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A B S T R A C T   

Acrylamide is a carcinogenic, mutagenic and reprotoxic substance to humans through the intense oxidative stress 
it induces. As the liver is the most important organ in detoxifying toxic agents, we investigated here the hep-
atoprotective potential of Thymus satureioides aerial parts extract and their essential oil, profiled by LC–MS/MS 
and GC–MS, respectively, on acrylamide-induced liver toxicity in vivo. Adult male Wistar albino rats were 
randomly assigned into six equal groups, namely the negative control group (10% w/v gum acacia and corn oil), 
the acrylamide group (10% gum acacia and corn oil + acrylamide (25 mg/kg/day)), T. satureioides polyphenols- 
treated group (100 and 200 mg/kg/day + acrylamide (25 mg/kg/day)), T. satureioides essential oil-treated group 
(EO, 0.25 ml/kg/day + acrylamide (25 mg/kg/day)), and silymarin group (Positive control) (100 mg/kg/day +
acrylamide (25 mg/kg/day)). Liver toxicity was monitored by measuring liver enzyme activities, oxidative stress 
markers, NLRP3 inflammasome and inflammatory markers, apoptosis signaling, immunohistochemical study and 
morphometric analysis. Acrylamide administration substantially elevated serum liver enzymes AST, ALT, and 
serum total bilirubin, altered liver architecture, decreased hepatic GSH, increased hydropic cells scoring, 
collagen fibre deposition, immunoexpression of liver fibrotic markers (MMP9 and TGF-1β), lipid peroxidation 
(MDA), inflammatory responses (IL-1β and p38 MAPK) in hepatic tissues, upregulated liver NLRP3 inflamma-
some activation, and augmented NF-κB and caspase 3 signaling pathways. These toxicity manifestations were 
significantly counteracted when rats were pretreated with either T. satureioides polyphenolics or EO as well as 
silymarin, the reference hepatoprotective compound. Both the polyphenolics and EO furnished comparable 
mitigation effects to those obtained using silymarin. The observed hepatoprotective activities could be attributed 
to presence of diverse metabolites (EO (39 compounds) and the extract (45 compounds)) with pronounced 
antioxidant and anti-inflammatory activities. This study strongly shows the effectiveness of T. satureioides 
polyphenolics and essential oil in mitigating acrylamide-induced liver toxicity.   

1. Introduction 

Exposure to environmental substances on a quotidian basis is one of 
the most important risk factors in disease development. In the vast 
majority of cases, these materials provoke the organism to produce 
reactive oxygen species (ROS) that induce cell injury, lipid peroxidation 
and disruption of organ function (Elhelaly et al., 2019; Kehrer and Klotz, 
2015). Liver is one of the most impacted organs by free radicals and its 

damage might lead to severe diseases and health issues (Seto and 
Mandell, 2021). Despite the critical importance of liver and the high 
morbidity rates related to its dysfunction, the current medications 
designed to hinder the progression of liver diseases are still insufficient 
(Hussein et al., 2020) and most of them are associated with serious side 
effects (Schuppan et al., 2018). This have heightened the need for ho-
listic practices advocating safe molecules with minor adverse effects. In 
this regard, phytotherapy is a promising science-based practice for the 
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prevention and treatment of such health conditions (Falzon and Bala-
banova, 2017; Mahdi et al., 2022). It has aroused the interest of the 
scientific community because of its natural feature, effectiveness, and 
multi-beneficial effects (Haidara et al., 2016; Posadzki et al., 2013). 

Acrylamide is a crystallized monomer which dissolves easily in water 
and ethanol (Soliman et al., 2021). It is a highly toxic compound that 
forms during cooking at high temperature of meals rich in carbohydrates 
and proteins via asparagine-glucose reaction (Soliman et al., 2021; 
Tareke et al., 2002). Its polymer (polyacrylamide) is used in water 
treatment, textile, printing, and cosmetic sectors (Gedik et al., 2017; 
Jiang et al., 2021; Moorman et al., 2012). With low molecular weight 
and high solubility, acrylamide readily crosses the skin, respiratory and 
digestive systems, blood/ placenta and blood/ milk barriers (Fuhr et al., 
2006; Turkington and Mitchell, 2010). Additionally, protein moieties 
(NH2 and SH), nucleic acids and vinyl groups facilitate acrylamide to 
pass through biological membranes (Adams et al., 2010). Acrylamide is 
a CMR substance (carcinogenic, mutagenic and reprotoxic). It toxicity 
has been shown in many studies both in vitro and in vivo in animal 
models and humans as a promoter of testicular and thyroid cancer, as 
well as breast fibroadenomas (Erdemli et al., 2018; Friedman et al., 
1995). Moreover, acrylamide administration has been shown to induce 
hepatocyte necrosis, increase hepatic enzymes, and inflammatory cell 
infiltration (Erdemli et al., 2018, 2017). Elsewhere, toxification by 
acrylamide caused both hepatic and renal injuries through oxidative 
stress, lipid peroxidation, DNA damage, and inflammatory responses 
(Abdel-Daim et al., 2020). Similarly, a previous study showed that 

acrylamide decreased the activities of glutathione peroxidase (GSH-PX) 
and superoxide dismutase (SOD) in IEC-6 cell lines (Jiang et al., 2021). 

