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Abstract: This study examined the effect of gold nanoparticles (AuNPs) on doxorubicin (DOX)-
induced liver damage and steatosis in rats and tested its effect mechanism. Wistar male rats were
divided into four groups (each of eight rats) as control, AuNPs (50 µL of 10 nm), DOX (15 mg/kg;
3 mg/kg/week), and DOX + AuNPs-treated rats. DOX is known to induce fasting hyperglycemia
and hyperinsulinemia in treated rats. Individual treatment of both DOX and AuNPs also promoted
liver damage, increased circulatory levels of ALT and AST, and stimulated serum and liver levels
of TGs, CHOL, LDL-c, and FFAs. They also stimulated MDA, TNF-α, and IL-6, reduced GSH, SOD,
HO-1, and CAT, upregulated mRNA levels of Bax and caspases-3 and -8 and downregulated mRNA
levels of Bcl2 in the livers of rats. However, while DOX alone reduced hepatic levels of PPARα, both
AuNPs and DOX stimulated mRNA levels of SREBP1, reduced the mRNA, cytoplasmic and nuclear
levels of Nrf2, and increased mRNA, cytoplasmic, and nuclear levels of NF-κB. The liver damage
and the alterations in all these parameters were significantly more profound when both AuNPs and
DOX were administered together. In conclusion, AuNPs exaggerate liver damage, hyperlipidemia,
and hepatic steatosis in DOX-treated rats by activating SREBP1 and NF-κB and suppressing the
Nrf2/antioxidant axis.
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1. Introduction

During the last decades, multiple novel chemotherapeutic drugs have been developed
with high efficiency to treat hematological and solid tumors and increase the survival of
patients [1]. However, the clinical applications of some of these drugs were stopped due to
the high chance of systemic and hepatotoxicity [1,2].

Doxorubicin (DOX) is one of the most known anthracycline chemotherapeutic an-
tibiotic drugs that is associated with hepatic damage and steatosis due to its ability to
damage DNA and generate high levels of reactive oxygen species (ROS), which subse-
quently trigger oxidative stress, inflammation, fibrosis, and apoptosis [3,4]. Mechanisms by
which DOX promotes hepatic oxidative stress and damage have been recently reviewed
in excellent journals and included both enzymatic and non-enzymatic pathways (i.e., ac-
tivation of NADPH reductase, formation of DOX/Ferrous (Fe2+) complex, suppression
of the antioxidant transcription factor, the nuclear factor-erythroid factor 2-related factor
2 (Nrf2), depletion of cellular antioxidants (i.e., glutathione (GSH) and other enzymes),
and lipid peroxidation [5–8]. However, the hepatic inflammatory and apoptotic responses
associated with DOX are characterized by upregulation/activation of the nuclear factor
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kappa-beta (NF-κB), higher levels of inflammatory cytokines (i.e., tumor necrosis-α (TNF-
α), and interleukine-6 (IL-6), upregulation of Bax/p53, and release of cytochrome-c from
the mitochondria [3,4,8,9].

On the other hand, recent advances in fighting tumors have led to the discovery of
nanoparticles (NPs) characterized by their unique size and physical and chemical properties.
Due to their unique optical properties, small size (1–100 µM), chemical stability, and ease
of synthesis, gold nanoparticles (AuNPs) have become the most commonly used NPs used
for drug delivery, chemical sensing, and biological imaging [10,11]. However, exposure
to AuNPs could occur through inhalation and skin absorption as well as through other
routes (i.e., intraperitoneal (i.p.) and intravenous (i.v.)) [10,12]. Humans are at high risk
of exposure to AuNPs through dermal contact with jewelry, from dental restorations, and
many consuming other products such as toothpaste, lubricants, food packing, cosmetics,
automobiles, and beverages [13,14]. However, the safety of these NPs is still uncertain. At
the experimental levels, we and others have previously shown that short-term (7 days)
exposure to small-sized gold NPs has resulted in a high rate of accumulation in the liver, and
this was associated with high levels of ROS, lipid peroxidation, oxidative stress, activation
of NF-κB, upregulation of inflammatory cytokines, and liver damage [15–20]. However,
the effect of long-term exposure to AuNPs, as well as their combined effect with another
risk factor on the liver structure and function is not well characterized. These data are
alarming and suggest that chronic exposure to these NPs may have several additional
adverse effects on the liver, especially with the co-existence of other oxidant drugs. Indeed,
AuNPs exaggerated hepatic damage after exposure to lipopolysaccharides (LPS) [21]. In
the same manner, it accelerated hepatic steatosis and liver damage in choline-deficient
rats [22].

Nonetheless, using AuNPs as a carrier for DOX as an anticancer therapy showed
promising results. In this regard, some authors have shown that attaching doxorubicin
(DOX)-loaded oligonucleotides (ONTs) to AuNPs (Doxorubicin–Oligomer–AuNP, DOA)
was very effective in inhibiting colorectal cancer in vivo and in vitro [23]. However, given
the high exposure rate of AuNPs during our daily life, especially among cancer patients,
we found it worth evaluating the hepatic toxicity of DOX under the concomitant exposure
to small-size AuNPs.

Therefore, compared to their treatments in this study, we demonstrate that AuNPs
accelerate DOX-induced hepatic oxidative damage, steatosis, inflammation, and apoptosis
after 35 days of treatment. In addition, we are demonstrating that these effects mediate by
exaggerating ROS generation, suppressing Nrf2 and antioxidants, activating NF-κB P65,
upregulating TNF-α and IL-6, and inhibiting PPARα and FAs oxidation.

2. Results
2.1. Changes in Food Intake, Body Weights, Glucose and Insulin Levels, and Liver Enzymes

Average weekly food intake was not significantly altered with any treatment (Table 1).
Final body weights, fasting plasma glucose, insulin levels, and values of HOMA-IR were not
significant, but serum levels of ALT, AST, and γ-GTT were significantly higher in AuNPs-
treated rats as compared to control rats (Table 1). Except for final body weights, which
were significantly decreased, the levels of all these different endpoints were significantly
increased in both DOX and AuNPs + DOX-treated rats compared to control and AuNPs-
treated rats (Table 1). Although there were no significant variations in the final body
weights, plasma glucose, insulin levels, and levels of HOMA-IR between DOX and DOX +
AuNPs-treated rats, the serum levels of ALT, AST, and γ-GTT were significantly higher in
DOX + AuNPs-treated rats as compared to DOX-treated rats (Table 1).
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Table 1. Effects of the individual or combined treatments with gold nanoparticles (AuNPs) and/or
doxorubicin (DOX) on body weights, food intake, liver enzymes, and plasma glucose and insulin
levels in all groups.

Parameter Control AuNPs DOX DOX + AuNPs

Final body weight (g) 265 ± 24 259 ± 28 221 ± 15 ab 226 ± 18 ab

Average weekly food intake (g/group) 1673 ± 123 1537 ± 143 1703 ± 154 1607 ± 162

Serum

γ-GTT (U/L) 28.4 ± 3.7 46.7 ± 5.3 a 76.4 ± 5.9 ab 98.3 ± 6.9 abc

ALT (U/L) 39.8 ± 5.4 65.6 ± 6.5 a 88.5 ± 7.1 ab 123.5 ± 11.4 abc

AST (U/L) 47.2 ± 5.1 71.3 ± 6.3 a 95.1 ± 8.4 ab 131.3 ± 10.4 abc

Plasma

Fasting glucose (nmol/L) 4.6 ± 0.4 4.4 ± 0.6 6.4 ± 0.5 ab 6.6 ± 0.9 ab

Fasting insulin (µIU/mL) 6.0 ± 1.4 6.2 ± 1.6 10.9 ± 2.4 ab 11.3 ± 2.9 ab

HOMA-IR 1.3 ± 0.39 1.18 ± 3.2 3.1 ± 0.41 ab 3.3 ± 0.9 ab

Final body weight (g) 265 ± 24 259 ± 28 221 ± 15 ab 226 ± 18 ab

Data were analyzed by 1-way ANOVA followed by Tukey’s test. Values are presented as means ± SD
(n = 8/group). Significance was considered at p < 0.5. a: vs. control rats; b: vs. AuNPs-treated rats; c: vs.
DOX-treated rats. HOMA-IR: the homeostasis model of insulin resistance = fasting insulin (µU/L) × fasting
glucose (nmol/L)/405.

2.2. Changes in Liver Weights and Serum and Hepatic Lipid Profile

The liver weights and serum levels of TGs, CHOL, LDL-c, and FFAs, as well as
serum levels of TGs, CHOL, LDL-c, and FFAs, were significantly increased in AuNPs,
DOX, and DOX + AuNP-treated rats as compared to control rats (Table 2). However, the
levels of all these parameters were significantly higher in DOX-treated rats as compared
to AuNPs-treated rats and in DOX + AuNPs-treated rats as compared to all other groups
(Table 2).

Table 2. Effects of the individual or combined treatments with gold nanoparticles (AuNPs) and/or
doxorubicin (DOX) on liver weights and serum/hepatic lipids in all groups.

