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ABSTRACT

B-Caryophyllene (BCP), a selective agonist of cannabinoid receptor type 2 (CB2), has garnered attention as a promising nu-
traceutical agent for modulating organ damage. The current study aimed at evaluating the pharmacological role of BCP in
Thioacetamide (TA A)-induced liver fibrosis, with particular attention to the involvement of CB2-mediated signaling. Following
the induction of fibrosis by TAA, rats were treated with BCP for 6 weeks. In a separate group, AM630, a selective CB2 receptor
antagonist, was co-administered with BCP in order to validate CB2-dependent actions. TAA administration triggered significant
hepatocellular injury. In addition, TAA activated necroptotic cellular death, shown in the upregulated RIPK1/RIPK3/p-MLKL
expression. Growth factors' signaling was disrupted and liver regeneration was impaired. On the contrary, BCP treatment amelio-
rated oxidative stress, mitigated inflammation, and decreased hepatic stellate cells' activation. This was accompanied by reduced
collagen deposition and attenuated fibrosis. BCP markedly abrogated necroptosis and decreased the stimulation of fibrogenic and
angiogenic signaling. Additionally, BCP potentiated hepatocytes' survival and restored hepatic regenerative capacity. AM630 co-
treatment abolished BCP's protective effects, confirming the CB2 receptors-dependent effects. Given findings highlight BCP as a

potential therapeutic agent for liver fibrosis and delineate endocannabinoid system'’s role in modulating organ fibrosis.

1 | Introduction

Liver is essential in maintaining body's homeostasis, regulating
metabolic processes for sugars, proteins, lipids, and detoxifying
xenobiotic [1]. Sustained liver injury makes healing injurious
and causes the loss of functional hepatic parenchyma, leading
to liver fibrosis. Liver fibrosis is characterized by extracellular
matrix proteins build-up and the formation of fibrotic scar, with
distorted architecture and impaired function [2].

Necroptosis is a regulated form of programmed cell death, in-
volves cell rupture and morphologically marked by the break-
down of the plasma membrane. Its activation depends on various
stimuli and requires the action of receptor-interacting serine/
threonine kinases 1 and 3 (RIPK1 and RIPK3). Necroptosis is
implicated in a variety of liver disorders. TNF signaling is the
most prevalent and studied pathway involved in modulating
necroptosis. Upon TNF-a binding to TNFR1, the receptor un-
dergoes conformational changes and recruits a group of proteins
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forming what is called complex I. The inhibition of cIAPs and
the deubiquitination of RIPK1 by CYLD, promote the forma-
tion of complex IIb. RIPK1 binds to RIPK3, by intramolecular
auto-phosphorylation, where RIPK3 recruits and phosphory-
lates pseudokinase mixed lineage kinase domain-like (MLKL)
to form complex IIc or the necrosome. Phosphorylated MLKL
moves to the plasma membrane and oligomerizes, resulting in
membrane rupture [3].

Animals fed with a high fat diet (HFD) and Methionine/
Choline deficient diet (MCD) had higher hepatic expression
of RIPK3, MLKL, and TNF-a associated with induced fibrosis
[4]. On the other hand, the deficiency of RIPK3 blunted liver
fibrosis associated with MCD diet. The blockage of RIPK1 at-
tenuated features of NASH in mice and reduced steatosis [5].
In addition, Choline-deficient L-amino-defined (CDAA) diet-
induced fibrosis was reduced in mice lacking RIPK3. CDAA-
fed mice produced hepatic nodules, which were diminished in
RIPK3 knockout mice [6].

Hepatotoxic molecules can interact with cellular components,
leading to liver lesions. The hepatotoxic effects of thioacet-
amide (TAA) resemble pathological features of liver fibro-
sis. Preclinical studies showed a close resemblance of
TAA-induced liver fibrosis with human liver pathology [7, 8].
TAA-induced hepatotoxicity is a favorable model due to its
high specificity in liver targeting. TAA initiates its toxic ef-
fects following its bioactivation by cytochrome P2E1 and fla-
vin adenine dinucleotide monooxygenase, and the generation
of reactive metabolites [9].

-Caryophyllene is a naturally occurring bicyclic sesquiter-
pene abundantly present in the essential oils of numerous ar-
omatic plants, including black pepper (Piper nigrum), cloves
(Syzygium aromaticum), and cannabis (Cannabis sativa). Its
spicy, woody, and peppery aroma encouraged its broad utili-
zation in food industries and fragrance formulations [10]. BCP
modulates the endocannabinoid system by selectively binding
and activating CB2 cannabinoid receptors, a unique property
of BCP unlike other dietary terpenes. CB2 receptors’ activation
contributes to its immunomodulatory actions devoid of psy-
choactive effects associated with CB1 receptors' activation [11].
BCP exerts an anti-inflammatory effect through the suppres-
sion of pro-inflammatory cytokines' release. This effect has
been demonstrated in conditions such as arthritis, colitis, and
neuroinflammatory diseases. It has also a potent antioxidant ac-
tivity through neutralizing free radicals and reducing oxidative
stress [12]. This contributes to its protective effects against vari-
ous inflammatory conditions including fibrosis [13].