Thymus satureioides Coss. is one of Thymus species belonging to the 
Lamiaceae family (el-Fassi Fihri, 1998; Kabbaoui et al., 2016). It is a 
perennial shrub, endemic to semiarid zones of the Moroccan High Atlas 
and Anti-Atlas where it is vernacularly known as “Zaitra” or “Azkuni” 
(Bellakhdar et al., 1991; Benabid, 2000). Traditionally, this plant is used 
to treat many diseases such as diabetes, fever, hypertension, dermato-
logical and circulatory disorders, bronchitis, nociception, immune sys-
tem problems, pharyngitis, and influenza (El Hachlafi et al., 2021). 
Moreover, several pharmacological studies have demonstrated that 
T. satureioides extracts and essential oils elicit diverse biological activ-
ities such as antidiabetic (Kabbaoui et al., 2016), anticancer (Jaafari 
et al., 2007), anti-inflammatory (Khouya et al., 2015), antimicrobial 
(Amrouche et al., 2018; Asdadi et al., 2014; El Hattabi et al., 2016), 
insecticidal (Avato et al., 2017; Santana et al., 2014), and hypolipidemic 
(Ramchoun et al., 2012) properties. However, the underpinning mech-
anisms underlying most of these pharmacological effects have been 
poorly investigated (El Hachlafi et al., 2021). 

To the best of our knowledge, there is no study that has so far 
investigated the potential hepatoprotective effect of T. satureioides and 
its mechanisms of action against acrylamide-induced liver toxicity. 
Therefore, we examined here the in vivo protective effect of the essential 
oil and polyphenolics from T. satureioides aerial parts against hepato-
toxicity of acrylamide and investigated the involved pathways. 

2. Material and methods 

2.1. Plant material and extract preparation 

Flowering aerial parts of Thymus satureioides Coss. were purchased 
from a local herbalist in Ben Guerir, Morocco. The dried plant material 
was subjected to hydro-distillation (150 g/L, w/v) for the isolation of 
essential oil (EO) and residual water extract using a Clevenger appa-
ratus. The extraction was performed until no more EO was obtained. The 
residual water resulting from the hydro-distillation process was 
collected, filtered, concentrated using a rotary evaporator and lyophi-
lized to get the crude extract. Collected EO and residual water extract 
were transferred into amber glass bottles and stored until analysis 
(Mahdi et al. 2023). 

2.2. GC–MS analysis 

GCMS-TQ8040 SHIMADZU, JAPAN was utilized. Rtx®-5MS fused- 
bond column (30 m length, 0.25 mm internal diameter, and 0.25 µm 
film thickness, Restek, PA, USA) was installed. The starting temperature 
was 50 ◦C to 300 ◦C with a ramp of 5 ◦C/min and an isotherm at 300 ◦C 
for 3 min. The injector temperature was 250 ◦C and helium with a flow 
rate of 1.5 ml/min was used as carrier gas. The conditions for the mass 
spectra were as follows: Ion source temp 200 ◦C, Interface temp: 280 ◦C, 
Mass range: 50–500 m/z. The samples were injected in split mode. The 
analysis of compounds was identified with the database NIST 2017, and 
the retention indices were determined via n-alkanes standards. 

2.3. Animals and experimental design 

Adult male Wistar albino rats weighing 140 ± 20 g were supplied 
from the animal facility of Faculty of Veterinary Medicine, Zagazig 
University, Zagazig, Egypt. They were housed in polypropylene cages 
and kept under standard environmental conditions including tempera-
ture (23 ± 2 ◦C), 12 h light/dark cycle and humidity (60 ± 10 %). Rats 
had free access to water and were fed on a normal chow diet. After one 
week acclimatization, rats were randomly assigned into six groups (n =
7) as follow: 

Table 1 
Volatile constituents of T. satureioides aerial parts’ essential oil.  

No. Name compounds Relative 
abundance (%) 

Retention index 

Calculated Reported 

1 Tricyclene  0.1 918 921 
2 α-Thujene  0.12 923 924 
3 α-Pinene  1.34 931 932 
4 Camphene  2.67 948 946 
5 β-Pinene  0.24 981 974 
6 Myrcene  0.33 988 988 
7 Octan-3-ol  0.09 993 993 
8 δ-2-Carene  0.02 1007 1001 
9 δ-3-Carene  0.52 1015 1008 
10 O-Cymene  3.14 1026 1022 
11 D-Limonene  0.49 1034 1024 
12 Eucalyptol  0.02 1035 1026 
13 γ-Terpinene  1.80 1060 1054 
14 trans-Linalool oxide  0.02 1085 1084 
15 Terpinolene  0.21 1093 1086 
16 Linalool  2.10 1105 1098 
17 (Z)-β-Ocimene  0.03 1125 1032 
18 trans-ρ-Menth-2-en-1-ol  0.05 1137 1136 
19 neo-Menthol  0.03 1161 1161 
20 Menthol  0.07 1169 1167 
21 2-Methyl isoborneol  19.42 1188 1178 
22 trans-p-Mentha-1(7),8- 

dien-2-ol  
1.30 1191 1187 

23 trans-Dihydro carvone  0.40 1201 1200 
24 2-Octen-1-ol  12.89 1218 1208 
25 Pulegone  0.15 1229 1233 
26 Carvacrol, methyl ether  0.05 1238 1241 
27 Anisole  5.41 1248 1241 
28 Geranial  0.06 1264 1264 
29 Bornyl acetate  1.23 1292 1284 
30 Thymol  37.16 1297 1289 
31 2-hydroxy-ρ-cymene  0.15 1300 1298 
32 3-Hydroxy-p-cymene  2.16 1306 1298 
33 β-caryophyllene  3.73 1422 1417 
34 β-Humulene  0.40 1440 1436 
35 α-Humulene  0.18 1453 1452 
36 γ-Cadinene  0.10 1508 1513 
37 δ-Cadinene  0.12 1523 1522 
38 Caryophyllene oxide  0.59 1589 1582 
39 α-Cadinol  0.34 1650 1652  
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• Group 1 (control): Rats were treated with equal amounts of drug 
vehicles (10 % w/v gum acacia and corn oil) given by oral gavage for 
10 consecutive days and served as control group.  

• Group 2 (AC): Rats were orally pretreated with drug vehicle (10 % 
gum acacia and corn oil) for 3 days prior and concurrently with 
acrylamide (25 mg/kg/day, dissolved in distilled water) for 7 
consecutive days.  