Parameter Control AuNPs DOX AuNPs + DOX

Liver weight 12.1 ± 0.66 13.9 ± 0.56 a 15.6 ± 0.79 ab 16.9 ± 0.9 abc

Serum

TGs (mg/dL) 33.1 ± 3.4 47.8 ± 4.8 a 59.1 ± 4.2 ab 72.3 ± 5.8 abc

CHOL (mg/dL) 76.8 ± 5.3 89.5 ± 5.4 a 98.3 ± 7.3 ab 121 ± 9.2 abc

LDL-c (mg/dL) 34.3 ± 3.9 45.4 ± 4.3 a 58.9 ± 4.7 ab 69.3 ± 6.1 abc

FFAs (µmol/L) 422 ± 39.4 389 ± 41.2 745 ± 57.8 ab 719 ± 61.3 ab

Liver

Triglycerides (µg/g) 3432 ± 288 4552 ± 382 a 5434 ± 392 ab 6729 ± 428 abc

CHOL (µg/g) 4902 ± 309 6022 ± 519 a 7022 ± 538 ab 8192 ± 632 abc

FFA (µmol/g) 112.4 ± 9.5 122 ± 13.5 258 ± 17.8 ab 263± 21.9 ab

Data were analyzed by 1-way ANOVA followed by Tukey’s test. Values are presented as means ± SD
(n = 8/group). Significance was considered at p < 0.5. a: vs. control rats; b: vs. AuNPs-treated rats; c: vs.
DOX-treated rats.

2.3. Changes in Hepatic Pro-Oxidant, Antioxidant, Inflammatory, and Apoptotic Markers

A significant increase in the hepatic levels of MDA, TNF-α, and IL-6, as well as in the
mRNA levels of Bax, caspase-8, and caspase-3 that coincided with a significant reduction in
the levels of GSH, SOD, CAT, and HO-1 and mRNA levels of Bcl2, were seen in the livers
of AuNPs, DOX, and DOX + AuNPs-treated rats as compared to control rats (Table 3 and
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Figure 1A–D). The increase in the hepatic levels of MDA, TNF-α, and IL-6 and the mRNA
levels of Bax, caspase-8, and caspase-3, as well as the reduction in the mRNA levels of
Bcl2 and the levels of all other antioxidant markers, were significantly more profound in
both DOX and DOX + AuNPs-treated rats as compared to AuNP-treated rats (Table 3 and
Figure 1A–D). However, the maximum significant increase in the levels of MDA, TNF-α,
and IL-6 and the transcripts of Bax, caspase-8, and caspase-3 and the maximum significant
decrease in the mRNA levels of Bcl2 and levels of GSH, SOD, CAT, and HO-1 were seen in
the livers of DOX + AuNPs-treated rats as compared to AuNPs or DOX-treated rats (Table 3
and Figure 1A–D).

Table 3. Effects of the individual or combined treatments with gold nanoparticles (AuNPs) and/or
doxorubicin (DOX) on selected markers of oxidative stress and inflammation in the liver of all
experimental groups.

Parameter Control AuNPs DOX DOX + AuNPs

MDA (µM/mg tissue) 1.05 ± 0.14 1.88 ± 0.22 a 2.13 ± 0.28 ab 2.83 ± 0.41 abc

GSH (µg/mg tissue) 29.5 ± 2.1 20.4 ± 1.9 a 16.8 ± 1.3 ab 11.9 ± 0.92 abc

SOD (U/mg tissue) 8.9 ± 0.92 6.5 ± 0.54 a 5.0 ± 0.49 ab 3.9 ± 0.21 abc

CAT (U/mg tissue) 3.65 ± 0.22 2.2 ± 0.41 a 1.63 ± 0.17 ab 1.1 ± 0.15 abc

HO-1 (ng/mg tissue) 7.4 ± 0.81 5.1 ± 0.49 a 4.2 ± 0.68 ab 3.4 ± 0.53 abc

TNF-α (pg/mg tissue) 13.5 ± 2.1 24.7 ±3.1 a 33.4 ± 3.3 ab 45.3 ± 4.6 abc

IL-6 (pg/mg tissue) 41.4 ± 4.9 63.2 ± 5.8 73.2 ± 4.9 ab 89.2 ± 3.2 abc

Data were analyzed by 1-way ANOVA followed by Tukey’s test. Values are presented as means ± SD
(n = 8/group). Significance was considered at p < 0.5. a: vs. control rats; b: vs. AuNPs-treated rats; c: vs.
DOX-treated rats.
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Figure 1. Effects of the individual or combined treatments with gold nanoparticles (AuNPs) and/or
doxorubicin (DOX) on the transcription of some selected apoptotic and anti-apoptotic markers in the
liver of all experimental groups. (A): Bax mRNA, (B): Bcl2 mRNA, (C): Caspase-8, and (D): Caspase-3.
Data were analyzed by 1-way ANOVA followed by Tukey’s test. Values are presented as means ±
SD (n = 8/group). Significance was considered at p < 0.5. a: vs. control rats; b: vs. AuNPs-treated rats;
c: vs. DOX-treated rats.
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2.4. Histological Findings

The livers of control rats showed normal liver histology with intact hepatocytes radiat-
ing format the central vein. The nuclei of these hepatocytes appeared rounded and normal,
and the liver sinusoids looked of normal size (Figure 2A). On the other hand, livers obtained
from AuNPs, DOX, and DOX + AuNPs showed various pathologies, including damaged
hepatocytes and central vein, the disappearance of sinusoids, increased cytoplasmic cell
vacuolization that is filled with the fat droplet, immune cell infiltration, an increased num-
ber of necrotic cells having pyknotic karyolysis, and karyorrhexis nuclei (Figure 2B–D). The
severity of these abnormalities was higher in DOX as compared to AuNPs-treated rats and
was most severe in the livers of DOX + AuNPs-treated rats (Figure 2B–D).
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Figure 2. Histological pictures were obtained for the livers from all experimental groups and stained
with hematoxylin and eosin (H&E). All photos were captured at 200×. (A) is a control rat showing a
normal central vein (CV) in which normally appeared hepatocytes with round nuclei (black arrow).
In addition, the size of the sinusoid appeared normal (red arrow). (B–D) represent AuNPs, DOX,
and DOX + AuNPs-treated rats, respectively, and show a damaged CV and increased number of
hepatocytes with vacuolated and lipid-filled cytoplasm (black arrow). In addition, the nuclei of the
hepatocytes of all these groups of rats showed pyknosis (red arrow), karyolysis (blue arrow), and
karyorrhexis (green arrow). Note the increase in all these abnormalities in DOX + AuNPs-treated rats
as compared to other groups.

2.5. Effect of the Activity and Expression of SREBP1 and PPARα

The transcriptional activity, mRNA levels, and total protein levels of PPARα were
not significantly altered in the livers of AuNPS-treated rats but were significantly re-
duced in the livers of DOX and DOX + AuNPs-treated rats as compared to control rats
(Figure 3A,B,E). No significant variations in the transcriptional activity and mRNA levels
of PPARα were seen when DOX-treated rats were compared with DOX + AuNPs-treated
rats (Figure 3A,B,E). However, protein levels of PPARα were significantly lower in the livers
of DOX + AuNPs-treated rats than in DOX-treated rats (Figure 3E). On the other hand, the
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mRNA levels, transcriptional activity, and total protein levels of SREBP1c were significantly
increased in the livers of AuNPs, DOX, and DOX-treated rats as compared to control rats
and were significantly higher in the livers of DOX and DOX + AuNPs-treated rats when
compared to AuNPs-treated rats (Figure 3C,D,F). The levels of all these SREBP1-related
markers were significantly the lowest in the livers of DOX + AuNPs-treated rats compared
to DOX or AuNPs-treated rats (Figure 3C,D,F).
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Figure 3. Effects of the individual or combined treatments with gold nanoparticles (AuNPs) and/or
doxorubicin (DOX) on the transcription, total levels, and nuclear transcriptional activity of PPARα
(A,B,F) and SREBP1 (C,D,E) in the liver of all experimental groups. Data were analyzed by 1-way
ANOVA followed by Tukey’s test. Values are presented as means ± SD (n = 8/group). Significance
was considered at p < 0.5. a: vs. control rats; b: vs. AuNPs-treated rats; c: vs. DOX-treated rats.

2.6. Changes in the Transcription, Total Levels, and Nuclear Levels of Nrf2 and NF-κB p65

The mRNA, total and nuclear levels, and nuclear protein content of Nrf2 were signifi-
cantly decreased, while the mRNA, total and nuclear levels, and nuclear protein content of
NF-κB p65 have increased in the livers of AuNPs, DOX, and DOX + AuNPs-treated rats as
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compared to control rats (Figures 4A–F and 5A,B). However, the most significant decrease in
mRNA, as well as the total and nuclear protein levels Nrf2, as well as the maximum reduction
in the same parameters of NF-κB p65 were seen in the livers of rats treated with DOX + AuNPs
as compared to the individual treatment of DOX and AuNPs (Figures 4A–F and 5A,B).

