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SUMMARY: This study evaluated the hepatoprotective and anticancer poterfiataibnia siliqualL. (Carob) bean extract (CSBE)
against N-diethylnitrosamine (DEN)-induced hepatocellular carcinoma (HCC) in Wistar rats, focusing on its modulation dthipahgaxidant,
and molecular pathways, including the HOTAIR/miR-124/Notchl axis. Fifty rats were divided into five groups: normal conitetsjuRed
HCC (80 mg/kg), HCC treated with 200 or 400 mg/kg CSBE, and normal rats receiving 400 mg/kg CSBE. Post-treatment assdagetnts in
serum liver function markers (albumin, total protein, bilirubin, CRP, ALT, AST, ALP), inflammatory cytokines (IL-@, IIL-1.0, TNF-),
oxidative stress parameters (GPx, SOD, CAT, nitric oxide), and molecular analysis of HOTAIR, miR-124, Notch1, and Jaggsidh @xpver
tissue, alongside p53 and caspase-3 immunostaining. DEN administration disrupted body/liver weights, elevated liver greiyadeantoxidant
defenses, and dysregulated the HOTAIR/miR-124/Notchl axis, while CSBE—particularly at 400 mg/kg—dose-dependently restdred tiepat
reduced oxidative stress and inflammation, normalized gene expression, and improved histopathological architecture nfjsedenfionistrate
CSBE'’s efficacy in mitigating DEN-induced HCC through multifaceted mechanisms, highlighting its therapeutic potential.
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INTRODUCTION