• Groups 3 & 4 (TS 100 and TS 200): Rats were orally pretreated with 
T. satureioides extract (100 and 200 mg/kg/day suspended in 
distilled water using 10 % w/v gum acacia) and given by oral gavage 
for 3 days prior and concurrently with acrylamide for 7 consecutive 
days.  

• Group 5 (TS oil): Rats were orally pretreated with T. satureioides 
essential oil (0.25 ml/kg/day dissolved in corn oil) given by oral 
gavage for 3 days prior and concurrently with acrylamide for 7 
consecutive days.  

• Group 6 (SI): Rats were orally pretreated with silymarin as a standard 
reference drug (100 mg/kg/day suspended in distilled water using 

10 % w/v gum acacia) given by oral gavage for 3 days prior and 
concurrently with acrylamide for 7 consecutive days. 

2.4. Blood and tissue sampling 

Twenty-four hours after the last treatment, blood samples were 
withdrawn from the retro-orbital plexus under anesthesia (thiopental 
sodium, 40 mg/kg) and processed for serum separation. Serum aliquots 
were used to determine activities of liver enzymes and total bilirubin 
levels. Thereafter, rats were sacrificed by cervical dislocation, then livers 
were excised and washed in ice-cooled normal saline. Each liver is 
dissected into two parts. The first part was snap frozen in liquid nitrogen 
and stored at − 80 ◦C for further biochemical analysis. The other part 
was fixed in 10% buffered formalin for 24 h for histological analysis. 

2.5. Measurement of liver function markers 

Serum activities of liver enzymes, AST (CAT no GOT 1121100) and 
ALT (CAT no GPT 115050) were determined utilizing commercially 

Fig. 1. GC–MS profile of the volatile constituents of T. satureioides aerial parts’ essential oil.  

Fig. 2. Effect of acrylamide (AC, 25 mg/kg, orally), T. satureioides extract (TS 100 mg/kg and 200 mg/kg, orally), T. satureioides essential oil (TS, 0.25 ml/kg, orally) 
and silymarin (SI, 100 mg/kg, orally) on serum activities of AST (A), ALT (B) and serum total bilirubin level (C) in rats. Bars with error bars denote mean ± SE (n =
6). *,@,#p < 0.05 with respect to untreated control group, acrylamide-treated group and silymarin-treated group, respectively. 
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Fig. 3. Representative photomicrograph of portal area (A) and central vein area (B) of liver section in different groups. (a) control group, (b) Acrylamide group (AC, 
25 mg/kg), (c) Silymarin group (SI, 100 mg/kg), (d) T. satureioides extract group (TS 100 mg/kg), (e) T. satureioides extract group (200 mg/kg), (f) T. satureioides 
essential oil group (TS oil, 0.25 ml/kg). Portal vein (Pv), central vein (Cv), bile duct (Bd), acidophilic hepatocytes with vesicular nuclei (thick arrow), sinusoids (thin 
arrow), vacuolated hepatocytes (zigzag arrow), dark nuclei (arrowhead), inflammatory cells (green tailed arrow), H&E 400x. (C) Bar chart showing statistical 
assessment of the histological scoring of hydropic changes area percent in different studied groups. Data are presented as mean ± SE, (five fields for each rat, n = 4 
rats/group), *,@p < 0.05 with respect to untreated control group and acrylamide-treated group, respectively using Kruskal-Wallis’s test. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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available kits (Biomed Diagnostic, Cairo, Egypt). Serum total bilirubin 
levels were determined utilizing commercially available assay kit (Dia-
mond diagnostic, Cairo, Egypt), following the provided protocols. 

2.6. Measurement of oxidative stress markers 

Frozen liver tissues were homogenized in potassium phosphate (50 
mM pH = 7.5), then centrifuged for 15 min at 4000rpm. The supernatant 
was used to measure the levels of malondialdehyde (MDA) and gluta-
thione (GSH) using the commercially available assay kits (Biodiagnostic, 

Fig. 4. A representative photomicrograph of central vein area (A) and portal area (B) of liver section stained with Mallory trichrome in different groups. (a) control 
group, (b) Acrylamide group (AC, 25 mg/kg), (c) Silymarin group (SI, 100 mg/kg), (d) T. satureioides extract group (TS 100 mg/kg), (e) T. satureioides extract group 
(200 mg/kg), (f) T. satureioides essential oil group (TS oil, 0.25 ml/kg). Central vein (Cv), Portal vein (Pv), Collagen fiber deposition (tailed arrow), bile duct (Bd), 
hepatic artery (Ha), Mallory trichrome 400x. (C) Bar chart showing statistical assessment of the area percentage of collagen deposits in different studied groups. The 
values are presented as mean ± SE (five fields for each rat, n = 4 rats/group). *,@,#,$p value < 0.05 versus control group, acrylamide group, silymarin group and 
essential oil group, respectively. 
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Giza, Egypt; CAT # MD2529 and GR2511, respectively), following the 
manufacturers’ instructions. 

2.7. Measurement of NLRP3 inflammasome and inflammatory markers 

Levels of NLRP3, interleukine-1beta (IL-1β), and p38 Mitogen- 
Activated Protein Kinase (MAPK) were measured in liver homogenates 
using the commercially available rat enzyme-linked immunosorbent 
assay (ELISA) kits (MyBioSource, San Diego, CA, USA; Catalog # 
MBS2033695, MBS825017 and MBS765087, respectively), according to 
the suppliers’ protocols. 

2.8. Measurement of caspase-3 activity 

Caspase-3 activity was assessed in liver homogenates using the 
caspase-3 colorimetric assay kit (Sigma-Aldrich, Saint Louis, MI, USA; 
CAT #CASP-3-C). The caspase-3 activity was expressed as µmol p- 
nitroaniline (pNA) released per min per gram of tissue lysate. 

