed by Tukey’s test for multiple com-
parisons. ****: denote significant differences
between the assigned groups at p-values lower
than 0.05 and 0.001, respectively.
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Pregnenolone Protects Against DOX-
induced Liver Fibrosis

Using Masson trichrome staining, we test-
ed the ability of pregnenolone to prevent liver
fibrotic changes after the DOX challenge (Fig-
ure 4). Tissue sections from the control and
pregnenolone groups showed normal collagen
distribution within the hepatic lobules (grade
0, Figure 4A-B). Conversely, the collagen fi-
bers significantly increased, and the fibrous
septa were formed within the hepatic lobules of
DOX-treated rats (Figure 4C). The fiber deposi-
tion was evident in the portal area and intercon-
nected with the neighboring septa (grade 3). In
the pregnenolone-treated DOX-challenged rats,
hepatic collagen fibers decreased, and collagen
distribution appeared normal (grade 0). In line
with these findings, the DOX-intoxicated rats
showed the highest hepatic levels of TGF-fI1,
which was partially ameliorated with pregneno-
lone pretreatment (Figure 4E).

Pregnenolone Protects Against DOX-
Induced Liver Inflammation

Induction of liver tissue inflammation by
DOX was evaluated by determining tissue levels
of TNF-a and IL-10 and the gene expression of
IL-1p and IL-6. DOX administration significant-
ly increased hepatic TNF-a, which was partially
ameliorated by pretreating the rats with pregnen-
olone (Figure 5A). Moreover, pregnenolone com-
pletely inhibited the DOX-induced induction of
IL-1p and IL-6 (Figure 5B-C). On the other hand,
the untreated DOX-challenged rat livers showed
significantly elevated IL-10 compared with the
vehicle- or pregnenolone-treated control groups.
This increase was further augmented when DOX
was combined with previous pregnenolone treat-
ment (Figure 5D).

To confirm the DOX-activated inflammatory
signaling in hepatic tissues, we investigated its ef-
fect on NF«B activation and its nuclear transloca-
tion by immunohistochemistry. The vehicle- and

TGF-p (Relative Expression)
S

Figure 4. Pregnenolone (Preg) protects against doxorubicin (DOX)-induced hepatic fibrosis. Liver tissues were fixed in for-
malin and processed for Masson trichrome staining as described in Materials and Methods. Representative photomicrographs
of the liver represent (A) Group 1 (untreated controls) and (B) Group 2 (Preg-treated), showing normal collagen distribution
in the portal area (PT). C, A representative photomicrograph from Group 3 (DOX-treated) showing extensive collagen fiber
depositions in the portal area (PT) and bridging between lobules (arrows). D, A representative photomicrograph from Group
4 shows normal collagen distribution in the portal area (PT). Masson trichrome, x100, scale bar = 100 pm. E, Hepatic TGF-31
levels were semi-quantified in tissue homogenates by Western blotting after SDS-PAGE of proteins, as described in Materials
and Methods. Data (mean + SEM) were analyzed by one-way ANOVA followed by Tukey’s test for multiple comparisons.
*x k%% denote significant differences between the assigned groups at p-values lower than 0.01 and 0.001, respectively.
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pregnenolone-treated control groups showed neg-
ative hepatocyte staining for NFkB expression
(Figure 6A-B). On the other hand, sections from
the DOX group showed both pericentral and peri-
portal hepatocytes with high positive cytoplasmic
and nuclear expression (Figure 6C1-C2). Mean-
while, sections of the combined pregnenolone-
and DOX-treated rats showed scattered hepato-
cytes with a faint positive cytoplasmic expression
and significantly lower nuclear translocation of
NF«xB (Figure 6D).

Pregnenolone Protects Against DOX-
Induced Activation of Apoptosis

As shown in Figure 7, hepatic tissues from the
untreated or pregnenolone-treated control groups
showed very low positivity for activated caspase-3

(Figure 7A-B). Contrarily, challenging the untreated
rats with a single dose of DOX (15 mg/kg) increased
the hepatic tissue reactivity towards anti-caspase-3
antibodies in the pericentral and periportal areas
(Figure 7C-D). These proapoptotic effects of DOX
were significantly mitigated by pretreating the rats
with pregnenolone in Group 4 (Figure 7D-E).