As inflammation is a key mediator of liver fibrosis, in this study,
we investigated BCP's beneficial effects against TAA-induced
fibrosis and whether these effects are CB2 receptors dependent.
2 | Materials and Methods

2.1 | Chemicals

Thioacetamideand f-Caryophyllene were obtained from Thermo
Fisher Scientific (Ward Hill, MA, USA) and Sigma-Aldrich

(St. Louis, MO, USA), respectively. AM630 was sourced from
GLPBIO (Cat. No. GC10147). All compounds were freshly pre-
pared each day prior to administration. Thioacetamide was
dissolved in distilled water, while (-Caryophyllene (BCP)
was diluted in scientific-grade light olive oil. AM630 was ini-
tially mixed with 2mL of dimethyl sulfoxide (DMSO) and
200 1L of Tween-80, and then diluted in normal saline for final
preparation.

2.2 | Experimental Animals

Six-week-old male albino Wistar rats (180-240g) were ob-
tained from the UAE University's animal research facility.
They were housed under standard conditions with free access
to food and water on a 12-h light/dark cycle. Animals were
acclimated for 1 week before treatment. All procedures were
approved by the university's Animal Ethics Committee (No.
ERA_2025_5826).

2.3 | Experimental Protocol

In this approach, rats were categorized into 4 groups (10 rats for
each). Treatment was given as illustrated in Figure 1. Group 1
(Control; CON) received normal saline intraperitoneally for
8weeks. Group 2 (Thioacetamide; TAA) received 200 mg/kg of
TAA intraperitoneally thrice a week for 8 weeks. Group 3 (8-
caryophyllene and Thioacetamide; BCP+TAA) received TAA
from Week 1 to Week 6; BCP started on Week 6 with an oral daily
dose of 50mg/kg BCP followed by TA A administration in 1-h in-
tervals. The dose of BCP is based on previous studies showing a
significant effect exerted at the range of 30-100mg/kg. A dose
of 50 mg/kg was shown to produce pharmacological, behavioral,
and biological effects without observed toxicity at a mid-range
selected dose [14, 15]. A single dose was selected as the aim of
the study is to investigate mechanistic pathways. A single dose
approach has been applied in proof-of-concept studies evaluat-
ing biological response at a specific exposure level. This is ac-
ceptable as long as the biological effectiveness of the dose has
been identified in the literature. Group 4 (AM630 + BCP + TAA)
received a daily intraperitoneal injection of AM630 (2.5mg/kg),
1 h before BCP dose, starting at Week 6.

2.4 | Tissue Collection

At the end of the experimental treatment, rats were decapitated
and blood was collected into tubes without anticoagulant. Livers
were excised, rinsed with phosphate-buffered saline, and sec-
tioned. Portions were snap-frozen in liquid nitrogen and stored
at —80°C for later analysis. Other sections were fixed in 4% for-
malin, processed, and preserved in paraffin blocks.

2.5 | Protein Extraction

Liver samples were homogenized in RIPA buffer (Millipore,
Burlington, MA, USA) with added phosphatase and protease in-
hibitors (Thermo Fisher Scientific, Cat No. 78440) using a tissue
homogenizer. Homogenates were centrifuged at 15 000x g for
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FIGURE1 | Experimental study design.

30min at 4°C, and the supernatants were collected and stored at
—40°C for further analyses.

2.6 | Liver Index

Rats' body weight was recorded weekly. Rats' liver weight was
recorded at the last week of the experiment on the sacrifice day.
Liver index was calculated by taking the ratio of the liver weight
to body weight for each rat in all groups.

2.7 | Functional Parameters

The level of Aspartate aminotransferase (AST) and Alanine
aminotransferase (ALT) was measured in serum using
commercial kits purchased from MyBioSource (Southern
California, San Diego, USA, Cat No. MBS264975, MBS269614,
respectively).

2.8 | Hydroxyproline Assay

Total hydroxyproline was measured using a commercial kit ob-
tained from Cayman (Michigan, USA, Cat No. 702440) by fol-
lowing the inserted protocol. The assay was performed in serum
samples.

2.9 | Matrix Metalloproteinase-2 and 9 (MMP2
and MMPY) Assay

The level of both MMP2 and MMP9 enzymes in serum was de-
termined by a colorimetric assay of an ELISA approach using

R

\

biochemical readily supplied kits from R&D (Minneapolis,
USA, Cat No. MMP200, DY8174-05, respectively).

2.10 | Picrosirius Red Staining

Sections of 3um thickness of paraffin embedded fixed liv-
ers were prepared on slides and deparaffinized. Picrosirius
red staining was performed as per manufacturer's protocol
(Abcam, Cambridge, UK, Cat No. ab245887). Stained sections
were viewed under light microscope (Olympus, Hamburg,
Germany).

2.11 | Oil Red O Staining

Frozen sections of 6um thickness were cryo-sectioned and
prepared on slides. Oil Red O Staining was performed as per
manufacturer's protocol (Abcam, Cambridge, UK, Cat No.
ab150678). Stained sections were viewed under a light micro-
scope (Olympus, Hamburg, Germany).

2.12 | Immunohistochemical Staining

Paraffin-embedded tissue sections were processed using
the avidin-biotin-peroxidase technique and developed with
3,3’-diaminobenzidine (DAB). Antigen retrieval was per-
formed through dewaxing followed by immersion in citrate
buffer. Primary antibodies (listed in Table 1) were applied,
and the sections were incubated overnight. Subsequently, bi-
otinylated secondary antibodies targeting mouse and rabbit
IgG (dilution 1:100) were applied. The avidin-biotin complex
(Vectastain Elite ABC kit) was then added and incubated
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TABLE1 | Primary antibodies used in immuno-staining, with their
dilution ratio and source.