Molecules 2023, 28, x FOR PEER REVIEW 7 of 17 
 

 

2.6. Changes in the Transcription, Total Levels, and Nuclear Levels of Nrf2 and NF-κB p65 
The mRNA, total and nuclear levels, and nuclear protein content of Nrf2 were signif-

icantly decreased, while the mRNA, total and nuclear levels, and nuclear protein content 
of NF-κB p65 have increased in the livers of AuNPs, DOX, and DOX + AuNPs-treated rats 
as compared to control rats (Figures 4A–F and 5A,B). However, the most significant de-
crease in mRNA, as well as the total and nuclear protein levels Nrf2, as well as the maxi-
mum reduction in the same parameters of NF-κB p65 were seen in the livers of rats treated 
with DOX + AuNPs as compared to the individual treatment of DOX and AuNPs (Figures 
4A–F and 5A,B). 

 
Figure 4. Effects of the individual or combined treatments with gold nanoparticles (AuNPs) and/or 
doxorubicin (DOX) on the transcription, total levels, and nuclear levels of NF-kB (A–C) and Nrf2 
(D–F) in the liver of all experimental groups. Data were analyzed by 1-way ANOVA followed by 
Tukey’s test. Values are presented as means ± SD (n = 8/group). Significance was considered at p < 
0.5. a: vs. control rats; b: vs: AuNPs-treated rats; c: vs. DOX-treated rats. 

 
Figure 5. Effects of the individual or combined treatments with gold nanoparticles (AuNPs) and/or 
doxorubicin (DOX) on the nuclear levels of Nrf2 (A) and NF-κB p65 (B) in the liver of all experi-

Figure 4. Effects of the individual or combined treatments with gold nanoparticles (AuNPs) and/or
doxorubicin (DOX) on the transcription, total levels, and nuclear levels of NF-kB (A–C) and Nrf2
(D–F) in the liver of all experimental groups. Data were analyzed by 1-way ANOVA followed by
Tukey’s test. Values are presented as means ± SD (n = 8/group). Significance was considered at
p < 0.5. a: vs. control rats; b: vs. AuNPs-treated rats; c: vs. DOX-treated rats.
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Figure 5. Effects of the individual or combined treatments with gold nanoparticles (AuNPs) and/or
doxorubicin (DOX) on the nuclear levels of Nrf2 (A) and NF-κB p65 (B) in the liver of all experimental
groups. Data were analyzed by 1-way ANOVA followed by Tukey’s test. Values are presented
as means ± SD (n = 8/group). Significance was considered at p < 0.5. a: vs. control rats; b: vs.
AuNPs-treated rats; c: vs. DOX-treated rats.

3. Discussion

The finding of this study examined and compared the individual and combined effects
of AuNPs and DOX on liver damage in rats. Accordingly, the concomitant administration
of both drugs resulted in more severe liver damage in rats associated with hyperlipidemia
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and hepatic steatosis than in their exposure. In addition, the combined treatment of
AuNPs and DOX resulted in an advanced generation of ROS, inflammatory cytokines,
and activation/upregulation of NF-κB p6 that coincided with increased suppression of the
Nrf2/antioxidant axis. In addition, while DOX suppressed and downregulated SREBP1
and PAPRα, AuNPs only stimulated the transcription and protein levels of SREBP1 alone.
Therefore, it can be suggested that AuNPs worsen liver damage and steatosis through their
pro-oxidant and pro-inflammatory effects. A graphical abstract summarizing these effects
is shown in Figure 6.
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Figure 6. A graphical abstract demonstrating the synergistic hepatic toxic effect of doxorubicin (DOX)
and small-sized gold nanoparticles (AuNPs) in rats. In the figure, DOX triggers insulin resistance (IR)
and lipolysis and the white adipose tissue (WAT), which leads to an increase in the influx of free fatty
acid (FFAs) to the livers and induces oxidative stress and inflammation by the generation of reactive
oxygen species (ROS) and scavenging glutathione (GSH), superoxide dismutase (SOD), and catalase
(CAT), suppression of Nrf2, activation of NF-κB p65, and increasing levels of inflammatory mediators
such as tumor necrosis factor-α (TNF-α) and interleukin-6 (IL-6). In addition, DOX (possibly through
increasing hepatic FFAs) can directly stimulate SREBP1 and inhibit PPRAα. On the other hand,
AuNPs affect liver health and lipogenesis by acting on oxidative stress and inflammatory markers
(similar to the effect of DOX) as well as inhibiting SREBP1.

ALT, AST, and γ-GTT are the most used markers for assessing liver function and
are major indicators of hepatocyte necrosis [24]. A significant increase in circulatory
liver markers, as well as other pathological findings such as congestion of the portal
and central veins, swelling, degeneration, vacuolization, immune cell infiltration, and
necrosis, were reported in the livers of rats individually treated with either DOX or small-
sized AuNPs [3,7,15,18]. Similar biochemical and hepatic histological abnormalities were
also reported in this study in the DOX or AuNPs-treated animals with a more profound
damaging effect associated with DOX treatment. However, the maximum increase in
the serum levels of ALT, AST, and γ-GTT, as well as the severest hepatic damage, were
observed in the group of rats that were administered the combined treatments of both
AuNPs and DOX as compared to their individual effects. Based on these initial data, we
become more confident that AuNPs exaggerate the hepatic damage of DOX, probably by
its pro-oxidant and pro-inflammatory nature [8].

In addition, DOX treatment significantly reduced rats’ final body weights but signifi-
cantly increased their weights. On the contrary, treatment with AuNPs had no effects on
rats’ bodies and liver weights. In addition, body weights and liver weight were significantly
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higher in rats co-treated with both drugs. Such increases in the livers weights in both the
DOX and DOX + AuNPs-treated rats could be attributed to the increase in the de novo lipid
synthesis in the livers of these rats (discussed later) as a result of the synergistic lipogenic
effect of both treatments. In support, AuNPs also induced hepatic toxicity and accelerated
hepatic lipid synthesis and accumulation in rats fed a choline-free diet [22]. However, since
DOX treatment did not change the food intake in rats, it seems reasonable that such a
decrease in body weights post-DOX treatment is attributed to the loss of the adipose tissue
mass in response to IR and stimulated lipolysis in the adipose tissue. Indeed, DOX reduced
rodent body weights by suppressing adipose tissue lipogenesis by inhibiting PPARγ and
SREBP1 [25].

Oxidative stress and inflammation are two central-related mechanisms that mediate
liver damage in a variety of conditions [26]. Nrf2 is a major antioxidant transcription
factor in most cells that prevents oxidative damage through stimulating GSH synthesis as
well as the expression of phase-II antioxidant enzymes (e.g., SOD, CAT, and HO-1) [27].
Opposing this, NF-κB is the major pro-oxidant and inflammatory transcription factor that
stimulates inflammation by upregulating numerous cytokines and adhesive molecules
(e.g., IL-1β, TNF-α, and IL-6), which in turn promote macrophage infiltration, inflamma-
tion, and generation of ROS [28]. ROS and NF-κB can stimulate each other, leading to a
vicious activation cycle [28]. In addition, Nrf2 and NF-κB are negatively cross-talked with
each other, where each of them can suppress the activity of the other [7,29]. In the liver,
the metabolism of DOX upregulates numerous ROS-generating enzymes that promote
oxidative and inflammatory damage [7]. Short and long-term treatment with DOX was
associated with higher levels of hepatic ROS, TNFα, and IL-6, over-activation of NF-κB, and
reduced activities and expression of Nrf2 [3,4,6,8,30–32]. In addition, short-term treatment
with AuNPs promotes hepatic and renal oxidative stress and inflammation by generating
ROS and inflammatory cytokines, scavenging GSH, consuming SOD and CAT, and acti-
vating NF-κB [15,16,18,19,21]. Of note, the effect of AuNPs on hepatic and systemic Nrf2
signaling is not yet established in humans or animals.

In the current study, oxidative stress and inflammation were also evidenced in the
livers of both groups of rats, which were administered AuNPs or DOX either individually
or in combination. This picture included higher levels of ROS, MDA (a marker of lipid
peroxidation), TNF-α, IL-6, mRNA, and nuclear activities of NF-κB p65. In addition, the
livers of both treated groups also showed a significant reduction in the hepatic levels
of GSH, SOD, HO-1, and CAT and reduced transcription and the nuclear activities of
Nrf2. However, the changes in the levels of all these biochemical endpoints were more
significant and profound in the groups of rats which received the combination treatment,
which suggests that a combination of AuNPs and DOX synergistically stimulates liver
damage by exaggerating the oxidative stress and inflammatory responses. Yet, these data
cannot precisely identify whether Nrf2 locates upstream or downstream of NF-κB during
this toxicity. However, we have recently shown that DOX could promote liver damage
by modulating these pathways through suppressing SIRT1, which normally activates
Nrf2/antioxidant axis and suppresses NF-κB p65 and inflammation [8]. Hence, targeting
SIRT1 could represent a novel target to reveal the hepatic toxicity induced by AuNPs.