Hepatocellular carcinoma (HCC), the most common N-nitrosamines, carcinogens formed via nitrous acid
primary liver malignancy, accounts for 500,000-1,000,008nd secondary amine interactions, are pervasive in tobacco,
new cases and 600,000 deaths annually, driven by compjawrcessed foods, and environmental pollutants. Among these,
molecular mechanisms. Tumorigenesis involves genetidiethylnitrosamine (DEN) is widely used to model organ-
aberrations such as focal deletions in tumor suppressepecific carcinogenesis, particularly in the liver. At doses
(PTEN, p53, CDKN2B) and amplifications of oncogene&30 mg/kg, DEN induces hepatotoxicity through alkylating
(MET, MYC, FGF19), coupled with dysregulation of criticalmetabolites that provoke DNA damage, chronic
signaling pathways including Notch, PI3BK/AKT/mTOR,inflammation, and oxidative imbalance (Janmedal.,
p53/p21, HOTAIR/Notchl, Wrgtcatenin, and JAK/STAT 2024). Mechanistically, DEN upregulates G1/S-phase
(Kotsariet al, 2023; Wanget al, 2024). These alterations regulators (e.g., cyclin-dependent kinases), while its
disrupt hepatocyte metabolism, cell cycle control, DN/Aiotransformation generates ROS/RNS that overwhelm
repair, angiogenesis, and immune evasion. Concurrently, pasitioxidant defenses, impairing proteins and lipids (Wang
inflammatory cytokines (IL-6, IL}, IL-10, TNFa) and et al, 2023). This dual action—genotoxic stress and
oxidative stress mediators (ROS/RNS) synergisticallgxidative disruption—makes DEN a robust tool for studying
establish a tumor-permissive microenvironment, acceleratifCC progression and therapeutic interventions. Emerging
malignant transformation (Tabakhiyahal, 2022). research highlights the HOTAIR/miR-124/Notch1 axis as a
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pivotal regulator of liver carcinogenesis. HOTAIR, a longrowder using a soil grinder, then mixed with a 70 % ethanol
non-coding RNA, epigenetically silences tumor suppressaslution (30:30 distilled water-to-ethanol ratio). The
by recruiting chromatin modifiers, while miR-124, a tumormixture was steeped for 72 h at’@5 after which it was
suppressive microRNA, inversely modulates oncogenfidtered through paper filters and concentrated via rotary
pathways controlling proliferation and metastasis (Fetng evaporation. The final extract (200 g yield) was stored at 4
al., 2024). Notch1, a transmembrane receptor, and its ligat@ for subsequent use (Ma & Wang, 2025).
Jagged1 drive aberrant signaling cascades that sustain tumor
growth and chemo resistance (Zhaegal., 2021). Animals and experimental design
Dysregulation of this axis correlates with poor prognosis,
positioning it as a promising therapeutic target. Fifty male Wistar rats (22620 g) were acclimatized
Investigating natural compounds that modulate this netwoftr 72 hours under controlled conditions £80C, 4G:10
could unveil novel strategies to counteract HCC progressigmhumidity, 12/12-hour light/dark cycle) in propylene cages
(Yu et al,, 2021). with ad libitumaccess to standard feed and water. Following
ethical approval by the First People's Hospital of Yongkang
Ceratonia siliquaL. (carob), a Mediterranean (Yongkang First People's Hospital), the rats were
evergreen tree cultivated in regions like Spain, Turkey, an@ndomized into five groups (n=10): (1) Healthy control
China, harbors diverse bioactive compounds. Its be#&.5 mL PBS intraperitoneally), (2) HCC model (80 mg/kg
extract (CSBE) contains polyphenols (catechinDEN in 500uL PBS intraperitoneally), (3—4) HCC+200
kaempferol), phytosterols, and vitamins with demonstrat€@iSBE and HCC+400 CSBE (DEN + 200 or 400 mg/kg
antioxidant, anti-inflammatory, and anticancer propertiesral CSBE), and (5) Healthy+400 CSBE (400 mg/kg oral
CSBA's 25-35 % starch content and 10 % pectin contribu@SBE alone). Doses were determined via LD50
to its traditional use in managing diabetes, hyperlipidemiassessments, preliminary trials, and prior literature, with
and gastrointestinal disorders (Dahmanial.,, 2023; DEN administered at 9:00 AM and CSBE at 3:00 PM daily.
Thomaset al, 2024). Preclinical studies reveal its abilityAll procedures adhered to institutional guidelines for animal
to upregulate glutathione-S-transferase (GST), inhibitelfare and euthanasia (Table 1) (El Sagtdal, 2023;
MMP-2/MMP-9 via TIMP-1/TIMP-2 induction, and induce Penget al., 2024).
apoptosis in prostate and gastric cancer cells (Aydemir &
Ulusu, 2024). Building on this evidence, our study.D50 for CSBE
investigates CSBA's efficacy against DEN-induced HCC
in Wistar rats, focusing on its modulation of oxidative stress, The LD50 ofCeratonia siliquabean extract (CSBE)
inflammatory cytokines, mitochondrial apoptosis, and theas assessed via Lork’s two-step method, beginning with
HOTAIR/miR-124/Notchl axis—a multifaceted approachine rats divided into three groups receiving oral doses of
to elucidate its therapeutic potential in liver cancer. 20, 200, and 2,000 mg/kg CSBE, followed by 24-hour
monitoring for mortality or toxicity. A subsequent phase

MATERIAL AND METHOD involved three additional groups dosed at 100, 500, and
5,000 mg/kg CSBE under identical observation conditions.
Preparation of CSBE The LD50 value was calculated using Lork’s formula,

which integrates the highest non-lethal dose (D safe) and
Freshly harveste@eratonia siliqua.. beans (3,500 the lowest lethal dose (D toxic) identified during these trials.
g) were authenticated by a botanist and dried &E3mder
dark conditions. The dried material was ground into a fine LD50 = (D safex D toxic) ¥? (Zhouet al, 2024).

Table I. Animal grouping.