2.9. Histological study 

Specimens of liver samples were kept in 10% neutral buffered 
formalin and then embedded in paraffin. Serial sections of 5 μm thick-
ness were mounted on glass slides, deparaffinized in xylene, and then 

Fig. 5. (A) A representative photomicrograph of MMP9 immune-stained liver section in different groups. (a) control group, (b) Acrylamide group (AC, 25 mg/kg), (c) 
Silymarin group (SI, 100 mg/kg), (d) T. satureioides extract group (TS 100 mg/kg), (e) T. satureioides extract group (200 mg/kg), (f) T. satureioides essential oil group 
(TS oil, 0.25 ml/kg). Immune-positive cells (zigzag arrow), MMP9 immune-staining 400x. (B) Bar chart showing statistical assessment of the area percentage of 
MMP9 immune-stained cells in different studied groups using One way ANOVA test and Tukey HSD as a post hoc test. The values are presented as mean ± SE (five 
fields for each rat, n = 4 rats/group). *,@,#,&,$p value < 0.05 versus control group, acrylamide group, silymarin group, T. satureioides extract group (200 mg/kg) and 
essential oil group, respectively. 
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stained with Hematoxylin and eosin (H&E) and Mallory’s trichrome 
(MT) stain according to (Bancroft, 2013). Each slide was subjected for 
examining by light microscopy (LeicaICC50W). 

2.10. Immunohistochemical study and morphometric analysis 

2.10.1. Immunostaining for NF-κβ, TNF-α, MMP9 and TGF-1β 
Immunohistochemical staining was processed by applying rabbit 

polyclonal antibodies (NF-κB, Protein tech company, USA, catalog 
#10409–2-AP) used at 1/200 a concentration, TNF-α IHC antibody 
(polyclonal, Abbiotec, USA) at 1:80 diluted in phosphate buffered saline 
(PBS), the anti-matrix metalloproteinase-9 antibody (MMP-9, 1:1000, 
ab76003, Abcam), and rabbit polyclonal antibody for TGF-1β (Santa 
Cruz Biotechnology, San Francisco, CA, USA) at 4 μg/mL overnight at 
4 ◦C. The slides were deparaffinized followed by washing in PBS. A 
peroxidase blocking solution (3% H2O2 in methanol) was used to reduce 
endogenous peroxidases for 15 min then washed by tris buffer saline 

(TBS). To block nonspecific binding of IgG, normal goat serum was used, 
diluted 1: 50 in 0.1 % bovine serum albumin with TBS for half an hour, 
primary antibodies were added on slides and left overnight at room 
temperature. Then, slides were subjected for washing in buffer and 
incubated for further 30 min with biotinylated goat anti-rabbit sec-
ondary antibodies diluted 1: 1000, followed by several washing. The 
slides incubated for 30 min with vectastain Avidin, Biotinylated horse 
radish peroxidase Complex kits and washed for 10 min, the substrate, 
diaminobenzidine tetra hydrochloride in distilled water was applied for 
5–10 min. Slides were counter stained by hematoxylin. For negative 
control slides, we repeated the previous steps without addition of the 
primary antibody (Akahoshi et al., 2002, Ramos-Vara et al., 2008, Kim 
et al., 2011, Xu et al., 2017). 

2.10.2. Morphometric analysis 
To perform morphometrical analysis, four rats per group were tested. 

Five randomly selected non-overlapping fields from slides of each 

Fig. 6. (A) A representative photomicrograph of TGF-1β immune-stained liver section in different groups. (a) control group, (b) Acrylamide group (AC, 25 mg/kg), 
(c) Silymarin group (SI, 100 mg/kg), (d) T. satureioides extract group (TS 100 mg/kg), (e) T. satureioides extract group (200 mg/kg), (f) T. satureioides essential oil 
group (TS oil, 0.25 ml/kg). Central vein (Cv), immune-positive cells (green arrowhead), TGF-β immune-staining 400x. (B) Bar chart showing statistical assessment of 
the area percentage of TGF-1β immune-stained cells in different studied groups using One way ANOVA test and Tukey HSD as a post hoc test. The values are presented 
as mean ± SE (five fields for each rat, n = 4 rats/group). *,@,#,&,$p value < 0.05 versus control group, acrylamide group, silymarin group, T. satureioides (200 mg/kg) 
extract group and essential oil group, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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specimen in the different groups were assessed. This was done by using 
the Image J software as follow: H&E-stained hepatic slides of different 
groups were examined to calculate the area percentage of hepatocytes 
with hydropic degeneration which scattered in microscopic images 
captured at 400 ×. Scoring of each section was estimated according to 
the degree of degeneration as follows: 0 = no hydropic degeneration, 1 
< 25 %, 2 = hydropic degeneration percent was between 25 % and 50 %, 
and 3 for > 50 % (Mohammed, 2020). MMP9 and TGF-β immunohis-
tochemical stained sections of each studied group were examined to 
calculate the area percentage of positive immune cells which was done 
at the objective lens of 40x. The optical density for NF-κB and TNF-α 
immunohistochemical expression were measured at magnification ×
400. 

2.11. Statistical analysis 

All data were expressed as the means ± standard error (SE) and 

analyzed using GraphPad Prism 8 statistic software (GraphPad Software, 
Inc., La Jolla, CA, USA). One-way analysis of variance (ANOVA) fol-
lowed by post hoc Tukey’s tests were adopted to evaluate the statistical 
comparisons between experimental groups. The Kruskal-Wallis’s test 
was used to study the difference in histopathological scores. The p <
0.05 was considered statistically significant. 