Apoptosis is the cell death process triggered by oxidative and inflammatory damage to
the cells [33]. ROS, NF-κB p65, and TNF-α can activate both the extrinsic and intrinsic cell
apoptosis pathways [34–38]. Cell apoptosis can be intrinsic or extrinsic and is imitated by
activating several cytoplasmic endoproteases called caspases (i.e., caspases-3, 8, and 9) [39].
Extrinsic cell death is initiated by binding a legend such as TNF-α and Fas with a death
surface receptor (TNFR and FasR), which stimulates the activation of caspase-8/3 [40]. On
the other hand, intrinsic cell death is induced by an imbalance in the apoptotic (i.e., Bax)/ant
apoptotic (Bcl2) proteins, which allow damaging of the mitochondria membranes and the
release of cytochrome-c, which in turn stimulates capaspses-9/3 [33,40]. In addition, DNA
damage, ROS, and NF-κB are potent stimulators of intrinsic cell death through upregulating
p53, which subsequently increases the expression of Bax [41]. In this study, and associated
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with the high levels of ROS and levels of TNF-α and higher activation of NF-κB p65,
intrinsic cell apoptosis was also activated in the livers of both DOX and AuNPs-treated rats
supported by the higher mRNA levels of Bax, caspases-8 and-3 and reduced expression
of Bcl2 in the livers of both groups. This is in line with many previous studies showing
similar apoptotic effects of DOX in rodents’ livers [4,7,8]. In addition, Kassab et al. [42] have
previously shown apoptotic effects of naked AuNOs (10–15 nm) in the liver of rats mediated
by the upregulation of p53, downregulation of Bcl2, and inducing TNF-α. However, a more
significant reduction in the levels of Bcl2 and a more significant increase in the expression
of Bax and all measured caspases were observed in the livers of rats co-treated with AuNPs
and DOX, suggesting a cooperative apoptotic effect. This could be explained by the higher
levels of ROS and TNF-α as well as the increased transcription and activation of NF-κB
p65 generated in the livers of these rats under this combination treatment. Supporting
this, co-treatment with AuNPs enhanced and facilitated apoptotic hepatocyte cell death in
LPS-treated rats [21].

We have also observed that rats co-administered with the combined treatment of both
AuNPs and DOX developed hyperlipidemia, and their liver showed an advanced stage
of hepatic steatosis compared to the individual treatment of each drug. On the one hand,
associated with the previously discussed increase in total body weight, we have noticed that
DOX-treated rats had a T2DM phenotype that is characterized by fasting hyperglycemia,
hyperinsulinemia, high HOMA-IR, and hyperlipidemia. In addition, they developed hep-
atic steatosis and had increased levels of FFAs, TGs, and CHOL. As confirmed by others,
such an increase in FFAs hepatic content could be explained by the peripheral IR and
increased adipose tissue lipolysis [25]. Indeed, DOX is a risk factor for the development
of T2DM and NAFLD [43,44]. Short and long-term DOX treatment can induce IR, hy-
perglycemia, and hyperlipidemia, increase hepatic FFAs contents, stimulate hepatic de
novo lipogenesis, and promote NAFLD through several pathways, including stimulating
adipose tissue lipolysis by activating PPARα [25]. Suppressing adipose tissue and muscular
PPARγ and AMPK expression and activation reduces adipogenesis, insulin sensitivity, and
glucose disposal [25,45]. Furthermore, DOX reduces the release of FFAs and stimulates
TGs synthesis by suppressing the peroxisomal β-oxidation and inhibiting hepatic adipose
triglyceride lipase (ATGL), which normally stimulates mitochondria β-oxidation [22,45].

However, hyperlipidemia with increased hepatic levels of CHOL and TGs and fat
vacuoles were seen in AuNPs-treated rats, suggesting a hyperlipidemic effect independent
of modulating peripheral glucose or insulin signaling. Nonetheless, it seems reasonable
that AuNPs aggravated the ballooning of the hepatocytes by increasing oxidative stress
and inflammation, both of which facilitate the progression from simple steatosis to non-
alcoholic hepatitis. Therefore, these data could be of much interest as they provide a clear
warning for the steatotic effect of AuNPs, especially with the existence of other factors that
stimulates hepatic lipid accumulation. Supporting this, treatment with AuNPs accelerated
the development of NAFLD and NASH in HFD-fed animals [22].

However, we were interested in revealing the precise hepatic molecular mechanisms
responsible for the steatosis effect of both AuNPs and DOX. For this reason, we have
targeted PPARα and PPARγ, as well as SREBP1c, which are major regulators involved
in hepatic lipid metabolism [41,46]. In general, SREBP1c is the major transcription factor
responsible for FAs and TGs synthesis by regulating a bunch of lipogenic genes such as fatty
acid synthase (FAS) and cetyl-CoA carboxylase 1 (ACC-s) [46]. On the other hand, PPARα
reduces TGs accumulation by stimulating mitochondria β oxidation by regulating the
L-carnitine system [47–51]. The treatment with PPARα agonists is an effective therapy to
alleviate liver damage and NAFLD [48–51]. As discussed above, DOX treatment stimulated
adipose tissue PPARα [25]. Yet the effect of DOX and AuNPs on the expression of hepatic
SREBP1 and PPARα is still unknown.

DOX significantly reduced the expression of PPARα in cultured podocytes and car-
diomyocytes of intoxicated mice [41,52,53]. In the same line, we have also found a signifi-
cant reduction in transcriptional activity, mRNA, and protein levels of PPARα in the livers
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of DOX-treated rats of this study that was concomitantly associated with increased tran-
scription of SREBP1c. These data indicate that DOX has a stimulatory role in lipid synthesis
by stimulating de novo lipogenesis and suppressing FA oxidation through stimulating
SREBP1 and downregulating/inhibiting PPARα. Interestingly, the hepatic PPARα is a po-
tent antioxidant and anti-inflammatory transcription factor that prevents liver damage by
stimulating the Nrf2/antioxidant axis and suppressing NF-κB and inflammatory cytokine
production [47,50,54]. Such a reduction in the activities of PPARα via DOX treatment might
also explain why the livers of these DOX-treated rats showed reduced expression and
activation of Nrf2 and, in parallel, reduced those of NF-κB, as discussed before. Herein, we
are showing evidence that the steatotic, pro-oxidant, and pro-inflammatory role of DOX
in the liver of rats is mediated at least by suppressing PPARα, which represents a novel
therapeutic target.

In addition, our data indicate that AuNPs stimulate de novo lipid synthesis only
through stimulating the expression of SREBP1c with no obvious effect on the expres-
sion/activity of PPARα. Indeed, treatment with AuNPs showed no effect on the transcrip-
tional activity, mRNA, and protein levels of PPARα. Interestingly, we have observed a
significant reduction in protein levels of PAPRα in the livers of rats that concomitantly
administered AuNPs and DOX. Such a reduction could be explained by the higher levels of
ROS generated by the combined treatment compared to AuNPs alone. Therefore, these data
suggest that AuNPs alone stimulate lipogenesis and stimulate ROS generation, whereas
they may also repress PPARα if co-treated with DOX-treated rats, which by itself can
activate both damaging pathways. However, the combinations of all these lipid-related
mechanisms contributed significantly to the obvious increase in the levels of hepatic FFAs,
TGs, and CHOL in the livers of rats who received the combined treatment and may ex-
plain the severe accumulation of fat droplets and hepatocyte ballooning appeared in the
livers of these rats. In general, hyperglycemia, ROS, and TNF-α are portent activators of
SREBP1 [53,55–57]. Therefore, all these factors could have contributed significantly to the
observed stimulatory effects of both AuNPs and DOX on the hepatic expression of SREBP1
in the treated rats. However, the precise mechanism by which DOX inhibits PPARα remains
unknown and cannot be concluded from this study.

Although we are showing interesting data, our data still have some limitations. Im-
portantly, this study examined the effect of AuNPs on DOX-induced toxicity for a limited
period (i.e., 35 days after treatment). Therefore, it will be more valuable to examine the
combined effects of these drugs at different time intervals post-administration. In addition,
as demonstrated in this study, the effects of DOX and AuNPs seem to involve numerous
signaling pathways. Hence, further studies using animals or cells deficient with some
key regulators (i.e., PPARα, Nrf2, and NF-κB) will widen our knowledge about the exact
molecular mechanisms regulated by AuNPs and DOX.

4. Materials and Methods
4.1. Animals

Adult Wistar male rats (210 ± 20 g) aged 10 weeks old were supplied from the
Experimental Animal Care Center at King Saud University, Riyadh, KSA. All animals
were always housed in plastic cages in a controlled room (temperature = 22 ± 5 ◦C,
humidity= 55 ± 5%, and a 12 h light/dark cycle and had free access to diet and water
ad libitum. Experiments were approved by Research Ethics Committee at King Saud
University (Ethics Reference No: KSU-SE-21-11), Riyadh, Saudi Arabia, and followed the
Animal Research Reporting of in vivo Experiments (ARRIVE) guidelines.