Company and
Antibody Dilution ratio catalog number
Fibronectin 1:50 Santa Cruz Biotechnology
(sc-8422)

COL3A1 1:100 Santa Cruz Biotechnology

(sc-271249)
a-SMA 1:50 Cell Signaling

Technology (14968s)

F4/80 1:100 Santa Cruz Biotechnology

(sc-377009)
CDe68 1:100 Santa Cruz Biotechnology

(sc-20060)

TABLE 2 | Primary antibodies used in Western blotting, with their
dilution ratio and source.

Dilution Company and
Antibody ratio catalog number
RIPK1 1:500 Santa Cruz Biotechnology
(sc-8422)
RIPK3 1:500 Santa Cruz Biotechnology
(sc-52751)
p-MLKL 1:500 Cell Signaling
Technology (14968s)
PDGF 1:1000 Santa Cruz Biotechnology
(sc-9974)
VEGF 1:1000 Santa Cruz Biotechnology
(sc-7269)
HGF-a 1:1000 Santa Cruz Biotechnology
(sc-374422)
NOX2 1:500 Thermo Fisher Scientific
(MA5-35348)
GPX4 1:1000 Santa Cruz Biotechnology
(sc-166570)
GAPDH 1:1000 Santa Cruz Biotechnology

(sc-32233)

for 1h. Visualization was achieved using the DAB substrate
(Vector Laboratories Inc., Burlingame, CA, USA). Finally,
the stained sections were mounted with DPX medium and
examined under a light microscope (Olympus, Hamburg,
Germany). Quantitative analysis of staining intensity was per-
formed using ImageJ software (National Institutes of Health,
Bethesda, MD, USA).

2.13 | Western Blotting Assay

The protein concentration in homogenized liver tissue sam-
ples was determined using the Pierce BCA Protein Assay Kit

(Thermo Fisher Scientific, Rockford, IL, USA, Ca No. 23227).
Equal amounts of extracted protein samples were mixed with
RIPA buffer (Thermo Fisher Scientific, Rockford, IL, USA, Ca
No. 89901) and Laemmli buffer (Bio-Rad, Hercules, CA, USA,
Ca No. 1610747) containing 2-mercaptoethanol (Sigma-Aldrich,
St. Louis, MO, USA, Ca No. 805740). The samples were then
heated at 95°C for 5min to achieve protein denaturation and
stored for further analysis. Proteins were separated by SDS-
PAGE and transferred onto PVDF membranes. The membranes
were blocked with 5% bovine serum albumin (BSA) for 1h to
prevent nonspecific binding. Following blocking, membranes
were incubated overnight with primary antibodies listed in
Table 2. Detection was performed using horseradish peroxi-
dase (HRP)-conjugated secondary antibodies (Cell Signaling
Technology, Anti-rabbit IgG, Ca No. 7074, Anti-mouse IgG, Ca
No. 7076) specific to mouse and rabbit originated antibodies
and enhanced chemiluminescence substrate (Thermo Fisher
Scientific, Waltham, MA, USA, Ca No. 34580). Band intensities
were quantified using ImageJ software (National Institutes of
Health, Bethesda, MD, USA). Glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) was used as a loading control to normal-
ize total protein expression levels.

2.14 | Gene Expression Analysis

RNA was extracted from frozen liver samples following the
manufacturer's protocol of Qiazol Lysis reagent (Qiagen,
Hilden, Germany). Tissues were homogenized using a zir-
conium beads mix of 0.5mm and 3mm sizes on a bead ho-
mogenizer. Quality and quantity of extracted RNA samples
were determined on a NanoDrop 2000 Spectrophotometer
(Thermo Fisher Scientific Inc., Wilmington, DE, USA). 1ug
of extracted RNA samples was converted to cDNA following
the manufacturer's protocol of QuantiTect reverse transcrip-
tion kit (Qiagen, Hilden, Germany). Gene expression analy-
sis was carried out utilizing probe hydrolysis real-time PCR
chemistry on a Quantstudio 7 instrument (Thermo Fisher
Scientific Inc., Wilmington, DE, USA), as a housekeeping
gene, Peptidylprolyl Isomerase A (PPIA) was used as a refer-
ence for normalization. PPIA probe was Quasar 670-labeled
while other target genes’ probes were FAM-labeled. Relative
gene expression quantification was calculated using the delta-
delta CT (AACT) method. Sequences of primers and probes are
included in Table 3.

2.15 | Statistical Analysis

Date were derived from independent biological replicates, rep-
resenting different rats. Data were expressed as the mean + stan-
dard error of the mean (SEM). Statistical comparisons between
groups were conducted using one-way analysis of variance
(ANOVA), followed by Duncan's Multiple Range Test (DMRT)
for post hoc analysis. All statistical analyses were performed
using SPSS software. A p-value <0.05 was considered statisti-
cally significant. Although the statistical approach employed in
the present study was appropriate for the experimental design
and enabled identification of significant differences among
groups, future investigations may benefit from complemen-
tary analyses using more conservative post hoc tests to provide
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TABLE 3 | Primers and fluorogenic probe sequences used in real-time PCR.