3. Results 

3.1. Chemical profiling 

GC–MS analysis of essential oil from T. satureioides furnished 39 
compounds, Table 1 and Fig. 1. The major compounds were thymol 
(37.16%) followed by 2-methyl isoborneol (19.42%) and 2-octen-1-ol, 
anisole, β-caryophyllene, and O-cymene (12.89 %, 5.41 %, 3.73 %, 
and 3.14 %, respectively), while the other compounds were present 
at<3 %. Studies on T. satureioides EO highlighted borneol, thymol, 
carvacrol, camphene, pinene, terpineol, cymene, and linalool as major 
compounds. These were identified in our EO as well. LC-MS of analysis 
of the water extract from T. satureioides furnished 46 secondary me-
tabolites belonging to phenolic acids, chalcones and flavonoids (Mahdi 
et al., 2023). As for phenolic acids, they included dihydroxybenzoic acid 
and its glucoside, chlorogenic acid, neochlorogenic acid, rosmarinic 
acid, salvianolic acid A and I, galloyl glucose, and caffeoyl glucose, 
among others (Mahdi et al., 2023). The chalcones contained resveratrol 
sulphate, and phloretic acid caffeate (Mahdi et al., Submitted). Several 
flavonoids were detected, among them C-glucosides such as apigenin 
di-C-glucoside, and O-glucosides, such as luteolin rutinoside, luteolin 
glucoside, luteolin glucuronide, quercetin glucuronide and quercetin 
rutinoside (Mahdi et al., 2023). 

3.2. T. satureioides extract and its essential oil counteract acrylamide- 
induced liver injury in rats 

As shown in Fig. 2, acrylamide-exposed rats displayed remarkable 
liver injury as manifested by dramatic increase in serum activities of 
liver enzymes AST, ALT and serum total bilirubin concentrations, as 
compared to control rats. Pretreatment of rats with T. satureioides extract 
at both dose levels (100 mg/kg and 200 mg/kg), significantly and 
similarly reduced serum activities of AST and ALT, as well as total 
bilirubin level, when compared to acrylamide-treated group. There were 
no significant differences among both dose levels of T. satureioides 
extract and silymarin-treated group regarding the studied parameters. 
On the other hand, T. satureioides essential oil significantly reduced 

Fig. 7. Effect of acrylamide (AC, 25 mg/kg), T. satureioides extract (TS, 100 mg/kg and 200 mg/kg), T. satureioides essential oil (TS, 0.25 ml/kg) and silymarin (SI, 
100 mg/kg) on hepatic levels of MDA (A) and GSH (B) in rats. Bars with error bars denote mean ± SE (n = 5–6). *,@,#,&p value < 0.05 versus control group, 
acrylamide group, silymarin group, and T. satureioides (200 mg/kg) extract group, respectively. 

Fig. 8. Effect of acrylamide (AC, 25 mg/kg), T. satureioides extract (TS, 100 
mg/kg and 200 mg/kg), T. satureioides essential oil (TS, 0.25 ml/kg) and sily-
marin (SI, 100 mg/kg) on hepatic levels of NLRP3 inflammasome in rats. Bars 
with error bars denote mean ± SE (n = 5). *,@,#,&,$p < 0.05 versus control 
group, acrylamide group, silymarin group, T. satureioides (200 mg/kg) extract 
group and essential oil group, respectively. 
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serum total bilirubin level and serum activity of ALT and tended to 
attenuate serum AST but did not reach statistical significance, when 
compared to acrylamide-treated group. Meanwhile, the effect of 
T. satureioides essential oil on serum AST activity is lower than that of 
silymarin (p < 0.05). 

3.3. T. satureioides extract and its essential oil reversed acrylamide- 
induced hepatic histological changes in rats 

Examination of liver specimens of control rats furnished well orga-
nized normal hepatic architecture. The portal area of control group 
appeared with thin-walled portal vein, bile duct with cuboidal lining 
and acidophilic hepatocytes with vesicular nucleus radiating around 
narrow sinusoids (Fig. 3a). Additionally, acidophilic hepatocytes were 
seen arranged as radiating cords around thin-walled central vein with 
thin sinusoids intervening between them (Fig. 3aA). Hepatic sections of 
acrylamide group showed disturbed liver architecture, some hepato-
cytes appeared with vacuolated cytoplasm and dark pyknotic nuclei. 
The portal area showed thick dilated portal vein, multiple dilated bile 
ducts and surrounded with inflammatory cell infiltrate (Fig. 3bA). 
Central vein appeared dilated with dilated liver sinusoids (Fig. 3bB). 
Liver specimens of both silymarin and T. satureioides (100 mg/kg) 
appeared with mild preservation of hepatic architecture, portal vein in 
both groups was moderately dilated, moderate inflammatory cell infil-
trate appeared and few vacuolated hepatocytes with pyknotic nuclei 
(Fig. 3c & dA). Central vein and liver sinusoids were still dilated in 
hepatic sections of the same groups (Fig. 3c & dB). However, silymarin 
did not significantly affect hydropic cells scoring compared to acryl-
amide group (p ˃ 0.05, Fig. 3C). Upon administration of T. satureioides 
(200 mg/kg) and T. satureioides essential oil, liver structure appeared 
markedly preserved with thin-walled portal vein, thin sinusoids, few 
pyknotic nuclei, few vacuolated cytoplasm and minimal inflammatory 
infiltrate (Fig. 3e & fA). The central vein of rats administrated the high 
dose of the extract was still thick walled and moderately dilated with 
minimal infiltrate (Fig. 3eB). Upon administration of the essential oil, a 
central vein appeared thin walled with thin sinusoids radiating from it 
(Fig. 3fB). Moreover, the extract at both dose levels and oil significantly 
decreased hydropic cells scoring compared to acrylamide group (p <
0.05, Fig. 3C). 