4.2. Drugs

AuNPs (10 nm) were (Cat. No. MKN-Au-010) purchased from IPEX Corp, MKNano,
Toronto, Canada, and were identified by electron microscopy. DOX hydrochloride (Cat.
NO. D1515) was purchased from Sigma Aldrich, St. Louis, MO, USA.
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4.3. Experimental Design

A total of 32 rats were included in this study and were divided into 4 groups (each
of 8 rats) as follows: (1) control rats: daily treated with 250 µL of 0.9% normal saline as a
vehicle for 5 weeks; (2) AuNPs-treated rats: daily treated with 250 µL of 10 nm AuNPs
for 5 weeks; (3) DOX-treated rats: treated with an accumulative dose of DOX solution
(15 mg/kg; 3 mg/kg/week) and co-treated with 250 µL of 0.09% normal saline (4) DOX +
AuNPs-treated rats: treated with DOX (15 mg/kg; 3 mg/week) and co-treated daily with
250 µL of 10 nm AuNPs (i.p.) for 5 weeks. All treatments were administered intraperitoneal
(i.p.). The dose and route of treatment with DOX were selected based on the previous
study, which showed impaired glucose tolerance, IR, and hyperglycemia in rats [45]. It also
induced hepatic oxidative damage, suppressed Nrf2, and upregulated NF-κB in the livers of
rats [3,8,58]. On the other hand, the dose of AuNPs was selected based on previous evidence
of hepatic damage by stimulating the generation of ROS, upregulation of inflammatory
cytokines, and activation of NF-κB [15,18,59].

4.4. Tissue and Blood Collection

On day 36, all rats were anesthetized using a single dose of ketamine/xylazine hy-
drochloride mixture (80/10 mg/kg, v:v), and their blood samples were directly collected
by cardiac puncture into plain tubes and EDAT-containing tubes and then centrifuged
at 1300× g (room temperature 10 min) to collect serum and plasma, respectively. These
samples were always stored at −20 ◦C until use. Next, all rats were sacrificed by cervical
dislocation, and their livers were rapidly isolated on ice. The livers were washed with an
ice-cold phosphate-buffered saline (PBS) (pH = 7.4) and cut into smaller pieces, which were
each 3–4 mm. Parts of these livers were fixed in specific fixatives for the histological or
electron microscopy studies. All other parts were kept at −80 ◦C and used later for the rest
of the experiments.

4.5. Extraction of Hepatic Lipids from the Freshly Collected Livers

Parts of the newly organized livers (n = 8/group) were directly used to extract lipids,
adopting the methanol:chloroform: normal saline method described by Folch et al. [60].
Briefly, parts of the liver weighing 0.25 g were homogenized in 10 mL of a methanol:
chloroform solution (1:2, v/v) for 1 h at 4 ◦C. The mixture was filtrated, and 2 mL of
normal saline was added. The mixture was vortexed, which was followed by centrifugation
(1200× g; 10 min). The lower organic layer containing the dissolved lipids was isolated, and
the solvent was evaporated. The collected lipids were dissolved in 0.5 mL of isopropanol
and used for different lipid quantifications.

4.6. Preparation of Liver Homogenates and Nuclear Fractionation

Liver parts from each rat (70 mg) were homogenized in 0.5 mL ice-cold PBS (pH = 7.4)
and then centrifuged at 12,000× g for 15 min. The supernatants were isolated and dis-
tributed into new Eppendorf tubes. At the same time, the cytoplasmic/nuclear fractions
were prepared using a commercial kit (NE-PER Cat. No. 78833, ThermoFisher, Waltham,
MA, USA). All isolated supernatants and cellular fractions were kept at −80 ◦C until use.

4.7. Biochemical Analysis in the Plasma

The glucose levels in the plasma were measured using an assay kit (Cat No. Ab65333,
Abcam, Cambridge, UK). Plasma insulin levels were assayed by ELISA (Ca., No. MBS045315).
The homeostasis model of insulin resistance (HOMA-IR) was manually calculated from
the following equation (fasting insulin (µU/L) × fasting glucose (nmol/L)/405) [61]. All
measurements were conducted as per the provided instructions.

4.8. Biochemical Analysis of the Serum and Tissue Homogenates

Serum levels of alanine aminotransferase (ALT), gamma-glutamyl transferase (γ-
GTT), and aspartate aminotransferase (AST) were measured using assay kits (Cat. No.
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MBS269614, MyBioSource, San Diego, CA, USA; Cat. No. MBS9343646, MyBioSource,
San Diego, CA, USA; and Cat. No. CSB-E13023r-1, Cosmo Bio, Carlsbad, CA, USA),
respectively. Homogenate levels of malondialdehyde (MDA), interleukine-6 (IL-6), total
reduced glutathione (GSH), superoxide dismutase (SOD), tumor necrosis factor-alpha,
heme oxygenase-1 (HO-1), and catalase (CAT) were measured using assay kits purchased
from MyBioSource, San Diego, CA, USA (Cat. No. MBS2540407; Cat. No. MBS269892, Cat.
No. MBS265966, Cat. No. MBS036924, and Cat. No. MBS2507393, Cat. No. MBS764989;
and Cat. No. MBS006963, MyBioSource, San Diego, CA, USA, respectively). The tran-
scriptional activities of PPARα and SREBP1 in the nuclear fractions were assayed using
an assay kit (Cat. No. Ab133107 and Cat. No. ab133125, Abcam, Cambridge, UK, respec-
tively). The concentrations of NF-κB p65 and Nrf2 in the cytoplasmic and nuclear fractions
were determined using ELISA kits (Cat. No. MBS2505513 and Cat. No. MBS752046,
MyBioSource, San Diego, CA, USA, respectively). All procedures were conducted per each
kit’s instructions for n = 8 samples/group and per the manufacturer’s recommendations
and instructions.

4.9. Real-Time PCR (qPCR)

Real-time PCR was conducted to measure the mRNA transcript levels of SRBEP1,
PAPRα, Nrf2, NF-κB, Bcl2, Bax, caspase-3, and β-actin (a reference gene). Primers have
been previously described by us and others [8,62]. All primers were purchased and
provided by ThermoFisher and were previously used by us and others. For this part,
RNA isolation was conducted using the TRIZOl reagent, and the purity of the isolated
RNA was measured at the absorbance of 260/280 using a nanodrop spectrophotometer.
A commercial kit synthesized the first-strand cDNA (Cat. No. GE27-9261-01, Roche
Diagnostic Company, Indianapolis, IN, USA). Q-PCR was performed using the Sofas
Evergreen master mix kit (# 172–5200, Biorad, Hercules, CA, USA) on a CFX69 real-time
PCR machine (Biorad) following the steps mentioned in the kit. In brief, the reaction
mixture/well (20 µL) contained the following ingredients: 2 µL cDNA (50 ng/well); 10 µL
of the master mix reagent; 0.2 µL of the forward primer (500 nM/each); 0.2 µL of the reverse
primer (500 nM/each); and 7.6 µL nuclease-free water. Amplification steps were heating
(1 cycle/98 ◦C/30 s), denaturation (40 cycles/98 ◦C/5 s), annealing (40 cycles/60 ◦C/5 s),
and melting (1 cycle/5 s/80–95 ◦C). The relative expression of all targets was normalized
to the expression of the reference gene, β-actin.

4.10. Western Blotting

The Western blotting protocol was described in detail in our previous studies [8].
Briefly, total cytoplasmic and nuclear proteins were prepared in the loading dye buffer to a
final concentration of 2 µg/µL. All tubes were then boiled at 100 ◦C for 5 min. Equal protein
concentrations (60 µg/well) were separated by SDS-PAGE, transferred to a nitrocellulose
membrane, and then incubated with the primary antibodies against SREBP1 (Cat. No.
sc-13551, 125 kDa, Santa Cruz Biotechnology, Dallas, TX, USA), PPARα (Cat. No. sc-
398394, 55 kDa, Cell Signaling Technology, Danvers, MA, USA), Nrf2 (Cat. No. 12721,
100 kDa, Cell Signaling Technology, Danvers, MA, USA), NF-κB (Cat. No. sc-8008, Santa
Cruz Biotechnology, Dallas, TX, USA), β-actin (Product No. 4970, 45 kDa, Cell Signaling
Technology, Danvers, MA, USA), and Lamine A (nuclear loading control) (Product No.
86846, 74 kDa, Cell Signaling Technology, Danvers, MA, USA). The membranes were then
washed with the washing buffer and incubated with the HRP peroxidase-conjugated 2nd
antibody. The developed bands were scanned, visualized, and photographed using the C-
Di Git blot scanner (LI-COR, Lincoln, NE, USA) and its provided software after incubating
each membrane with the chemiluminescence west-pico reagent (Cat. No. 34580, Thermo
Fisher, Piscataway, NJ, USA).
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4.11. Histological Evaluation

This has been conducted as reported in our previous report [4]. For the histology part,
formalin-preserved livers were deparaffinized in xylene with decreasing levels of ethanol
(i.e., 100%, 90%, and 70%). The liver tissues were embedded in wax and then cut using a
rotatory microtome at a thickness of 4–5 µM. After this, all tissues were stained with Harris
hematoxylin/glacial acetic acid solution and then de-stained with a 1:400 v/v HCL/ethanol
(70%) mixture. A single drop of eosin was then added to each section. All tissues were then
covered with a mounting media and a coverslip. All sections were photographed using a
light microscope at 200×.