TNF-a (NM_012675.3)

IL-6 (NM_012589.2)

IL-18 (NM_031512.2)

TGF-f1 NM_012620.1

Forward CTCACACTCAGATCATCTTCTC
Reverse CCGCTTGGTGGTTTGCTAC
Probe FAM-CTCGAGTGACAAGCCCGTAGCC-BHQ-1
Forward TCACAGAGGATACCACCCACAACA
Reverse CACAAGTCCGGAGAGGAGAC
Probe FAM-TCAGAATTGCCATTGCACAACTCT-BHQ-1
Forward ATGCCTCGTGCTGTCTGACC
Reverse GCTCATGGAGAATACCACTTGTTGG
Probe FAM-AGCTGAAAGCTCTCCACCTCAATGGA-BHQ-1
Forward GTGGCTGAACCAAGGAGACG
Reverse CGTGGAGTACATTATCTTTGCTGTC
Probe FAM-ACAGGGCTTTCGCTTCAGTGCTC-BHQ—

MCP-1 (NM_031530.1)

COLA-1 (NM_053304.1)

Forward GCTGTCTCAGCCAGATGCAG
Reverse CCAGCCGACTCATTGGGA

Probe FAM-CCCACTCACCTGCTGCTACTCA-BHQ-1

Forward CTGACTGGAAGAGCGGAGAGT
Reverse CCTGTCTCCATGTTGCAGTAGAC

Probe FAM-ACTGGATCGACCCTAACCAAGGC-BHQ-1

GPX1 (NM_030826.4)

PPIA (NM_017101.1)

Forward GTGCTGCTCATTGAGAATGTCG
Reverse TCATTCTTGCCATTCTCCTGATG

Probe FAM-TCCCTCTGAGGCACCACGAC-BHQ-1

Forward GCGTCTGCTTCGAGCTGT
Reverse CACCCTGGCACATGAATCC

additional confirmation of the observed treatment effects and
strengthen the statistical robustness.

3 | Results
3.1 | Liver Morphology and Injury Markers

As depicted in (Figure 2A), the liver gross morphology of CON
rats shows a smooth reddish surface. However, TAA expo-
sure induced an irregular shape with widespread micro- and
macro-nodules. Treatment with BCP prevented the formation of
macro-nodules with a nearly normal external surface and min-
imal micro-nodules appearance. Administration of the AM630
compound caused a similar effect to what was observed in TAA-
injected rats with a coarse surface and clearly formed nodules.

The relative liver weight in the TAA group was increased signifi-
cantly compared to the CON group. BCP treatment significantly
prevented the increase in the relative liver index induced by
TAA. In a similar manner to TAA, AM630 administration caused
an upsurge in the liver/body ratio in the AM630+BCP +TAA
group when compared to the BCP +TAA group (Figure 2B).

Both ALT and AST enzyme activities were evaluated in liver
fibrotic injury. ALT and AST serum levels were significantly
elevated in TAA group, reflecting impaired liver function. Post-
treatment with BCP diminished ALT and AST levels. AM630
injection before BCP treatment resulted in a reversed effect on
hepatic functional enzymes shown by elevated levels of both
ALT and AST (Figure 2C,D).

3.2 | Hepatic Fibrosis, Extracellular Matrix
Remodeling and Lipid Accumulation

The accumulation of collagen was evaluated by Pirosirius Red
staining. As shown in (Figure 3A) chronic administration of
TAA increased hepatic collagen expression when compared to
CON sections. However, BCP treatment attenuated the effect of
TAA on fibrosis progression. The figure also shows the inhibi-
tory effect of AM630 on BCP protective effects, where increased
collagen expression was observed.

Lipid accumulation was assessed using Oil Red O staining. CON
group showed minimal lipid droplets deposition and normal ar-
chitecture. Whereas, TAA group showed a significant increase
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FIGURE2 | (A)Liver images. (B) Liver index among different groups. Level of (C) ALT and (D) AST markers in serum (n ="7-8) *p <0.05 CON vs.
TAA, *p<0.05 TAAvs. BCP+TAA, ¥p <0.05 BCP + TAA vs. AM630 + BCP + TAA (one-way ANOVA followed by DMRT). CON: Control, BCP +TAA:
B-Caryophyllene+ Thioacetamide treatment, AM630+BCP+TAA: AM630 + 3-Caryophyllene+ Thioacetamide.

in intracellular lipid accumulation manifested by the abundant
red-stained lipid droplets. BCP treatment ameliorated TAA-
induced steatotic change and reduced lipid deposition, as shown
by the less stained lipid droplets. Co-administration of AM630
reverted the steatotic profile to an expression pattern similar to
the TAA group (Figure 3B).

Hydroxyproline is a biomarker for collagen turnover used to
assess fibrosis severity. TAA injections caused a considerable
elevation in hydroxyproline level compared to CON group val-
ues. BCP-treated rats had a significant decrease in serum level

of hydroxyproline when compared to the TAA group. Moreover,
AMG630 pre-administration blocked BCP-mediated decrease in
hydroxyproline as illustrated in Figure 3C.