Group number Group name Treatment (dose and pescription manner) Treatment period
1 Control 05 mlul PBS/ i.p. Day 10, 20 and 30
2 HCC 80mg/kg DEN dissolved 0.5 ml in PBS/i.p. Day 10, 20 and 30
3 HCC + 200 CSBE DEN + 200 mg/kg CSBE / p.o./p.d. Day 10 to 40
4 HCC + 400 CSBE DEN + 400 mg/kg CSBE / p.o./p.d. Day 10 to 40
5 Control+ 400 CSBE 400 mg/kg CSBE / p.o./p.d. Day 10 to 40

Intraperitoneally injection, p.d.: per day. CSBEeratonia siliquaL. bean extract, HCC: hepatocellular carcinoma, DEN: N-
diethylnitrosamine, p.o.: per oral, i.p.:
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Quantitative analysis of hepatic function and For thiobarbituric acid-reactive substances
inflammatory markers: serum AST, ALT, ALP, BIL, (TBARS) analysis, 104l of liver tissue homogenate was
ALB, TP, and CRP levels combined with 10Qul of TBARS reagent, incubated at 37

°C for 30 min, and centrifuged at 12,08Q for 5 min.

At the study’s conclusion, rats were humanelybsorbance of the supernatant was measured at 593 nm
euthanized through a two-step anesthetic process usingsihg the same Stat Fax 303 ELISA reader.
mg/kg xylazine (2 % solution) and 30 mg/kg ketamine
(10 % solution). Cardiac blood samples were collected Liver thiol levels were determined by mixing 100
post-euthanasia, and serum was separated yibof homogenate with 2@l of 5,5'-dithio-bis-(2-
centrifugation (3,000 rpm for 15 min at°€). Serum nitrobenzoic acid) (DTNB), incubating at 3Z for 15 min,
concentrations of liver function markers—ALT, AST, AL,and centrifuging at 12,000g for 5 min. The supernatant’s
BIL, TP, ALB —and the inflammatory marker CRP wereabsorbance was measured at 412 nm (Stat Fax 303 ELISA
measured using standardized ELISA kits (e.g., R&Beader) (Liet al, 2025).
Systems or Abcam), strictly adhering to manufacturer

protocols (Maet al, 2021). Serum levels of IL-1B, TNF-a, IL-10, and IL-6
Superoxide dismutase (SOD), catalase (CAT), and The anti-inflammatory activity of CSBE was
glutathione peroxidase (GPx) serum activity evaluated by measuring serum levels of pro-inflammatory

cytokines—TNFea (Catalog No. NBP2-DY410), IL-6

Quantification of antioxidant enzymes (GPx: CSB{Catalog No. M6000B), and ILBl(Catalog No. RLB00)—
E12146r, CAT: CSB-E13439r, SOD: CSB-EL022397RAgalong with the anti-inflammatory cytokine IL-10 (Catalog
in serum was performed using Cusabio’s rodent-optimizé¢b. R1000), utilizing rodent-specific sandwich ELISA kits
sandwich ELISA methodology, following standardizedNovus Biologicals, USA) in strict accordance with the

operational guidelines (Karimiaat al, 2025). manufacturer’s protocols (Mit al, 2024).
Serum nitric oxide (NO) levels HOTAIR, miR-124, Notchl, and Jaggedl genes
expression

Serum nitric oxide (NO) levels were determined
using the Griess colorimetric assay, which measures stable  Total RNA was extracted from liver tissue using
NO metabolites (nitrite and nitrate) given NO’s rapideX6101-RNX Plus Solution (Cat. No. EX6101-RNX;
degradation. Serum samples (40Q were deproteinized SinaClon BioScience, China). Tissue homogenization with
with 6 mg zinc sulfate, centrifuged at 12,000 rpm for 1BRNX Plus buffer was followed by chloroform addition (200
min, and 10QuL of supernatant was reacted with 300 ul), phase separation via centrifugation (13,609, 15
vanadium chloride (to reduce Qo NO,-) and Griess min, 4 °C), and isopropanol precipitation (200 ml, ice
reagent containing 1 % sulfanilamide/0.1 % N-(lincubation for 15 min) with subsequent centrifugation
naphthyl) ethylenediamine dihydrochloride. After 30-mir{13,000x g, 15 min). The RNA pellet was washed with 50
incubation at 37C, absorbance was measured at 450 n# ethanol (1 ml) under identical centrifugation conditions,
(primary) and 630 nm (reference wavelength foair-dried, and resuspended in fDnuclease-free water
background correction) using a spectrophotometer. Nfor storage at -88C. cDNA synthesis was performed using
concentrations were extrapolated from a sodium nitratiee Revert AidTM First Strand cDNA Synthesis Kit (Cat.
standard curve (0-2QMM) and expressed as mmol/L (Li No. K1621; Fermentas, USA) per manufacturer guidelines.
et al, 2025). Primer sequences for HOTAIR, miR-124, Notchl,