Pregnenolone Protects Against DOX-
Induced Hepatotoxicity by Modulating
the Keap 1/Nrf2/HO-1 Pathway and P-gp

To further understand the mechanisms by
which pregnenolone protects the liver against
DOX-induced inflammation and oxidative dam-
age, we investigated the Keapl/Nrf2/HO-1 in tis-
sue homogenates.
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Nuclear NFkB staining

Control Preg DOX Preg+DOX

Figure 6. Pregnenolone (Preg) abolishes doxorubicin (DOX)-induced activation of NFkB. Hepatic tissues from different groups
were stained after treatment with anti-NFkB, as described in detail in Material & Methods. Photomicrographs (A, B) represent
the vehicle- and Preg-treated control rat livers showing negative NFkB expression (arrows). Photomicrographs (C1, C2) of tissues
from the untreated DOX-challenged rats show strong hepatic expression of NFkB. (C1) Illustrates the pericentral hepatocytes
with dense positive cytoplasmic (black arrows) and nuclear (red arrows) NF«B signal, which is also illustrated in the inset. Simi-
larly, the periportal hepatocytes show positive cytoplasmic (black arrow) and nuclear expression (red arrows) (C2). D, A photomi-
crograph of the liver from Group 4 stained for NFkB shows faint expression in scattered hepatocytes (arrow). (CV) central vein,
(PT) portal tract X400, scale bar = 50 pm. E, Bar chart showing the number of positively stained brown nuclei in each group as
counted in 7 non-overlapping fields (x400). Data, presented as the mean = SEM, were analyzed by one-way ANOVA followed
by Tukey’s test for multiple comparisons. ***: denote significant differences between the assigned groups at p-values < 0.001.
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Figure 7. Pregnenolone (Preg) protects against doxorubicin (DOX)-induced proapoptotic effects. Tissue sections from dif-
ferent groups were stained for cleaved caspase-3. The representative photomicrographs of the liver tissue immunostained for
active caspase-3 in (A, B) show negative expression in most of the hepatocytes from the vehicle-treated (A) and the Preg-tre-
ated (B) control groups; only a few scattered hepatocytes show faint expression (arrows). The photomicrographs (C1, C2)
of Group 3 show high cytoplasmic expression of active caspase-3 in most of the precentral (black arrow) and periportal (red
arrow) hepatocytes. Tissues from the Preg + DOX rats (D1, D2) show positive cytoplasmic expression in scattered hepatocytes
both in the pericentral (black arrow) and periportal area (red arrow). (CV) central vein, (PT) portal tract X400, scale bar = 50
um. E, Bar chart showing the number of positively stained cells in each group as counted in 7 non-overlapping fields (x400).
Data, presented as the mean = SEM, were analyzed by one-way ANOVA followed by Tukey’s test for multiple comparisons.
***: denote significant differences between the assigned groups at p-values < 0.001.

Challenging the experimental animals with a
single large dose of DOX increased the protein
levels of Keapl (Figure 8A-E) while it decreased
both Nrf2 and HO-1 (Figure 8B-C-E). Pregnen-
olone alone did not alter the expression of these
proteins compared to the control vehicle-treated
rats. On the other hand, the liver tissues of rats
pretreated with pregnenolone before the DOX in-
sult showed normalized levels of Keapl and Nrf2.
In addition, these Preg + DOX rats displayed sig-
nificantly higher HO-1 than the untreated DOX

rats. However, pregnenolone pretreatment in this
group failed to normalize HO-1 expression (Fig-
ure 8C-E).

On the other hand, the DOX-intoxicated rats
displayed significantly decreased P-gp levels
compared with the normal expression observed
in the vehicle- or pregnenolone-treated controls
(Figure 8D-E). The DOX-induced decrease in he-
patic P-gp was significantly mitigated when the
rats were pretreated with pregnenolone before the
DOX injection.
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Figure 8. Effect of pregnenolone (Preg) pretreatment on doxorubicin (DOX)-induced modulation of hepatic Keapl, Nrf2,
HO-1, and P-gp. Hepatic tissue homogenates were centrifuged, and proteins in the supernatants were separated by SDS-PAGE
followed by blotting on PVDF membranes and probed with antibodies against Keapl (A), Nrf2 (B), HO-1 (C), or P-gp (D) as
described in detail in Materials and Methods. E, A representative western blot. Rats in the Control, Preg, DOX, or Preg+DOX
groups received the vehicle, Preg (35 mg/kg/day, p.o.), DOX (15 mg/kg), or Preg + DOX at the same dose levels, respectively.
All treatments were given once daily for seven days except for DOX, which was administered only once on the fifth day of
the experiment. Data, represented by the mean + SEM of three independent observations, were analyzed by one-way ANOVA
followed by Tukey’s test for multiple comparisons. *** ***: denote significant differences between the assigned groups at p <

0.05, 0.01, and 0.001, respectively.