Extracellular matrix degradation was assessed by measuring the
level of MMP2 and MMP9 enzymes in liver tissue (Figure 3D,E).
The level of both enzymes was increased in the TAA group com-
pared to the CON group. However, BCP treatment showed a
reduced observed level in both MMP2 and MMP9. AM630 ad-
ministration prior to BCP resulted in an elevated enzyme level
compared to the BCP + TAA group.
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ment, AM630+BCP+TAA: AM630+ 3-Caryophyllene+ Thioacetamide.

3.3 | Immunohistochemical Staining
of Liver Tissue

Immunohistochemical staining was performed to assess the ef-
fect of TAA on fibrosis and macrophage activation. The staining
analysis demonstrated an altered deposition of ECM, HSC ac-
tivation, and macrophage infiltration in the TAA group. There
was a profound increase in COL3A1 and fibronectin, which
indicates progressive fibrotic remodeling (Figure 4A,B). In

addition, periportal and perisinusoidal regions showed intense
staining of a-SM A, a marker of activated HSC (Figure 4C). TAA
administration also induced remarkable macrophage infiltra-
tion, evident in the increased CD68* and F4/80% immunore-
activity (Figure 4D,E). BCP treatment significantly attenuated
TAA-induced alterations. BCP-treated rats exhibited reduced
COL3ALl, fibronectin, and a-SMA expression, with decreased
CD68* and F4/80" immunoreactivity. AM630 reversed the an-
tifibrotic and anti-inflammatory effects of BCP, restoring the
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FIGURE 4 | Immunohistochemical staining of (A) COL3A1, (B) Fibronectin, (C) a-SMA, (D) CD68" and (E) F4/80*. (F-J) Quantification of the
corresponding markers. Scale bar=2um. CON: Control, BCP+TAA: 3-Caryophyllene+ Thioacetamide treatment, AM630+BCP+TAA: AM630 +

-Caryophyllene + Thioacetamide.

expression of fibrotic and inflammatory markers similar to the
TAA group.

3.4 | Fibrotic, Inflammatory and Oxidative Genes
Expression

Real-time PCR was utilized to identify the level of gene ex-
pression of fibrotic, inflammatory, and oxidative markers.
Compared to the CON group, Col-1 and TGF-f gene expres-
sion was significantly increased in TA A-injected rats, whereas
with BCP treatment, a decreased expression was observed. As
shown in the AM630+BCP+TAA group, AM630 abolished
the antifibrotic effect of BCP (Figure 5A,B).

In line with the above observation, gene expression of inflamma-
tory markers that include Interleukin-1f (IL-1(3), Interleukin-6
(IL-6), Monocyte Chemotactic Protein 1 (MCP-1), and Tumor
Necrosis Factor alpha (TNF-a) followed the same pattern of ex-
pression as the fibrotic genes in each corresponding group. An
upregulated expression of the four markers was observed in the
TAA group compared to the CON group, an effect that was mit-
igated by BCP treatment (Figure 5C-F).

In addition, the gene expression of glutathione peroxidase 1
(GPX1), an antioxidant marker, showed a striking decrease in
TAA-injected rats and this effect was ameliorated by BCP treat-
ment (Figure 5G).

3.5 | Effect of BCP on Necroptosis Induction

Figure 6 shows the western blot analysis of necroptosis mark-
ers that include RIPK1, RIPK3 and p-MLKL. The TAA group
showed a significant increase in the protein expression of the
three markers. Notably, BCP-treated group showed a signifi-
cant decrease in RIPK1, RIPK3 and MLKL protein expression
compared to TAA group. AM630+BCP+TAA group showed
an induced expression of necroptosis proteins compared to
BCP+TAA group.

3.6 | Effect of BCP on Pro- and Anti-Fibrogenic
Growth Factors Protein Expression

Platelet-derived growth factor (PDGF) and Vascular Endothelial
Growth Factor (VEGF) are fibrogenesis-associated proteins that
promote activation of hepatic stellate cells. The protein expres-
sion of both VEGF and PDGF was determined by western blot-
ting analysis (Figure 7A). In TAA-injected rats, TAA resulted
in a significant upregulated expression of VEGF and PDGF.
BCP treatment in TA A-injected rats reinstated the expression of
VEGF and PDGF to a comparable normal level when compared
to the TAA group. The level of VEGF and PDGF was signifi-
cantly increased in the AM630+BCP+TAA group.

Hepatocyte growth factor-a (HGF-a) expression reflects liver's
capability to wound heal and regenerate itself. TAA induction
resulted in a marked decrease in HGF-a expression compared
to the CON group, whereas BCP treatment significantly restored
HGF-a to near-normal levels and potentiated liver's regenerative
ability. The co-administration of MA630 with BCP abolished
BCP effects and decreased HGF-a expression to values compa-
rable to the TAA group (Figure 7B).

3.7 | Effect of BCP on Oxidative Markers
Expression

Disrupted antioxidant defense contributes significantly to fi-
brotic injury. TAA administration resulted in a marked reduc-
tion in GPX4 expression with concomitant elevation in NOX2
level compared to CON group. In contrast, BCP-treated rats
showed a restoration of a balanced antioxidant defense. BCP
restored GPX4 expression and resulted in an accompanied de-
crease in NOX2. Co-administration of AM630 with BCP inhib-
ited BCP effects and maintained an expression level similar to
what was observed in TAA group (Figure 8).