Jaggedl, and GAPDH (reference gene) were designed with
Liver tissue lipid peroxidation levels (TBARS levels), Gene Runner software (Hastings Software, USA) and
total antioxidant capacity (FRAP levels), and thiol levels validated via NCBI Primer-BLAST (Table I1).
Amplification involved 42 cycles (Corbett Rotor

Liver tissue (100 mg) was homogenized in cold PBiermocycler) with 70C annealing, and gene expression
(200ul) at 4°C, and 10Qul of the homogenate was mixedwas quantified usindACt analysis with fold-change
with 10ul of FRAP reagent. The mixture was incubated atalculations relative to GAPDH.
25°C for 15 min, centrifuged at 12,08@Q for 10 min, and
the supernatant’s absorbance was quantified at 593 nm  The fold formula change = 2°T; AACt = [(Ct
using a Stat Fax 303 microwell ELISA reader (Awarenesample - Ct GAPDH gene) - (Ct sample — Ct control)] (Li
Technology, USA). et al, 2025).
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Table Il. Primer sequences. volume was measured via water displacement in a graduated
Gene Sequences (5'-3) beaker, with the displacement difference representing the
GAPDH F: TGAAGGTCGGAGTCAACGG pre-fixation volume. To ensure unbiased sampling, isotropic
R: AGAGTTAAAAGCAGCCCTGGTG uniformly random (IUR) sections were generated using the
HOTAIR F: GGTAGAAAAAGCAACCACGAAGC Orientator method: tissues were sequentially bisected along
R: ACATAAACCTCTGTCTGTGAGTGCC  two orthogonal planes defined by randomized angles (0-
Jagged1 F: CGCCCTCTGAAAAACAGAAC 10° increments), followed by systematic sectioning into 2
R: ACCCAAGCCACTGTTAAGACA mm slices. Six to eight representative sections per liver were
Notchl F: CTGGACCCCATGGACATC selected, and a circular subsample (diameter measured with
R: ACTGTACACACTGCCGGTTG calipers) was processed through graded ethanol dehydration,
miR-124 F: GGAACCTTCTGAGTGCCTTAC xylene clearing, and paraffin embedding at°65 Tissue

R: CCGTAAGTGGCGCACGGAAT shrinkage was quantified by measuring the post-processing

diameter of circular sections and applying the formula:

Immunohistochemistry (IHC) assay
Volume shrinkage = 1 — (AA/AB)1.5

Apoptotic differentiation in liver tumor cells was
assessed via p53 and caspase-3 immunohistochemistry.  On 54m thickness sections, the volume density of
Paraffin-embedded liver tissue sectionsp®) were the targeted structures [volume (fjnof the totlal (TV)
deparaffinized, rehydrated, and subjected to heat-induceentral (HA) and portal veins (PV), bile ducts (BD), and
antigen retrieval by overnight incubation at@5in a Cole- hepatic artery (HA)] was determined using the point-
Parmer WB-400 water bath incubator (Model UX-12105-9G;ounting method and Delesse's-formula.
Cole-Parmer, USA) with anti-p53 (1:500 dilution; Cat. No.
GAF1355) and anti- caspase-3 (1:500 dilution; Cat. No.
MABS835) primary antibodies (R&D Systems, USA). Slides
were then incubated for 1 h atZ5, washed with 0.1 % PBST,
and blocked with 5 % bovine serum albumin. Endogenousn ;, structure) ” was the number of test points that settled
peroxidase activity was quenched with 3 Y20 min, 25 on the targeted structures, aiZi:»  wals the total number
°C), followed by DAB chromogen staining and hematoxylirpf points that fell on the liver sectior&he following formula