Pregnenolone Potentiates DOX-Induced
Cytotoxicity In Vitro

To investigate the possibility that pregnenolone
would antagonize the cytotoxic effects of DOX, we
cultured HepG2 cells in the presence or absence of
pregnenolone (0.0-100 uM), DOX (0.1-10 uM), or
their combinations. DOX alone, incubated at 0.1, 1,
and 10 pM, significantly reduced HepG2 surviv-
al by 19.6 £ 2.29, 28.7 £+ 1.15, and 71.3 + 1.27%,
respectively (Figure 9, inset). On the other hand,
pregnenolone treatment inhibited HepG2 surviv-
al by 11.7 £ 3.17 at 0.1 uM, 26.8 + 3.85 at 1 pM,
41.2 £ 3.75 at 10 uM, and 45.5 £ 3.69 at 100 uM.
Moreover, combining pregnenolone with DOX sig-
nificantly potentiated the cytotoxic effects of DOX
over the used concentration range (Figure 9, shad-
ed box) compared with the respective DOX con-
centrations (first point in each red line). The best
cytotoxic effects were achieved in cells treated
with pregnenolone (100 uM) and DOX (10 uM).
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Discussion

DOX is an essential component of the anti-
cancer drug arsenal with multiple therapeutic
applications'?. However, the induction of serious
adverse effects limits its clinical applications®.
Although famous for inducing dose-limiting car-
diotoxicity, DOX harms other organs, such as the
liver’®%, The current study investigated the pos-
sible protection of pregnenolone against DOX-in-
duced hepatotoxicity. A single high dose of DOX
precipitated significant hepatic structural dam-
age, as revealed by liver histology and confirmed
by the increased serum markers of hepatotoxicity
in the rats. Moreover, DOX-treated rats showed
increased hepatic inflammation that paralleled
fibrotic (increased collagen deposition) and
proapoptotic (activation of caspase-3) changes.
On the other hand, pregnenolone treatment pro-
tected the liver of DOX-intoxicated rats, improved
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Figure 9. Pregnenolone (Preg) potentiates doxoru-
bicin (DOX)-induced cytotoxicity in HepG2 cells.
Hepatic HepG2 cells were cultured in DMEM with
or without Preg (0.0-100 uM, blue line), DOX (0.1-
10 uM, inset or each first point in the red lines), or
combinations of both (red lines, shaded box). All tre-
atments were continued for 24 h, followed by an MTT
assay to measure cell survival. Data representing the
mean £+ SEM of three independent experiments were

404
© Preg alone

Cell Viability (% Control)

W

0.0 0.1 1 10 100
't Dreone Scale
(DOX alone) Pregnenolone [pM], Log Scale

#« Preg + DOX 0.1
* Preg + DOX 1
o Preg + DOX 10

analyzed by one-way ANOVA followed by Tukey’s
test for multiple comparisons. ****: denote signifi-
cant differences between the assigned groups at p <
0.05 and 0.001, respectively.

liver function parameters, and antagonized the
DOX-induced inflammation. Besides, pregneno-
lone-treated rats showed conserved redox homeo-
stasis, unlike the untreated DOX-challenged rats,
which showed increased hepatic oxidative stress
and diminished endogenous antioxidant defense.

Despite the increased detoxification capac-
ity of the liver as compared with other tissues,
previous studies”®** illustrated the inability of
hepatocytes to overcome acute or chronic toxic
DOX exposures. In hepatocytes, the microsomal
enzymes metabolize DOX to produce the more
toxic metabolite doxorubicinol, which can also
occur in other tissues, such as the heart’. The
mechanisms of DOX-induced cytotoxicity result
from its cellular accumulation and subsequent
DNA damage, induction of oxidative stress, and
activation of inflammatory signaling!®-1240-42, To-
gether, these actions might explain the failure of
hepatocyte endogenous protective mechanisms,
as illustrated by the current data.