4 | Discussion

This study investigated the therapeutic effects of BCP on an ex-
perimental model of liver fibrosis induced by intraperitoneal ad-
ministration of TAA. In order to evaluate the therapeutic rather
than preventive potential of BCP, treatment was initiated after
6weeks of TAA administration, a time point at which hepatic
fibrosis is known to be established. Our findings demonstrated
that BCP markedly attenuated TA A-induced liver damage, as ev-
idenced by improvements in liver function markers, histopatho-
logical architecture, inflammatory mediators, oxidative stress
parameters, and fibrosis-associated markers. Furthermore, the
antifibrotic effects of BCP were attenuated by co-administration
of the CB2 receptor antagonist AM630, indicating that CB2 re-
ceptor activation contributes to the observed effects of BCP.

Elevated aminotransferase enzyme levels are a reflection of liver
damage. Our results showed that TAA significantly elevated
serum ALT and AST levels, which is consistent with the results
reported by other researchers [16]. In contrast, BCP effectively
mitigated the rise and restored enzyme levels toward normal
values as previously documented [17]. Moreover, BCP reduced
the liver index, which has been elevated following TAA admin-
istration, supported by earlier studies [18].

Activation of hepatic stellate cells (HSC) is considered the cor-
nerstone in the induction of hepatic fibrosis [19]. TGF-f is a
regulator of fibrogenesis, acting primarily through its recep-
tors on HSC to induce their activation. Once activated, HSCs
express several markers that are typically absent in quies-
cent cells, such as a-SMA [20]. In our study, immunostaining
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FIGURES5 | Gene expression of fibrotic, inflammatory and oxidative markers. (A) Col-1, (B) TGF-8, (C) IL-16, (D) IL-6, (E) MCP-1, (F) TNF-a, (G)
GPX1. *p<0.05 CON vs. TAA, #p<0.05 TAA vs. BCP+TAA, $p <0.05 BCP+TAA vs. AM630+BCP + TAA (one-way ANOVA followed by DMRT).
CON: Control, BCP +TAA: 3-Caryophyllene+ Thioacetamide treatment, AM630+BCP +TAA: AM630+ 3-Caryophyllene+ Thioacetamide.
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Protein expression of necroptosis markers; RIPK1, RIPK3 and p-MLKL. (A) Immunoblotting analysis of RIPK1, RIPK3 and p-

MLKL. (B) Quantification of RIPK1, RIPK3 and p-MLKL protein expression (n=3-4). *p<0.05 CON vs. TAA, “p<0.05 TAA vs. BCP+TAA,
$p<0.05 BCP+TAA vs. AM630+BCP +TAA (one-way ANOVA followed by DMRT). CON: Control, BCP + TAA: -Caryophyllene+ Thioacetamide
treatment, AM630+BCP+TAA: AM630 + 3-Caryophyllene + Thioacetamide.

revealed an increased expression of both TGF-f and a-SMA
in the TAA-injected group, consistent with previous reports
[21]. Activated HSC subsequently promotes excessive synthe-
sis of extracellular matrix proteins, including collagen and fi-
bronectin. In addition, the gene expression of both collagen
and fibronectin was significantly upregulated in the TAA
group. Sirius Red staining also confirmed the buildup of col-
lagen in TA A liver sections. In agreement with earlier studies,
BCP treatment ameliorated these histopathological changes
induced by TAA [22-24]. Moreover, hydroxyproline, an essen-
tial amino acid in collagen, has been evaluated as a marker
of collagen accumulation and fibrosis development. The lev-
els of hydroxyproline were significantly elevated in the TAA
group compared with the CON group, which corroborates the
development of fibrosis in TA A-injected rats. This is similar to
what is documented earlier showing that fibrosis is correlated
with an elevated hydroxyproline level [25]. However, the BCP-
treated group showed a marked reduction in hydroxyproline.
The effect of BCP on hydroxyproline content has not been pre-
viously described; our findings introduce new evidence sup-
porting its antifibrotic potential.

Chronic inflammation is a central pathogenic mechanism in
liver fibrogenesis. Persistent inflammatory signaling deteri-
orates tissue damage and promotes wound healing response
and fibrotic scar formation. TAA stimulates an inflammatory

injury due to its induced oxidative damage and cellular de-
mise [26]. Rats treated with TAA showed significantly ele-
vated gene expression of inflammatory cytokines, IL-1f3, IL-6,
MCP-1, and TNF-a, in parallel with previous studies [27]. In
contrast, BCP-treated rats exhibited a remarkable decrease in
their expression. Our findings are consistent with the reported
anti-inflammatory effect of BCP in experimental liver fibrosis
[22, 24]. Immunohistochemical staining showed a profound in-
crease in the infiltrated macrophages in TA A-injected rats, in-
dicating an active recruitment and activation of immune cells
within periportal and parenchymal regions of the liver. BCP
treatment was correlated with diminished expression of CD68*
and F4/807" cells. Our data align closely with previous reports
about the anti-inflammatory effect of BCP [17], and also remain
consistent with other reports for the protective effects of herbal
constituents in TA A-induced liver injury [28].