counterstaining. Slides were imaged at>®agnification \yas used to determine the total targeted structural volume
using an Olympus BX61TRF microscope (Japan) coupled tfig. 1).

ImageJ software. The percentage of p53 and caspase-3-positive
cells was calculated by counting positive nuclei across 10  V (structure) =V (total liverk Vv (structure).
random fields relative to total cells (Khorshetdal, 2025). 00

n n
Vv(structure) = Z p (structure)/ Z(re ference)
i=1 i=1

_—I__ 3 Control
R HCC
@ HCC +200 CSBE
EJ HCC +400 CSBE
I 400 CSBE

Liver histopathology

w

=

>
1

Liver tissues were fixed in 10 % neutral buffered 2007

formalin for 72 h, followed by PBS rinsing to remove excess
fixative. Specimens underwent sequential dehydration throug
a graded ethanol series (70 %-100 %), cleared in xylene, a
embedded in paraffin wax. Tissue sectiongutbthickness)
were cut using a Leica SM2010RV1.2 microtome (Germany
and heat-adhered to slides at87 After H&E staining using
standard protocols, histological evaluation was performed ¢
400x magnification with an Olympus BX61TRF microscope
(Japan). Digital images were acquired through the integrate
camera system and analyzed using ImageJ software (NIH) f
guantitative assessment (Nasral, 2019).
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Body and liver weight (g) (mean £SD)
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BW () L ()
Tissue preparation and stereological measurements ~ Fig. 1. (a) Rats body (BW) and liver (LW) (g) weight in
experimental groups (meah$D; n=10/group). # (p<0.05)
Initial tissue volume was determined using Cavalieri’$!CC vs control groups; * (p<0.05) HCC+200 and 400
Principle to account for shrinkage artifacts. The primary liveeSBE treateds. HCC groups.
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Statistical Analysis (BIL) and C-reactive protein (CRP) levels revealed a
significant increase (p < 0.05) in both markers within the
Quantitative comparisons across experiment&dCC group relative to the control group. Notably, CSBE
groups were performed using one-way analysis of varianskowed a dose-dependent effect in lowering (p < 0.05)
(ANOVA) with Newman-Keuls post hoc testing, wherethese serum indicators compared to the HCC group.
statistical significance was defined as p < 0.05. Dafurthermore, the assessment of serum albumin (ALB) and
normality and homogeneity of variances were verified vigotal protein (TP) levels indicated that DEN significantly
the Kolmogorov-Smirnov test, with p > 0.05 confirmingdecreased (p < 0.05) both markers compared to the control
parametric assumptions. Results are expressed astmegnoup, while the HCC+400 mg/kg CSBE treatment group
standard deviation (SD). All analyses were executed @xhibited a significant increase (p < 0.05) in these levels
SPSS (v16; IBM Inc., USA), while graphical visualizationzompared to the HCC group (Fig. 2a,b).
were generated using GraphPad Prism (v9; GraphPad Inc.,
USA) (Naseriet al, 2019). Serum GPx, CAT, and SOD activity alongside serum
NO levels
RESULTS
DEN induced a significant increase in serum nitric
LD, of CSBE oxide (NO) levels compared to the control group by
promoting the generation of free radicals. In contrast,
Following a 24-hour evaluation of CSBE-treatedCSBE demonstrated a dose-dependent decrease in NO
groups, a non-toxic safety threshold (D safe) was identifidéelvels relative to the HCC group, with a statistically
at 2000 mg/kg, while the toxicological limit () was  significant reduction (p < 0.05) observed at the 400 mg/kg
observed at 5000 mg/kg. Application of Lorke’s methodosage in the HCC+400 CSBE group. Additionally, DEN
yielded a median lethal dose (L Jpof 3162 mg/kg for significantly reduced the serum activity of all three
CSBE, indicating that doses below this threshold aemtioxidant enzymes compared to the control group.