Disruption of mitochondrial integrity and
function and upregulation of ROS-mediated
signaling is essential to the deleterious effects
of DOX in normal cells, including the hepato-
cytes”®!10, In the present study, a single high dose
of DOX induction of hepatotoxicity increased
tissue lipid peroxidation and total NOx and de-
creased the hepatic SOD activity and levels of
GSH, indicating increased oxidative stress. Sim-
ilar results have been previously reported for
DOX-induced hepatotoxicity®'®#. Others have
shown the hepatoprotective effects of pregneno-
lone in acetaminophen-induced* and lithocholic
acid-induced liver toxicity. Studies®*?’ in other
disease models supported the antioxidant activ-

ity of pregnenolone, which might partly depend
on its anti-inflammatory potential. Our results
provide further evidence of the hepatoprotective
effects of pregnenolone by preserving the redox
homeostasis in the liver.

Increased cellular ROS, either under physio-
logical conditions or after acute cellular insult,
liberates Nrf2 from Keapl. Nrf2 then translo-
cates to the nucleus and binds its antioxidant
response element (ARE) to stimulate the tran-
scription of antioxidant genes. This pathway is
an essential switch in redox signaling and cel-
lular homeostasis™'**. However, this antioxidant
mechanism is compromised by DOX because
of increased Nrf2 proteasomal degradation. Al-
though the initial response to DOX involves de-
stabilization of Keapl, hence the increased Nrf2
signaling*®, prolonged exposure destabilizes
Nrf2 itself to enhance cellular oxidative stress*.
Besides, the reductive metabolic transformation
of DOX itself provokes superoxide generation.
Apart from its direct toxic effects, superoxide is
converted to hydrogen peroxide by the activity
of SOD. In the presence of ferrous ions, hydro-
gen peroxide generates more damaging hydroxyl
radicals*’. This disruption of redox homeostasis
was reported in DOX-induced cardiotoxicity'**
and hepatotoxicity'*-3*48:49,

The results of the current work showed up-
regulation of Keapl and downregulation of Nrf2
proteins in the liver of DOX-treated rats, which
accompanied the diminished expression of HO-
1. Although some previous reports supported an
immediate increase in Nrf2-dependent gene ex-
pression after acute DOX treatment, this effect
was attributed to Keapl degradation rather than
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increased Nrf2 upregulation**. Moreover, re-
search by the same group revealed that chronic
exposure to DOX resulted in compromised Nrf2
and dependent genes*’. Moreover, others report-
ed disruption of Nrf2 expression and upregulated
Keapl after a single acute dose exposure in vivo
and in vitro*, which supports the current obser-
vations. In the study by Zhao et al*’, mice treated
with 20 mg/kg DOX suffered from hepatotoxici-
ty, which was explained by the decreased levels
of Nrf2 and its target genes: HO-1 and NAD(P)
H Quinone Dehydrogenase 1 (Ngol). Important-
ly, these effects were mitigated by pregnenolone,
which completely prevented the effect of DOX on
Nrf2 and Keapl and caused a modest, but signifi-
cant, upregulation of HO-1.

Here, we tested the hypothesis that the hep-
atotoxic effects of DOX might be driven partly
by the induction of inflammation. The correlation
between ROS signaling, inflammation, and apop-
tosis is well-established'"-*-*. The liver tissues
from DOX-challenged rats manifested increased
TNF-a protein and increased IL-6 and IL-1f3
gene activation, indicating enhanced inflammato-
ry signaling. These findings are supported by the
increased NFkB expression and nuclear translo-
cation we found here. Our results align with pre-
vious reports®#! showing the role of inflamma-
tion in DOX-mediated toxicity. Nonetheless, the
DOX-treated rats showed increased expression
of IL-10 that was further augmented with preg-
nenolone treatment. The increase of this anti-in-
flammatory cytokine might be a compensatory
mechanism as a result of tissue injury*. Recently,
patients receiving liposomal DOX had higher se-
rum levels of IL-10%.