TAA isawell-established inducer of hepatic fibrosis. The reactive
metabolites of TAA interact with cellular components causing
the generation of highly reactive free radicals. Oxidative stress
drives an acute inflammatory reaction that progresses to hepa-
tocellular damage [29, 30]. This injury is associated with dysreg-
ulated redox balance, characterized by reduced activity of the
anti-oxidant enzymes GPX1 and GPX4, along with potentiated
NOX2-mediated ROS generation. Study outcomes showed that
treating TAA-induced rats with BCP exhibited a pronounced
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Protein expression of VEGF, PDGF and HGF-a. Immunoblotting analysis of (A) VEGF and PDGF, (B) HGF-a. Protein expres-
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protection on the level of hepatic antioxidant enzymes. BCP
reinstated redox balance, lowering NOX2 expression, while re-
storing GPX1 and GPX4 activities. This aligns with published
findings showing BCP suppresses NOX2 activity and enhances
GPX-dependent antioxidant capacity [31, 32]. Oxidative stress
has a role in inducing and amplifying necroptosis. Generated
ROS promotes autophosphorylation and activation of RIPK1
and the subsequent formation of necrosome through binding
with RIPK3. Therefore, suppressing ROS production inhibits
necroptosis induction [33].

In liver fibrosis, damaged hepatocytes undergo necroptosis, a
regulated form of cell death, associated with an amplified in-
flammation due to the release of damage-associated molec-
ular patterns from necroptotic cells. Necroptosis is mediated
by RIPK1 and RIPK2 with the executioner protein MLKL.
This type of cellular death is considered a driving mechanism
of hepatocellular injury and fibrogenesis and a novel mode of
cellular demise in various liver diseases such as nonalcoholic
fatty liver disease (NAFLD) and nonalcoholic steatohepatitis
(NASH) [34]. Inhibiting necroptotic mediators, such as blocking
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RIPK1 activation and suppressing RIPK3 phosphorylation and
MLKL membrane translocation, attenuates hepatic fibrosis, as
proven in various experimental models [35-37]. TAA exposure
induces the generation of ROS, release of cytokines, and activa-
tion of death receptors, all of which converge on stimulating the
necroptosis pathway. In our study, TAA administration mark-
edly increased the expression of necroptotic markers; RIPK1,
RIPK3 and p-MLKL, indicating activated necroptotic cell death
in fibrotic liver. This aligns with other studies showing RIPK1/
RIPK3/p-MLKL signaling as a key driving force of fibrosis in
other hepatic disease models [38]. Notably, BCP treatment sup-
pressed the RIPK1/RIPK3/p-MLKL axis, evident in their down-
regulated expression, thereby limiting hepatocyte death.

CB2 receptor is a Gi/o-coupled G protein coupled receptor
(GPCR), a signaling molecule that can inhibit adenylate cyclase
and modulate several signaling cascades intracellularly [39].
Activation of CB2 receptors is correlated to the inhibition of
necroptosis through various mechanisms. CB2 receptors inhibit
the upstream signaling which ultimately suppresses necropto-
sis induction. CB2 receptors' signaling blocks the production of
the inflammatory cytokine TNF-a, thereby abrogating TNFR1-
mediated stimulation of RIPK1-RIPK3 necrosome formation
and necroptosis initiation [40]. In addition, activated CB2 recep-
tors favor an anti-inflammatory environment. The decreased
cAMP due to inhibited adenylyl cyclase enzyme suppresses
PKA, and thus inhibits the phosphorylation of the 65 subunit
and prevents NF-xB nuclear translocation [41]. This allows
shifting toward pro-survival and promotes RIPK1 ubiquitina-
tion, preventing its transition into pro-necroptotic complexes.
It is also reported that attenuated oxidative stress is linked to
weakened RIPK1/RIPK3 signaling and thereby less MLKL acti-
vation and membrane permeabilization [42].

Platelet derived growth factor (PDGF) and vascular endothelial
growth factor (VEGF) are profibrogenic mediators involved in
the initiation of liver fibrosis. PDGF is a potent mitogen that
induces the activation, proliferation, and migration of HSC,
thereby accelerating ECM deposition [43]. Similarly, VEGF
promotes pathological angiogenesis, which enhances HSC ac-
tivation and sustains the inflammatory response and therefore
contributes to fibrogenesis. PDGF also plays a role in vascular
stabilization and promotes maturation of new blood vessels [44].
Our study demonstrated that the administration of TAA mark-
edly increased hepatic expression of both PDGF and VEGEF,
promoting angiogenic signaling during fibrosis development.
Other studies also reported increased hepatic VEGF and PDGF
following TAA exposure [45, 46]. Administered BCP reduced
the upregulated level of PDGF and VEGF, suppressing angio-
genic pathways. Although the data on BCP effect on PDGF and
VEGF within hepatic tissue remain scarce, its regulatory effects
on these mediators have been reported in several non-hepatic
models [47]. Both PDGF and VEGF have pro-fibrogenic effects;
however, hepatocyte growth factor (HGF-a) is a key anti-fibrotic
mediator with hepatoprotective effects. HGF-a is an endogenous
mediator that promotes liver reaeration and opposes fibrogene-
sis by stimulating hepatocyte proliferation, suppressing stellate
cells transdifferentiation, and downregulating TGF-f. During
chronic liver injury, HGF-a levels decline, which impairs the
liver's ability to repair itself [48]. Therefore, enhancing HGF-a
signaling is valuable in counteracting fibrosis. Consistent with

this concept, our findings demonstrate that BCP treatment in-
creased HGF-a levels, reinforcing the liver's intrinsic regener-
ative mechanisms. Compounds with pro-regenerative actions
have been shown to counteract TAA-induced suppression of
liver regenerative capacity, supporting the therapeutic value of
restoring regenerative pathways [49].