pharmacologically viable for preclinical animal studiesConversely, CSBE increased the serum levels of these
Normative safety protocols were confirmed through thesmzymes in a dose-dependent manner, with a statistically
parameters, ensuring experimental integrity in subsequeaitnificant rise (p < 0.05) noted at the 400 mg/kg dosage
toxicological assessments. in the HCC+400 CSBE group compared to the HCC group
(Fig. 2c).
Body and liver weight
Thiol, FRAP, and TBARS levels in liver
Upon examining the effects on total body weight
(BW) and liver weight (LW), it was found that DEN in Thiol, FRAP, and TBARS levels were important
the HCC group resulted in a significant decrease in BWdicators of overall antioxidant capacity and lipid
(p < 0.05) and a notable increase in LW (p < 0.05eroxidation. The results showed that DEN significantly
compared to the healthy group. Conversely, CSBiEeduced (p < 0.05) the levels of all three markers in the
demonstrated a dose-dependent effect at doses of 200 tisglies compared to the control group. In contrast, CSBE,
400 mg/kg in the HCC+200 and HCC+400 groups, leadirdpe to its rich antioxidant properties, exhibited a dose-
to a significant increase in the rats' weight (p < 0.05) anttpendent increase in the levels of these markers when
a significant reduction in liver weight compared to theompared to the HCC group, with a statistically significant
HCC group (Fig. 1). elevation (p < 0.05) observed at the 400 mg/kg dosage in
the HCC+400 CSBE group compared to the HCC group
Effects of CSBE and DEN on serum liver biochemical (Fig. 2d).
parameters
Serum levels of TNFa, IL-10, IL-6, and IL-18
Following the evaluation of serum liver enzyme
activities (ALT, AST, and ALP), it was found that DEN DEN promoted inflammatory responses, resulting
significantly increased (p < 0.05) the activity levels of alin increased concentrations of pro-inflammatory cytokines
three enzymes compared to the control group. In contraahd a decrease in systemic anti-inflammatory cytokines.
the HCC+200 and HCC+400 mg/kg CSBE treatmer8pecifically, there was a significant rise (p < 0.05) in the
groups demonstrated a significant reduction (p < 0.05) serum levels of all three pro-inflammatory cytokines: TNF-
the activity levels of these enzymes when compared to thelL-13, and IL-6, compared to the control group, while
HCC group. Additionally, the analysis of serum bilirubinlL-10 levels decreased notably. Conversely, the study
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Fig. 2. (a) Serum activity of alanine aminotransferase (ALT), aspartate aminotransferase (AST), and alkaline phosphatase
(ALP) enzymes (IU/L), (b) serum levels of albumin (ALB) (mg/dL), total protein (TP) (g/L), and bilirubin (Bhhl(L), C

reactive protein (CRP) (mg/L), (c) Serum levels of NO (mmol/ml), alongside the mean serum activity of SOD, CAT, and GPx
(U/ml), and (d) liver tissue levels of TBARS (nmol/mg) and FRARE¢I/mQ) in experimental groups (meah$D; n=10/

group) in experimental groups. # (p<0.05) H@&C control groups; * (p<0.05) HCC+200 and 400 CSBE treatetiCC

groups.

indicated that CSBE exhibits strong anti-inflammatorgompared to the HCC group. These changes were statistically
properties, as it progressively increased serum levels of Isignificant (p < 0.05) at the 400 mg/kg dosage in the HCC+400
10 and reduced the levels of TNE4L-1[3, and IL-6 when CSBE group compared to the control group (Bia).
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Fig. 3. (a) Serum levels of IL-1b, TNF-a, IL-6 (pg/ml), and IL-10 (ng/ml) and (b) HOTAIR, miR-124, Notch1, and Jaggedl genes
expression (meansSD; n=10/group) in experimental groups. # (p<0.05) W€ Control groups; * (p<0.05) HCC+200 and 400
CSBE treated's.HCC groups.