4.12. Statistical Analysis

GraphPad Prism analysis software (Version 8, San Diego, CA, USA) was used for
the statistical analysis of all data. A Kolmogorov–Smirnov test was utilized to test the
normality. Analysis was performed using the 1-way ANOVA test. The levels of significance
were determined using Tukey’s test as post hoc (p < 0.05). All data were expressed in the
results as means ± standard deviation (SD).

5. Conclusions

Our data warn about the adverse hepatic toxic and steatosis effects of contamination
with AuNPs during the DOX therapy in rats. Based on our data, it seems that AuNPs
and DOX work synergistically to promote hepatic damage and steatosis by upregulating
numerous lipid-related lipogenic genes and inflammatory mediators as well as suppressing
FAs oxidation and antioxidant genes. However, these data encourage further studies at the
clinical level.

Author Contributions: Conceptualization, M.A.A., M.S.A.-A. and G.M.A.; methodology, M.A.A.,
L.N.A.-H. and M.A.Y.; software, L.N.A.-H.; validation, M.S.A.-A. and G.M.A.; formal analysis,
L.N.A.-H.; investigation, M.A.Y.; resources, G.M.A.; data curation, L.N.A.-H.; writing—original draft
preparation, M.A.A. and M.S.A.-A.; writing—review and editing, M.A.Y.; visualization, M.S.A.-A.;
supervision, G.M.A.; project administration, M.A.Y.; funding acquisition, G.M.A. All authors have
read and agreed to the published version of the manuscript.

Funding: This project was funded by the National Plan for Science, Technology, and Innovation
(MAARIFAH), King Abdulaziz City for Science and Technology, Kingdom of Saudi Arabia, Award
Number (13-BIO2129-02).

Institutional Review Board Statement: All experimental protocols included in this study were
approved by the Research Ethics Committee at King Saud University (Ethics Reference No: KSU-SE-
21-11), Riyadh, Saudi Arabia.

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets used and analyzed during the current study are available
from the corresponding author upon reasonable request.

Acknowledgments: The authors extend thanks to the National Plan for Science, Technology, and
Innovation (MAARIFAH), King Abdulaziz City for Science and Technology, Kingdom of Saudi
Arabia, Award Number (13-BIO2129-02) for funding this work.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds are not available from the authors.

References
1. Maor, Y.; Malnick, S. Liver injury induced by anticancer chemotherapy and radiation therapy. Int. J. Hepatol. 2013, 2013, 815105.

[CrossRef] [PubMed]
2. Sharma, A.; Houshyar, R.; Bhosale, P.; Choi, J.-I.; Gulati, R.; Lall, C. Chemotherapy induced liver abnormalities: An imaging

perspective. Clin. Mol. Hepatol. 2014, 20, 317. [CrossRef] [PubMed]
3. Song, S.; Chu, L.; Liang, H.; Chen, J.; Liang, J.; Huang, Z.; Zhang, B.; Chen, X. Protective effects of dioscin against doxorubicin-

induced hepatotoxicity via regulation of Sirt1/FOXO1/NF-κb signal. Front. Pharmacol. 2019, 10, 1030. [CrossRef] [PubMed]

http://doi.org/10.1155/2013/815105
http://www.ncbi.nlm.nih.gov/pubmed/23970972
http://doi.org/10.3350/cmh.2014.20.3.317
http://www.ncbi.nlm.nih.gov/pubmed/25320738
http://doi.org/10.3389/fphar.2019.01030
http://www.ncbi.nlm.nih.gov/pubmed/31572199


Molecules 2023, 28, 796 15 of 17

4. AlAsmari, A.F.; Alharbi, M.; Alqahtani, F.; Alasmari, F.; AlSwayyed, M.; Alzarea, S.I.; Al-Alallah, I.A.; Alghamdi, A.; Hakami,
H.M.; Alyousef, M.K. Diosmin Alleviates Doxorubicin-Induced Liver Injury via Modulation of Oxidative Stress-Mediated Hepatic
Inflammation and Apoptosis via NfkB and MAPK Pathway: A Preclinical Study. Antioxidants 2021, 10, 1998. [CrossRef] [PubMed]

5. Quiles, J.L.; Huertas, J.R.; Battino, M.; Mataix, J.; Ramírez-Tortosa, M.C. Antioxidant nutrients and adriamycin toxicity. Toxicology
2002, 180, 79–95. [CrossRef]

6. Barakat, B.M.; Ahmed, H.I.; Bahr, H.I.; Elbahaie, A.M. Protective effect of boswellic acids against doxorubicin-induced hepatotoxi-
city: Impact on Nrf2/HO-1 defense pathway. Oxidative Med. Cell. Longev. 2018, 2018, 8296451. [CrossRef]

7. Prasanna, P.L.; Renu, K.; Gopalakrishnan, A.V. New molecular and biochemical insights of doxorubicin-induced hepatotoxicity.
Life Sci. 2020, 250, 117599. [CrossRef]

8. Al-Qahtani, W.H.; Alshammari, G.M.; Ajarem, J.S.; Al-Zahrani, A.Y.; Alzuwaydi, A.; Eid, R.; Yahya, M.A. Isoliquiritigenin
prevents Doxorubicin-induced hepatic damage in rats by upregulating and activating SIRT1. Biomed. Pharmacother. 2022,
146, 112594. [CrossRef]

9. Morsi, M.; Hussein, A.; Mostafa, M.; El-Abd, E.; Abd El-Moneim, N. Evaluation of tumour necrosis factor-α, soluble P-selectin,
γ-glutamyl transferase, glutathione S-transferase-π and α-fetoprotein in patients with hepatocellular carcinoma before and during
chemotherapy. Br. J. Biomed. Sci. 2006, 63, 74–78. [CrossRef]

10. Alkilany, A.M.; Murphy, C.J. Toxicity and cellular uptake of gold nanoparticles: What we have learned so far? J. Nanoparticle Res.
2010, 12, 2313–2333. [CrossRef]

11. Dreaden, E.C.; Alkilany, A.M.; Huang, X.; Murphy, C.J.; El-Sayed, M.A. The golden age: Gold nanoparticles for biomedicine.
Chem. Soc. Rev. 2012, 41, 2740–2779. [CrossRef] [PubMed]

12. Lacerda, S.H.D.P.; Park, J.J.; Meuse, C.; Pristinski, D.; Becker, M.L.; Karim, A.; Douglas, J.F. Interaction of gold nanoparticles with
common human blood proteins. ACS Nano 2010, 4, 365–379. [CrossRef] [PubMed]

13. Brown, D.; Smith, W.; Fox, P.; Sturrock, R. The reactions of gold (0) with amino acids and the significance of these reactions in the
biochemistry of gold. Inorg. Chim. Acta 1982, 67, 27–30. [CrossRef]

14. Sung, J.H.; Ji, J.H.; Park, J.D.; Song, M.Y.; Song, K.S.; Ryu, H.R.; Yoon, J.U.; Jeon, K.S.; Jeong, J.; Han, B.S. Subchronic inhalation
toxicity of gold nanoparticles. Part. Fibre Toxicol. 2011, 8, 16. [CrossRef]

15. Abdelhalim, M.A.K.; Jarrar, B.M. Gold nanoparticles induced cloudy swelling to hydropic degeneration, cytoplasmic hyaline
vacuolation, polymorphism, binucleation, karyopyknosis, karyolysis, karyorrhexis and necrosis in the liver. Lipids Health Dis.
2011, 10, 166. [CrossRef]

16. Bartneck, M.; Ritz, T.; Keul, H.A.; Wambach, M.; Bornemann, J.r.; Gbureck, U.; Ehling, J.; Lammers, T.; Heymann, F.; Gassler, N.
Peptide-functionalized gold nanorods increase liver injury in hepatitis. Acs Nano 2012, 6, 8767–8777. [CrossRef]

17. Wani, K.; Rao, R. Bioconversion of garden waste, kitchen waste and cow dung into value-added products using earthworm
Eisenia fetida. Saudi J. Biol. Sci. 2013, 20, 149–154. [CrossRef]

18. Abdelhalim, M.A.K.; Moussa, S.A.A.; Qaid, H.A.Y. The protective role of quercetin and arginine on gold nanoparticles induced
hepatotoxicity in rats. Int. J. Nanomed. 2018, 13, 2821. [CrossRef]

19. Chen, T.-Y.; Chen, M.-R.; Liu, S.-W.; Lin, J.-Y.; Yang, Y.-T.; Huang, H.-Y.; Chen, J.-K.; Yang, C.-S.; Lin, K.M.-C. Assessment of
Polyethylene Glycol-Coated Gold Nanoparticle Toxicity and Inflammation In Vivo Using NF-κB Reporter Mice. Int. J. Mol. Sci.
2020, 21, 8158. [CrossRef]