AMG630 is widely used as a pharmacological tool to investigate
CB2-mediated actions. The use of AM630 as a selective antag-
onist has been reported in various liver-disease models [22, 50]
and has also been co-administered with BCP in non-hepatic
models to confirm CB2-dependent actions [51, 52]. In our study,
the co-administration of AM630 completely shifted the picture
of BCP protective effects. In our results, AM630 abolished the
beneficial effects of BCP on all evaluated parameters, includ-
ing liver function, fibrosis, inflammation, oxidative stress, and
necroptosis. While BCP alone markedly improved serum func-
tional markers and liver index, decreased pro-inflammatory
mediators, restored antioxidant defense, mitigated fibrotic and
angiogenic markers, and suppressed the necroptosis cascade,
these effects were lost when BCP was administered with AM630.
Oxidative stress indices, fibrotic markers, and necroptotic pro-
teins reverted toward TA A-group values, indicating that AM630
effectively counteracted BCP hepatoprotection. This reversal of
BCP actions suggests that BCP's effects are critically dependent
on CB2 receptors activation. Given that CB2 receptors are ex-
pressed on hepatic stellate cells, Kupffer cells, and other non-
parenchymal cells involved in inflammation and fibrogenesis,
the blockade of these receptors by AM630 inhibits BCP modula-
tory effects. Taken together, our findings strongly support that
the hepatoprotective effects of BCP in TA A-induced fibrosis are
CB2 receptors-dependent. Although an AM630-alone group
was not included in the present study, this experimental con-
dition was evaluated in our previous work [24] using the same
model and treatment protocol, where AM630 administration
alone did not significantly affect the assessed hepatic parame-
ters. Consequently, the current study focused on investigating
the ability of AM630 to modulate the effects of BCP and thereby
clarify the involvement of CB2 receptor signaling. Furthermore,
the omission of an additional AM630-only group helped avoid
unnecessary repetition of experiments and reduced animal use
in accordance with established ethical principles.

As explained in our previous publication [24], this study was
exclusively conducted on male rats to minimize the hormonal
variability associated with the estrous cycle in female rats,
which is associated with significant fluctuations in estrogen, a
hormone known to play a role in liver fibrosis development and
progression. The exclusion of female rats was intended to pro-
vide a consistent and established baseline model for liver fibrosis
that excludes confounding factors, such as the hormonal vari-
ability observed in females. Given the fact that hormonal influ-
ence is temporary and eliminated with menopause, at which the
risk of liver fibrosis becomes equivalent to the risk for males [53].

The findings of the present study should be interpreted in the
context of our previous publication [24] investigating the pre-
ventive effects of -caryophyllene (BCP) in TAA-induced liver
fibrosis. In the earlier study, BCP administration was initiated
concurrently with TAA exposure, thereby evaluating its ability
to prevent or attenuate the development of hepatic injury and
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fibrosis. In contrast, the present study employed a therapeutic
intervention design, in which BCP treatment was initiated after
6weeks of TAA administration, when liver injury and fibrotic
changes had already been established. Consequently, the current
investigation addresses a distinct and more clinically relevant
question regarding the capacity of BCP to mitigate ongoing he-
patic damage rather than prevent disease initiation. Therefore,
the present work extends our earlier findings by providing evi-
dence that BCP may exert beneficial effects not only during fibro-
sis development but also after disease establishment. Collectively,
these findings provide preclinical evidence supporting the poten-
tial of BCP as an experimental antifibrotic intervention; however,
further pharmacokinetic, toxicological, and clinical studies are
required before its therapeutic applicability can be established.

5 | Conclusion

The present study demonstrates that TAA induces profound
hepatic damage, manifested by intense oxidative and inflam-
matory response, pronounced necroptotic death and activated
fibrosis. Treatment with BCP countered these pathological al-
terations and restored biochemical and histological integrity
through its anti-inflammatory, antioxidant, and anti-fibrotic
properties. In addition to mitigating liver injury, BCP enhances
liver's recovery through promoting regenerative signaling. The
concurrent administration of AM630 abolished these beneficial
effects across all assessed parameters, highlighting the CB2
receptors-related mechanistic dependability. Collectively, these
findings provide insight into the multifaceted mechanisms im-
plicated in BCP's therapeutic potential and position CB2 receptor
signaling as a promising target for combating liver fibrosis. The
present study provides a novel mechanistic insight into the effect
of BCP on necroptosis. This study adds to the literature by delin-
eating the modulation of necroptotic cellular death and RIPK1/
RIPK3/MLKL signaling axis by BCP. These findings advance
our understanding beyond the well-reported anti-inflammatory
and antioxidant effects of BCP and identify necroptosis as a new
target of it. Thus, this elucidates a new dimension in BCP ther-
apeutic mechanisms. Further future studies are warranted to
decipher its translational relevance and therapeutic applicabil-
ity as the study solely relied on chemically induced liver fibro-
sis which may not fully capture the complexity of human liver
fibrosis. Additionally, genetic confirmation using CB2 knockout
models would strengthen the causal involvement of CB2 recep-
tors in BCP-exerted effects.
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