3.4. T. satureioides extract and essential oil ameliorated acrylamide- 
induced fibrotic changes liver tissue of rats 

3.4.1. T. satureioides extract and essential oil attenuated acrylamide- 
induced collagen deposition 

To investigate whether T. satureioides extract and its essential oil can 
ameliorate fibrotic changes in liver, we stained liver tissues with Mallory 
trichrome that stained collagen fibers and measured MMP9 and TGF-1β 
immunoexpression. This study showed that the control group showed 
scanty collagen deposition around both portal and central veins (Fig. 4a 
A&B). Acrylamide induced marked deposition of collagen around 
dilated portal vein, bile ducts, hepatic artery, and central veins (Fig. 4b 
A&B). Meanwhile, both silymarin and T. satureioides (100 mg/kg) 
groups showed moderate deposition of collagen fiber around both portal 
and central veins (Fig. 4c, d A&B). There was minimal collagen depo-
sition around portal and central vein areas upon administration of 
T. satureioides (200 mg/kg) and essential oil (Fig. 4e.f A&B). 

3.4.2. T. satureioides extract and its essential oil diminished acrylamide- 
induced fibrotic markers (MMP9 and TGF-1β) immunoexpression in liver 
tissue of rats 

We studied fibrotic markers (MMP9 and TGF-1β) in different groups 
to explain the observed changes in collagen deposition. This study 
showed that acrylamide increased immunoexpression of both fibrotic 
markers compared to the control group. All treatments reduced the two 
studied fibrotic markers compared to acrylamide. On the other hand, the 
high dose of the extract and the oil diminished the fibrotic markers more 
than silymarin. The essential oil seemed to produce the most potent 
antifibrotic effects (Figs. 5 & 6). 

3.5. T. satureioides extract and its essential oil ameliorated acrylamide- 
induced oxidative stress in liver tissue of rats 

Malondialdehyde (MDA) is the end-product of lipid peroxidation and 
assessed as a common oxidative stress marker. Administration of 
acrylamide to rats induced enhanced oxidative stress represented by a 
dramatic increase in MDA levels in their liver tissue, as compared to 
control group, Fig. 7A. Treatment of rats with both doses of 
T. satureioides extract or T. satureioides essential oil effectively normal-
ized the MDA level in their liver tissue, as compared to acrylamide- 
treated group and to similar extent to that of silymarin-treated rats. 
GSH is the major intracellular antioxidant used to assess the antioxidant 
defense response. Acrylamide-treated group showed a significant 
decline in hepatic content of GSH, as compared to control group, 

Fig. 9. Effect of acrylamide (AC, 25 mg/kg), T. satureioides extract (TS, 100 mg/kg and 200 mg/kg), T. satureioides essential oil (TS, 0.25 ml/kg) and silymarin (SI, 
100 mg/kg) on hepatic levels of IL-1β (A) and p38 MAPK (B) in rats. Bars with error bars denote mean ± SE (n = 5). *,@,#,&,$p < 0.05 versus control group, 
acrylamide group, silymarin group, T. satureioides (200 mg/kg) extract group and essential oil group, respectively. 
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indicating the exhaustion of the endogenous antioxidative defense sys-
tem, Fig. 7B. Treatment of acrylamide-exposed rats with T. satureioides 
extract at both dose levels (100 mg/kg and 200 mg/kg), T. satureioides 
essential oil or silymarin significantly restored the hepatic content of 
GSH to that of control group, suggesting the antioxidant potential of 
T. satureioides extract. Notably, 100 mg/kg T. satureioides extract and 
silymarin induced much better effect on hepatic GSH levels than the 
higher dose of T. satureioides extract. The effect of 100 mg/kg 
T. satureioides extract and T. satureioides oil were comparable to that of 
silymarin regarding hepatic GSH, while 200 mg/kg T. satureioides 
extract was less than that of silymarin. 

3.6. T. satureioides extract and its essential oil mitigated acrylamide 
induced NLRP3 upregulation in liver tissue of rats 

NLRP3 plays a pivotal role in mediating inflammatory response and 
pyroptosis. As shown in Fig. 8, acrylamide exposure induced upregula-
tion of hepatic levels of NLRP3 in rats, as compared to control group. 
T. satureioides extract and the oil exerted dose dependent reduction of 
the NLRP3 levels in liver tissue of rats, as compared to acrylamide- 
exposed rats, and to similar extent to that of silymarin therapy. 

Fig. 10. Effect of acrylamide (AC, 25 mg/kg), T. satureioides extract (TS, 100 mg/kg and 200 mg/kg), T. satureioides essential oil (TS, 0.25 ml/kg) and silymarin (SI, 
100 mg/kg) on hepatic levels of NF-κB in rats. Central vein (Cv), immune-positive cells (zigzag arrow), NF-κB immune-staining 400x. Bars with error bars denote 
mean ± SE (n = 5). *,@,#,&,$p < 0.05 versus control group, acrylamide group, silymarin group, T. satureioides (200 mg/kg) extract group and essential oil group, 
respectively. 
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3.7. T. satureioides extract and its essential oil alleviated acrylamide- 
induced inflammatory burden in liver tissue of rats 

As shown in Fig. 9, there were significant increases in levels of IL-1β 
and p38 MAPK in hepatic tissue of rats subjected to acrylamide, as 
compared to control rats, implying to the augmented inflammatory 
response. Treatment of acrylamide-exposed rats with either both doses 
of T. satureioides extracts, T. satureioides essential oil or silymarin 
significantly attenuated the hepatic expression of IL-1β (Fig. 9A) and 
p38 MAPK (Fig. 9B), as compared to acrylamide-treated rats, suggesting 
the anti-inflammatory properties of T. satureioides extract. There were no 
significant differences among the anti-inflammatory effect of 
T. satureioides extract in a dose level 200 mg/kg, T. satureioides oil or 
silymarin regarding both parameters. Conversely, the suppressive effect 
of T. satureioides oil or silymarin on IL-1β levels was more superior to the 
lower dose of T. satureioides extract. 