20. Kapka-Skrzypczak, L.; Meczynska-Wielgosz, S.; Matysiak-Kucharek, M.; Czajka, M.; Sawicki, K.; Kruszewski, M.; Brzoska, K.
Nuclear Factor kappa B activation by Ag, Au nanoparticles, CdTe quantum dots or their binary mixtures in HepG2 cells. Ann.
Agric. Environ. Med. 2020, 27, 2. [CrossRef]

21. Yang, Y.; Fan, S.; Chen, Q.; Lu, Y.; Zhu, Y.; Chen, X.; Xia, L.; Huang, Q.; Zheng, J.; Liu, X. Acute exposure to gold nanoparticles
aggravates lipopolysaccharide-induced liver injury by amplifying apoptosis via ROS-mediated macrophage-hepatocyte crosstalk.
J. Nanobiotechnology 2022, 20, 37. [CrossRef] [PubMed]

22. Hwang, J.H.; Kim, S.J.; Kim, Y.-H.; Noh, J.-R.; Gang, G.-T.; Chung, B.H.; Song, N.W.; Lee, C.-H. Susceptibility to gold nanoparticle-
induced hepatotoxicity is enhanced in a mouse model of nonalcoholic steatohepatitis. Toxicology 2012, 294, 27–35. [CrossRef]
[PubMed]

23. Lee, C.-S.; Kim, H.; Yu, J.; Yu, S.H.; Ban, S.; Oh, S.; Jeong, D.; Im, J.; Baek, M.J.; Kim, T.H. Doxorubicin-loaded oligonucleotide
conjugated gold nanoparticles: A promising in vivo drug delivery system for colorectal cancer therapy. Eur. J. Med. Chem. 2017,
142, 416–423. [CrossRef] [PubMed]

24. Oh, R.C.; Hustead, T.R.; Ali, S.M.; Pantsari, M.W. Mildly elevated liver transaminase levels: Causes and evaluation. Am. Fam.
Physician 2017, 96, 709–715.

25. Arunachalam, S.; Pichiah, P.T.; Achiraman, S. Doxorubicin treatment inhibits PPARγ and may induce lipotoxicity by mimicking a
type 2 diabetes-like condition in rodent models. FEBS Lett. 2013, 587, 105–110. [CrossRef]

26. Reyes-Gordillo, K.; Shah, R.; Muriel, P. Oxidative stress and inflammation in hepatic diseases: Current and future therapy.
Oxidative Med. Cell. Longev. 2017, 2017, 3140673. [CrossRef]

27. Ha, K.-N.; Chen, Y.; Cai, J.; Sternberg, P. Increased glutathione synthesis through an ARE-Nrf2–dependent pathway by zinc in the
RPE: Implication for protection against oxidative stress. Investig. Ophthalmol. Vis. Sci. 2006, 47, 2709–2715. [CrossRef]

28. Morgan, M.J. Z.-gJCr Liu. Crosstalk React. Oxyg. Species NF-Kb Signal. 2011, 21, 103.

http://doi.org/10.3390/antiox10121998
http://www.ncbi.nlm.nih.gov/pubmed/34943101
http://doi.org/10.1016/S0300-483X(02)00383-9
http://doi.org/10.1155/2018/8296451
http://doi.org/10.1016/j.lfs.2020.117599
http://doi.org/10.1016/j.biopha.2021.112594
http://doi.org/10.1080/09674845.2006.11732724
http://doi.org/10.1007/s11051-010-9911-8
http://doi.org/10.1039/C1CS15237H
http://www.ncbi.nlm.nih.gov/pubmed/22109657
http://doi.org/10.1021/nn9011187
http://www.ncbi.nlm.nih.gov/pubmed/20020753
http://doi.org/10.1016/S0020-1693(00)85035-5
http://doi.org/10.1186/1743-8977-8-16
http://doi.org/10.1186/1476-511X-10-166
http://doi.org/10.1021/nn302502u
http://doi.org/10.1016/j.sjbs.2013.01.001
http://doi.org/10.2147/IJN.S160995
http://doi.org/10.3390/ijms21218158
http://doi.org/10.26444/aaem/120664
http://doi.org/10.1186/s12951-021-01203-w
http://www.ncbi.nlm.nih.gov/pubmed/35057820
http://doi.org/10.1016/j.tox.2012.01.013
http://www.ncbi.nlm.nih.gov/pubmed/22330258
http://doi.org/10.1016/j.ejmech.2017.08.063
http://www.ncbi.nlm.nih.gov/pubmed/28870452
http://doi.org/10.1016/j.febslet.2012.11.019
http://doi.org/10.1155/2017/3140673
http://doi.org/10.1167/iovs.05-1322


Molecules 2023, 28, 796 16 of 17

29. Wardyn, J.D.; Ponsford, A.H.; Sanderson, C.M. Dissecting molecular cross-talk between Nrf2 and NF-κB response pathways.
Biochem. Soc. Trans. 2015, 43, 621–626. [CrossRef]

30. Kalender, Y.; Yel, M.; Kalender, S. Doxorubicin hepatotoxicity and hepatic free radical metabolism in rats: The effects of vitamin E
and catechin. Toxicology 2005, 209, 39–45. [CrossRef]

31. Lu, H.; Zhu, Z.-G.; Yao, X.-X.; Zhao, R.; Yan, C.; Zhang, Y.; Liu, B.-Y.; Yin, H.-R.; Lin, Y.-Z. Hepatic preconditioning of doxorubicin
in stop-flow chemotherapy: NF-κB/IκB-α pathway and expression of HSP72. World J. Gastroenterol. WJG 2005, 11, 2136. [CrossRef]

32. Aljobaily, N.; Viereckl, M.J.; Hydock, D.S.; Aljobaily, H.; Wu, T.-Y.; Busekrus, R.; Jones, B.; Alberson, J.; Han, Y. Creatine alleviates
doxorubicin-induced liver damage by inhibiting liver fibrosis, inflammation, oxidative stress, and cellular senescence. Nutrients
2020, 13, 41. [CrossRef] [PubMed]

33. Elmore, S. Apoptosis: A review of programmed cell death. Toxicol. Pathol. 2007, 35, 495–516. [CrossRef] [PubMed]
34. Redza-Dutordoir, M.; Averill-Bates, D.A. Activation of apoptosis signalling pathways by reactive oxygen species. Biochim. Et

Biophys. Acta (BBA) Mol. Cell Res. 2016, 1863, 2977–2992. [CrossRef] [PubMed]
35. Rath, P.C.; Aggarwal, B.B. TNF-induced signaling in apoptosis. J. Clin. Immunol. 1999, 19, 350–364. [CrossRef]
36. Ryan, K. Ernst MK, Rice NR, Vousden KH. Role NF-Kappa B P53-Mediat. Program. Cell Death. Nat. 2000, 404, 892–897.
37. Clair, L.B.C.Y.S.; ROS, D. p53: A versatile partnership. Free Radic. Biol. Med. 2008, 44, 1529–1535.
38. Khandelwal, N.; Simpson, J.; Taylor, G.; Rafique, S.; Whitehouse, A.; Hiscox, J.; Stark, L. Nucleolar NF-κB/RelA mediates

apoptosis by causing cytoplasmic relocalization of nucleophosmin. Cell Death Differ. 2011, 18, 1889–1903. [CrossRef]
39. McIlwain, D.R.; Berger, T.; Mak, T.W. Caspase functions in cell death and disease. Cold Spring Harb. Perspect. Biol. 2015, 7, a026716.

[CrossRef]
40. Lossi, L. The concept of intrinsic versus extrinsic apoptosis. Biochem. J. 2022, 479, 357–384. [CrossRef]
41. Wang, W.; Fang, Q.; Zhang, Z.; Wang, D.; Wu, L.; Wang, Y. PPARα ameliorates doxorubicin-induced cardiotoxicity by reducing

mitochondria-dependent apoptosis via regulating MEOX1. Front. Pharmacol. 2020, 11, 528267. [CrossRef] [PubMed]
42. Kassab, A.A.; Moustafa, K.A.A.; Ragab, M.H.; Ragab, A.M.H. The Biological Effect of Different Doses of Gold Nanoparticles on

the Liver of Female Rats: A Histological and Immunohistochemical Study. Egypt. J. Histol. 2021, 44, 489–502. [CrossRef]
43. Ben-Yakov, G.; Alao, H.; Haydek, J.P.; Fryzek, N.; Cho, M.H.; Hemmati, M.; Samala, V.; Shovlin, M.; Dunleavy, K.; Wilson,

W. Development of Hepatic Steatosis After Chemotherapy for Non-Hodgkin Lymphoma. Hepatol. Commun. 2019, 3, 220–226.
[CrossRef]

44. Timm, K.N.; Ball, V.; Miller, J.J.; Savic, D.; West, J.A.; Griffin, J.L.; Tyler, D.J. Metabolic Effects of Doxorubicin on the Rat Liver
Assessed With Hyperpolarized MRI and Metabolomics. Front. Physiol. 2021, 12, 782745. [CrossRef] [PubMed]