Expression of liver HOTAIR, miR-124, Notchl, and Treatment with 400 mg/kg CSBE significantly increased the
Jaggedl genes volumes of the central and portal veins and significantly
decreased bile duct volume (p < 0.05). In contrast, the 200
The analysis of gene expression related tmg/kg CSBE group showed no statistically significant
proliferation, differentiation, and apoptosis pathways showetifferences (p > 0.05), although the measured volumes tended
that DEN treatment significantly decreased the expressitmreturn toward normal levels (Figs. 4 and 5).
of HOTAIR, Notchl, and Jaggedl, while increasing mi  s-
124 expression in hepatocytes compared to the healthy g &
(p < 0.05). In the HCC+200 CSBE group, there was
increase in HOTAIR, Notch1, and Jagged1 expression, al
with a decrease in miR-124 expression compared to the t
group; however, these changes were not statistici
significant (p > 0.05). The most notable changes occul
in the HCC+400 CSBE group, where HOTAIR, Notchl, a
Jaggedl expression significantly increased, and miR-
expression significantly decreased compared to the F
group (p < 0.05). (Fig. 3b).
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Liver volume assessment showed that DEN expos
caused a significant increase (p < 0.05) compared with
control group, based on measurements of hepatocyte
sinusoid volumes. Among the CSBE-treated groups, ¢
the 400 mg/kg dose produced a significant reductioninli o1 : ‘
vol_ume relative_ to the DEN group. Analysis of the cent Fig. 4. \/Lowl'ume (mr?l){%f the Iivel:D(LV), centPr;I (HA) an%lvportal
vein, portal vein, bile duct, and_h_epatlt_: a_rt_ery VOIume@eins (PV), bile ducts (BD), and hepatic artery (HA) (mean
revealed that the DEN group exhibited significantly largefiandard deviation) in DEN-induced HCC in the control group and
central and portal veins and a markedly reduced bile dugbups treated with DEN and the CSBE. # (p<0.05) WE€ontrol
volume compared with the control group (p < 0.05), whilgroups; * (p<0.05) HCC+200 and 400 CSBE treatedHCC
hepatic artery volume remained unchanged (p > 0.05). groups.

795



GAO, X.; YING, X.; CHEN, D.; CHEN, Z.; LV, X. & WANG, J. Investigating the anticancer effects@ératonia siliquaL. (Carob) bean extract on hepatocellular carcinoma: insights into inflammatory,
oxidative stress, and HOTAIR/miR-124/Notch1 pathways using biochemical, molecular, immunohistochemical, and histopathettogitsain J. Morphol., 44(2)789-802, 2026.

Liver histopathological evaluations central venule (CV) dilatation. In contrast, the HCC + 200
and 400 CSBE groups showed restoration of normal

Histopathological examination revealed that DENepatic lobule structure, marked reductions in LI, absence
exposure caused the formation of hepatic nodules (HN), HN, and clear organization of hepatocytes (H) around
pronounced lymphocytic infiltration (LI), and hepatocytehe liver sinusoids (S). These improvements appeared dose-
degeneration (D) adjacent to necrotic areas, accompandzbendent, with the HCC + 400 CSBE group
by loss of the normal hepatic triad (HT) and hepatic lobuldemonstrating the most substantial recovery of tissue
(HL) architecture, along with evident congestion (CO) andrchitecture (Fig. 5).