3.8. T. satureioides extract and its essential oil attenuated acrylamide- 
induced changes in NF-κB signaling in liver tissue of rats 

We investigated NF-κB signaling by measuring immunoexpression of 
NF-κB and TNF-α in hepatic tissues of different studied groups (Figs. 10 
& 11). We found that acrylamide augmented NF-κB immunoexpression 
and its downstream proinflammatory cytokine, TNF-α in hepatic tissues 
compared to normal control group. All treatments suppressed the 
expression of both markers compared to acrylamide group. The low dose 
of T. satureioides extract (100 mg/kg) exerted similar effects to sily-
marin, while the high dose of the extract and the essential oil exerted 
better effects on NF-κB than silymarin (Fig. 10). On the other hand, the 
essential oil induced the most potent inhibitory effect on hepatic TNF-α 
expression compared to silymarin and T. satureioides extract (Fig. 11). 

Fig. 11. Effect of acrylamide (AC, 25 mg/kg), T. satureioides extract (TS, 100 mg/kg and 200 mg/kg), T. satureioides essential oil (TS, 0.25 ml/kg) and silymarin (SI, 
100 mg/kg) on hepatic levels of TNF-α in rats. Immune-positive cells (zigzag arrow), TNF-α immune-staining 400x. Bars with error bars denote mean ± SE (n = 5). *, 

@,#,&,$p value < 0.05 versus control group, acrylamide group, silymarin group, T. satureioides (200 mg/kg) extract group and essential oil group, respectively. 
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3.9. T. satureioides extract and its essential oil offset acrylamide-induced 
apoptotic signaling in liver tissue of rats. 

Caspase-3 exerts a crucial role in the execution-phase of cell 
apoptosis. As shown in Fig. 12, there was a significant increase in the 
caspase-3 activity in hepatic tissue of rats following exposure to acryl-
amide, as compared to control group, suggesting the activation of 
apoptotic signaling in liver cells, in consequence to acrylamide. Treat-
ment of rats with either both doses of T. satureioides extracts, 
T. satureioides essential oil or silymarin significantly and similarly 

suppressed caspase-3 activity in their hepatic cells, as compared to 
acrylamide-treated rats, which might illustrate the anti-apoptotic po-
tential of T. satureioides extract. 

4. Discussion 

This study aimed to investigate the hepatoprotective effects of 
T. satureioides polyphenolics and essential oil (EO) on acrylamide- 
induced hepatotoxicity. Acrylamide is a well-known food hydrophilic 
toxic substance that diffuse easily into the tissues upon uptake. One of 
the most affected organs by acrylamide exposure is liver as it has a 
central role in all metabolic processes (Abou-Seif et al., 2019). Here, we 
demonstrated that polyphenolics and EO from T. satureioides reversed 
the hepatic damage induced by acrylamide administration to rats. 
Acrylamide exposure weakened the capacity of the antioxidant defense 
system to neutralize ROS which disrupted the oxidation balance and 
increased lipid peroxidation leading to tissue damage (Makhlouf et al., 
2011). 

In this study, oral administration of acrylamide substantially 
increased serum liver enzymes AST, ALT, serum total bilirubin, and lipid 
peroxidation (MDA), decreased hepatic GSH, and altered liver archi-
tecture. However, pre-administration of the extract or EO significantly 
restored the liver enzymatic function. Increased GSH level is beneficial 
in neutralizing free radicals, stabilizing sulfhydryl groups and reducing 
hydrogen peroxide (Gedik et al., 2017). Moreover, free radicals induced 
by acrylamide deteriorated the structure of phospholipids in cell mem-
branes. This broke down the cellular integrity which led to a significant 
augmentation in serum ALT and AST levels (Zamani et al., 2017). It also 
disrupted the ion gradients and membrane potential (Wong-ekkabut 
et al., 2007). Therefore, the increased serum levels of ALT and AST 
enzymes observed in this study could be explained by the release of 
these enzymes into the circulation system following the destruction of 
liver cell membrane integrity caused by acrylamide administration 
(Gedik et al., 2017). Similar findings were reported using other hepa-
totoxic agents such as carbon tetrachloride (El- Meligy et al., 2014) 

Fig. 12. Effect of acrylamide (AC, 25 mg/kg), T. satureioides extract (TS, 100 
mg/kg and 200 mg/kg), T. satureioides oil (TS, 0.25 ml/kg) and silymarin (100 
mg/kg) on caspase-3 activity in the liver tissue of rats. Bars with error bars 
denote mean ± SE (n = 5). *,@p < 0.05, with respect to untreated control group 
and acrylamide-treated group, respectively. 

Fig. 13. Hepatoprotective activities of T. satureioides against acrylamide-induced hepatotoxicity. T. satureioides suppressed pyroptosis by inhibiting ROS generation 
and NLRP3 inflammasome expression in liver. This mitigated procaspase-1 cleavage to caspase-1 and generation of IL-β and thus inhibited pyroptosis. In addition, 
T. satureioides inhibited ROS-induced p38 MABP expression and consequently inhibited caspase-3 expression and apoptosis. It also suppressed P38 MAPK activation 
of NLRP3 inflammasome. Moreover, it inhibited NF-κB translocation and thus blocked the expression of various inflammatory cytokines including TNF-α and 
mitigated hepatic inflammation. 
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(Sobeh et al., 2018) and thioacetamide (Moustafa et al., 2014). Addi-
tionally, natural hepatoprotective compounds such as silymarin and 
silybin were reported to inhibit the penetration of toxic agents into the 
cells (AbouZid, 2012) and promote protein synthesis in hepatocytes 
(Sonnenbichler et al., 1986). 

Here, we noticed that the biochemical parameters were correlated 
with histological alterations. Acrylamide induced congestion in central 
vein, sinusoids and vascular structures in the portal region, and in-
flammatory cell infiltration. These acrylamide-induced structural dam-
ages were also reported in previous studies (AbouZid, 2012; Karimi 
et al., 2020). However, pre-administration of the extract, EO, or sily-
marin preserved hepatic architecture, dilated portal vein, reduced in-
flammatory cell infiltration, and decreased vacuolated hepatocytes. 
Similar protective effects were reported using many plant-based mole-
cules such as ellagic acid (Karimi et al., 2020), silymarin (AbouZid, 
2012), and crocin (Gedik et al., 2017). 