The current experiment results showed that
DOX-induced liver injury increased hepatic colla-
gen deposition and TGF-P1 expression indicating
fibrotic changes. Besides, these tissues manifest-
ed elevated cleaved caspase-3, an apoptotic mark-
er. These findings might help explain the histo-
logical tissue damage in DOX-treated rats. On
the contrary, pregnenolone treatment antagonized
these DOX-mediated effects. Oxidative stress and
inflammatory signaling can activate liver fibrot-
ic changes and proapoptotic mechanisms!**7,
Moreover, the induction of tissue fibrosis and
apoptosis is characteristic of DOX-induced hep-
atotoxicity'®!*>:3, Previous studies®-® reported
the antifibrotic™*¢ and antiapoptotic®’* effects of
pregnenolone. However, others reported proapop-
totic effects of pregnenolone or its derivatives in
primary cells and cancer cell lines*-%.
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Activation of inflammation limits the cellular
capacity to extrude xenobiotics by decreasing the
expression of cytoprotective transporters, such as
P-gp (MDR1) and MRP2'*!%22 This effect of in-
flammation contributes to cell injury, as observed
in the current study, and strongly correlates with
the DOX-induced inflammatory signaling and its
well-established organ toxicity. The DOX treat-
ment dramatically decreased the hepatic expres-
sion of P-gp, which is in line with the structurally
evident damage. Although these effects might po-
tentiate anticancer activity in tumor cells, inflam-
matory signaling sensitizes normal cells toward
the toxic effects of exogenous chemicals!®!133,

Although pregnenolone did not affect the ex-
pression of P-gp in control rats, it prevented the
DOX-induced downregulation. This mechanism
might contribute to the pregnenolone-mediated
hepatoprotection by inhibiting DOX intracellular
accumulation. We have recently shown that pres-
ervation of P-gp level confers protection against
methotrexate-induced liver injury®, which corrob-
orates the present results. Moreover, the induction
of a polymicrobial sepsis model in rats decreased
the renal and pulmonary expression of P-gp, which
was ameliorated by anti-inflammatory treatment®.

By activating PXR, pregnenolone can stimu-
late hepatic detoxification mechanisms, including
upregulation of P-gp. Other possible mechanisms
include the upregulation of metabolizing enzymes
such as CYP3A, GSTs, and UGTs?**-22. Moreover, ac-
cumulating evidence illustrated the anti-inflamma-
tory effects of pregnenolone via antagonizing sig-
naling by cytokine and NF«kB signaling'’**. These
effects involve modulation of NFkB-mediated gene
transcription and possibly non-genomic effects?.

The cytotoxic potential of pregnenolone has
been demonstrated in early experiments showing
activation of retinal apoptotic cell death in vitro at
50 uM®. More recent work highlighted the cyto-
toxic potential of pregnenolone and its derivatives
against the liver cancer cells HepG2 by down-
regulating Bcl-2¥. However, given the observed
pregnenolone-mediated cytoprotective effects
against DOX-induced liver injury, notably the in-
duction or preservation of P-gp, we asked whether
it might protect cancer cells against the effects of
DOX. We tested this possibility by assessing the
cell viability of a liver cancer cell line, HepG2, in
the absence and presence of pregnenolone either
alone or combined with DOX. Our results showed
that pregnenolone concentration-dependently
potentiated the antiproliferative effects of DOX.
Moreover, pregnenolone itself reduced HepG2
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cell viability, especially at higher concentrations.
These results are comparable to those observed
by others® while studying the same cells. Further
support for the current findings comes from other
studies®"%? highlighting the proapoptotic effects of
pregnenolone and its derivatives.

Conclusions

Pregnenolone protected the rat liver against
DOX-induced injury by inhibiting DOX-induced
oxidative stress, fibrotic changes, tissue inflam-
mation, and apoptosis. The pregnenolone-medi-
ated hepatoprotection involves activating endoge-
nous antioxidant mechanisms, upregulating Nrf2/
HO-1 and P-gp, and mitigating inflammation by
antagonizing NFxB signaling. Importantly, preg-
nenolone did not antagonize the anticancer effects
of DOX in liver cancer cells but rather potentiated
it. Thus, combining pregnenolone and DOX might
offer better therapeutic outcomes, fewer DOX-in-
duced adverse effects, and better compliance.
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