45. Renu, K.; Sruthy, K.; Parthiban, S.; Sugunapriyadharshini, S.; George, A.; PB, T.P.; Suman, S.; Abilash, V.; Arunachalam, S.
Elevated lipolysis in adipose tissue by doxorubicin via PPARα activation associated with hepatic steatosis and insulin resistance.
Eur. J. Pharmacol. 2019, 843, 162–176. [CrossRef]

46. Xu, X.; So, J.-S.; Park, J.-G.; Lee, A.-H. Transcriptional control of hepatic lipid metabolism by SREBP and ChREBP. Semin. Liver Dis.
2013, 33, 301–311. [CrossRef]

47. Pawlak, M.; Lefebvre, P.; Staels, B. Molecular mechanism of PPARα action and its impact on lipid metabolism, inflammation and
fibrosis in non-alcoholic fatty liver disease. J. Hepatol. 2015, 62, 720–733. [CrossRef]

48. Liss, K.H.; Finck, B.N. PPARs and nonalcoholic fatty liver disease. Biochimie 2017, 136, 65–74. [CrossRef]
49. Montagner, A.; Polizzi, A.; Fouché, E.; Ducheix, S.; Lippi, Y.; Lasserre, F.; Barquissau, V.; Régnier, M.; Lukowicz, C.; Benhamed,

F. Liver PPARα is crucial for whole-body fatty acid homeostasis and is protective against NAFLD. Gut 2016, 65, 1202–1214.
[CrossRef]

50. Régnier, M.; Polizzi, A.; Smati, S.; Lukowicz, C.; Fougerat, A.; Lippi, Y.; Fouché, E.; Lasserre, F.; Naylies, C.; Bétoulières, C.
Hepatocyte-specific deletion of Pparα promotes NAFLD in the context of obesity. Sci. Rep. 2020, 10, 6489. [CrossRef]

51. Zhou, Y.; Kong, X.; Zhao, P.; Yang, H.; Chen, L.; Miao, J.; Zhang, X.; Yang, J.; Ding, J.; Guan, Y. Peroxisome proliferator-activated
receptor-α is renoprotective in doxorubicin-induced glomerular injury. Kidney Int. 2011, 79, 1302–1311. [CrossRef] [PubMed]

52. Moslehi, A.; Hamidi-Zad, Z. Role of SREBPs in liver diseases: A mini-review. J. Clin. Transl. Hepatol. 2018, 6, 332. [CrossRef]
[PubMed]

53. Zhao, Q.; Yang, R.; Wang, J.; Hu, D.-D.; Li, F. PPARα activation protects against cholestatic liver injury. Sci. Rep. 2017, 7, 9967.
[CrossRef]

54. Lawler, J.F.; Yin, M.; Diehl, A.M.; Roberts, E.; Chatterjee, S. Tumor necrosis factor-α stimulates the maturation of sterol regu-
latory element binding protein-1 in human hepatocytes through the action of neutral sphingomyelinase. J. Biol. Chem. 1998,
273, 5053–5059. [CrossRef]

55. Sekiya, M.; Hiraishi, A.; Touyama, M.; Sakamoto, K. Oxidative stress induced lipid accumulation via SREBP1c activation in
HepG2 cells. Biochem. Biophys. Res. Commun. 2008, 375, 602–607. [CrossRef] [PubMed]

56. Zhou, C.; Qian, W.; Li, J.; Ma, J.; Chen, X.; Jiang, Z.; Cheng, L.; Duan, W.; Wang, Z.; Wu, Z. High glucose microenvironment
accelerates tumor growth via SREBP1-autophagy axis in pancreatic cancer. J. Exp. Clin. Cancer Res. 2019, 38, 302. [CrossRef]

57. Mansouri, E.; Jangaran, A.; Ashtari, A. Protective effect of pravastatin on doxorubicin-induced hepatotoxicity. Bratisl. Lek. Listy
2017, 118, 273–277. [CrossRef] [PubMed]

58. Khan, H.A.; Abdelhalim, M.A.K.; Alhomida, A.S.; Al-Ayed, M.S. Effects of naked gold nanoparticles on pro-inflammatory
cytokines mRNA expression in rat liver and kidney. BioMed Res. Int. 2013, 2013, 590730. [CrossRef]

http://doi.org/10.1042/BST20150014
http://doi.org/10.1016/j.tox.2004.12.003
http://doi.org/10.3748/wjg.v11.i14.2136
http://doi.org/10.3390/nu13010041
http://www.ncbi.nlm.nih.gov/pubmed/33374297
http://doi.org/10.1080/01926230701320337
http://www.ncbi.nlm.nih.gov/pubmed/17562483
http://doi.org/10.1016/j.bbamcr.2016.09.012
http://www.ncbi.nlm.nih.gov/pubmed/27646922
http://doi.org/10.1023/A:1020546615229
http://doi.org/10.1038/cdd.2011.79
http://doi.org/10.1101/cshperspect.a026716
http://doi.org/10.1042/BCJ20210854
http://doi.org/10.3389/fphar.2020.528267
http://www.ncbi.nlm.nih.gov/pubmed/33132907
http://doi.org/10.21608/ejh.2020.37340.1335
http://doi.org/10.1002/hep4.1304
http://doi.org/10.3389/fphys.2021.782745
http://www.ncbi.nlm.nih.gov/pubmed/35069242
http://doi.org/10.1016/j.ejphar.2018.11.018
http://doi.org/10.1055/s-0033-1358523
http://doi.org/10.1016/j.jhep.2014.10.039
http://doi.org/10.1016/j.biochi.2016.11.009
http://doi.org/10.1136/gutjnl-2015-310798
http://doi.org/10.1038/s41598-020-63579-3
http://doi.org/10.1038/ki.2011.17
http://www.ncbi.nlm.nih.gov/pubmed/21368746
http://doi.org/10.14218/JCTH.2017.00061
http://www.ncbi.nlm.nih.gov/pubmed/30271747
http://doi.org/10.1038/s41598-017-10524-6
http://doi.org/10.1074/jbc.273.9.5053
http://doi.org/10.1016/j.bbrc.2008.08.068
http://www.ncbi.nlm.nih.gov/pubmed/18727921
http://doi.org/10.1186/s13046-019-1288-7
http://doi.org/10.4149/BLL_2017_054
http://www.ncbi.nlm.nih.gov/pubmed/28516789
http://doi.org/10.1155/2013/590730


Molecules 2023, 28, 796 17 of 17

59. Alshammari, G.M.; Abdelhalim, M.A.; Al-Ayed, M.S.; Al-Harbi, L.N.; Yahya, M.A. The Protective Effect of α-Lipoic Acid against
Gold Nanoparticles (AuNPs)-Mediated Liver Damage Is Associated with Upregulating Nrf2 and Suppressing NF-κB. Nutrients
2022, 14, 3327. [CrossRef]

60. Folch, J.; Lees, M.; Sloane Stanley, G.H. A simple method for the isolation and purification of total lipids from animal tissues. J.
Biol. Chem. 1957, 226, 497–509. [CrossRef]

61. Salgado, A.L.F.d.A.; Carvalho, L.d.; Oliveira, A.C.; Santos, V.N.d.; Vieira, J.G.; Parise, E.R. Insulin resistance index (HOMA-IR) in
the differentiation of patients with non-alcoholic fatty liver disease and healthy individuals. Arq. Gastroenterol. 2010, 47, 165–169.
[CrossRef] [PubMed]

62. ALTamimi, J.Z.; Alshammari, G.M.; AlFaris, N.A.; Alagal, R.I.; Aljabryn, D.H.; Albekairi, N.A.; Alkhateeb, M.A.; Yahya, M.A.
Ellagic acid protects against non-alcoholic fatty liver disease in streptozotocin-diabetic rats by activating AMPK. Pharm. Biol.
2022, 60, 25–37. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.3390/nu14163327
http://doi.org/10.1016/S0021-9258(18)64849-5
http://doi.org/10.1590/S0004-28032010000200009
http://www.ncbi.nlm.nih.gov/pubmed/20721461
http://doi.org/10.1080/13880209.2021.1990969
http://www.ncbi.nlm.nih.gov/pubmed/34870551

	Introduction 
	Results 
	Changes in Food Intake, Body Weights, Glucose and Insulin Levels, and Liver Enzymes 
	Changes in Liver Weights and Serum and Hepatic Lipid Profile 
	Changes in Hepatic Pro-Oxidant, Antioxidant, Inflammatory, and Apoptotic Markers 
	Histological Findings 
	Effect of the Activity and Expression of SREBP1 and PPAR 
	Changes in the Transcription, Total Levels, and Nuclear Levels of Nrf2 and NF-B p65 

	Discussion 
	Materials and Methods 
	Animals 
	Drugs 
	Experimental Design 
	Tissue and Blood Collection 
	Extraction of Hepatic Lipids from the Freshly Collected Livers 
	Preparation of Liver Homogenates and Nuclear Fractionation 
	Biochemical Analysis in the Plasma 
	Biochemical Analysis of the Serum and Tissue Homogenates 
	Real-Time PCR (qPCR) 
	Western Blotting 
	Histological Evaluation 
	Statistical Analysis 

	Conclusions 
	References