Another aspect of acrylamide liver toxicity is the accumulation of 
collagen fibers which is a precondition of hepatic fibrosis. Here, we 
revealed that acrylamide is indeed a profibrotic agent that induces 
remarkable collagen deposition around portal vein, bile ducts, hepatic 
artery, and central veins. Previous study has reported the same obser-
vations in the pituitary gland of acrylamide-treated male rats (NADHIM 
and AL-DERAWI, 2022). In this study, both silymarin and T. satureioides 
extracts and EO notably reduced this phenomenon as showed by mini-
mal collagen deposition. As MMP9 and TGF-1β levels are biomarkers 
that predict collagen deposition (Ågren et al., 1998; Hughes et al., 
2017), acrylamide administration also elevated their levels in liver tis-
sues. Meanwhile, all treatments diminished the two studied fibrotic 
markers more than silymarin. MMP9 is also regarded a main indicator of 
the mitochondrial permeability that leads mitochondrial collapse and 
apoptosis (Chen et al., 2013). Hence, our extract and EO could also act 
on the mitochondria-dependent signaling pathways during exposure to 
oxidative stress. In addition, TGF-β1 is considered as a major driver of 
fibrosis in most tissues (Jiang et al., 2015) as it triggers the transition of 
cells into fibroblast-like cells that synthesize collagen. Moreover, it was 
reported that IL-1β could stimulate the production of TGF-β1 in rat he-
patic stellate cell lines (Islam et al., 2014; Wang et al., 2016). Indeed, 
this study showed that the increases of IL-1β as well as p38 MAPK, a key 
regulator of pro-inflammatory cytokines biosynthesis, in hepatic tissue 
of rats subjected to acrylamide were mitigated using T. satureioides 
extract, EO or silymarin, suggesting their anti-inflammatory properties. 

Inflammasomes are multi-protein complexes known to be induced 
under stress conditions. They are key mediators in acute and chronic 
inflammation via activation of pro-inflammatory cytokines (e.g., IL-1β 
and IL-18) (Garstkiewicz et al., 2017), and inflammatory caspases (e.g., 
caspase 1) (Jo et al., 2016). In fact, it is well documented that acryl-
amide induces NLRP3 inflammasome activation through ROS-MAPKs 
pathways (Bo et al., 2020). Moreover, ROS production could activate 
the MAPK signaling pathway which in turn activates NLRP3 and thus 
mediate inflammatory response and pyroptosis (Vanden Berghe et al., 
1998). Activation of the NLRP3 inflammasome followed by IL-1β 
secretion amplifies inflammation and sensitivity of hepatocytes to liver 
injury (Petrasek et al., 2012). Hence, restraining the NLRP3 inflamma-
some is a potential strategy to prevent liver associated diseases (Sharma 
et al., 2022). Consistently, our findings demonstrated that acrylamide 
intoxication increases the levels of NLRP3 while the extract and EO 
treatments substantially alleviated its upregulation in liver tissues. 
Similar observations were reported following silibinin administration to 
mice with induced nonalcoholic fatty liver disease liver. This compound 
blocked caspase 1 cleavage and decreased NLRP3 inflammasome acti-
vation (Zhang et al., 2018). Likewise, mangiferin, a glucosylxanthone 
isolated from Mangifera indica, mitigated lipopolysaccharide and D- 
galactosamine-induced acute liver injury by potentiating the Nrf2 
pathway and suppressing NLRP3 activation (Pan et al., 2016). There-
fore, tested extracts and EO could potentially target the NLRP3 inflam-
masome and its downstream products, prevent obstructive symptoms, 

and reverse fibrotic changes induced by acrylamide toxicity. 
As stated above, oxidative stress disturbs mitochondrial electron 

transfer chain complexes. This could lead to mitochondrial permeability 
transition and initiation of apoptosis via activation of caspase cascade 
(Zamani et al., 2017). We showed here that acrylamide exposure 
significantly increased caspase 3 activity, a crucial protein in the 
execution-phase of apoptosis, while T. satureioides polyphenols and EO 
suppressed caspase 3 activity in hepatic cells suggesting their anti-
apoptotic potential. Other caspases such as caspase 9 and 8 were also 
shown to activate apoptosis pathway during immunotoxicity conditions 
induced by acrylamide (Kannan and Jain, 2000; Lee et al., 2014). These 
proapoptotic proteins were shown to be inhibited by many natural re-
sources such as EO and compounds while to Bcl2, the anti-apoptotic 
protein, was increased (Hagar and Al Malki, 2014; Mahmoud et al., 
2022; Zamani et al., 2017). Consequently, T. satureioides compounds 
potentially inhibited apoptosis signaling during acrylamide toxicity by 
preventing mitochondrial dysfunction (Fig. 13). 

5. Conclusion 

In this study, we demonstrated that T. satureioides polyphenolics and 
EO alleviated the acrylamide-induced liver injury by boosting antioxi-
dant defense system, preventing hepatocytes damage, decreasing NF-ĸB 
and caspase 3 signaling pathways, and suppressing NLRP3 inflamma-
some activation in hepatocytes. The resulting reduction in IL-1β release 
substantially contributed to mitigating hepatic damage. These results 
suggest that inhibition of NLRP3 inflammasome/NF-κB axis by 
T. satureioides compounds is a promising strategy to prevent the patho-
logical outcomes of acrylamide-induced liver injury. Nevertheless, 
further clinical trials are needed to confirm the role of natural inhibitors 
of NLRP3 inflammasome in preventing, treating, and managing 
xenobiotics-induced hepatotoxicity. 
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