At

Fig. 5. Histopathological changes in liver tissue in control (a), HCC (b), HCC+200 CSBE (c), HCC+400
CSBE (d), and 400 CSBE (L00 with Scale bar = 2Q0m). Histopathological examinations of the liver

tissue in the studied groups revealed that DEN induced the development of hepatic nodules (HN) consisting
of lymphocytic infiltration (LI) and degenerated hepatocytes (D) near the necrotic tissue. In this specific
group, the typical hepatic triad (HT) and hepatic lobule (HL) were not present, while dilatation of the
central venule (CV) were visible. In the HCC+ 200 and 400 CSBE groups, the restoration of HL formation

to a normal state and a significant reduction in LI were observed. Furthermore, the presence of HN was
no longer identifiable in the liver, and the alignment of hepatocytes (H) alongside the liver sinusoids (S)
was notably clear. These changes seem to be associated with the dosage administered, with the most
significant improvement in tissue structure seen in the HCC+ 400 CSBE group.
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60 Liver p53 and caspase-3-positive hepatocytes
# I Bl Analysis of p53 and caspase-3-positive cell
[ H%’gm percentages revealed that DEN administration caused a
] i HCC +200 CSBE significant increase (p < 0.05) in p53 and caspase-3-positive
40 =§IO‘;CC:]‘;'];’ CSBE cells compared with the healthy group. Treatment with

CSBE extract at 200 and 400 mg/kg reduced the apoptotic
index, reflected by lower p53 and caspase-3-positive cells
counts relative to the HCC grouotably, the decrease
observed in the HCC + 400 CSBE group reached statistical
significance compared with the HCC group (Figs. 6, 7 and 8).

Fig. 6. P53 and caspase-3 positive cells (%) in liver tissue by
immunohistochemistry in experimental groups. (n=10 rat/group, data are
“meanst SD). # (p<0.05) HC@s. control groups; * (p<0.05) HCC+200
P53 (%) Caspase-3 (%) and 400 CSBE treated vs. HCC groups.

P53 and caspase-3 positive cells (%) (mean£SD)

Fig. 7. P53 positive cells (%) in liver
tissue by immunohistochemistry in
control (a), HCC (b), HCC+200 CSBE
(c), HCC+400 CSBE (d), and 400
CSBE & 100 with Scale bar = 200
um). # (p<0.05) HCCvs. control
groups; * (p<0.05) HCC+200 and 400
CSBE treateds HCC groups.
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Fig. 8. Caspase-3 positive cells ( %) in liver tissue by
immunohistochemistry in control (a), HCC (b),
HCC+200 CSBE (c), HCC+400 CSBE (d), and 400
CSBE & 100 with Scale bar = 2Qdm). # (p<0.05) HCC
vs. control groups; * (p<0.05) HCC+200 and 400 CSBE
treated vs. HCC groups.

DISCUSSION

Hepatocellular carcinoma remains a complex angdisahli et al (2021), DEN exposure in our experiment
multifactorial malignancy in which chronic inflammation, markedly elevated serum ALT, AST, ALP, bilirubin, and CRP,
oxidative stress, dysregulated gene expression, and structugflecting hepatocellular leakage, disrupted bile flow, and
remodeling of liver tissue act synergistically to promot@nhanced systemic inflammation. Concurrently, total protein
malignant transformation. In the present studyand albumin levels were significantly reduced, signifying
administration of DEN successfully reproduced thempaired synthetic capacity of hepatocytes and progressive
progressive biochemical and histological deterioratioparenchymal damage. Oxidative stress emerged as a pivotal
characteristic of human HCC, highlighting the carcinogensomponent of DEN toxicity: significant reductions in serum
well-documented hepatotoxicity. DEN's metabolic activatiolsOD, CAT, and GPx activities, coupled with elevated nitric
by cytochrome P450 enzymes yields highly reactivgxide levels, revealed extensive free radical accumulation
alkylating intermediates capable of inducing extensive DNAnd compromised scavenging capacity. Tissue-level
adduct formation, impairing genomic integrity, and activatingneasurements reinforced this conclusion, as DEN sharply
the p53-dependent apoptotic machinery (Reired, 2024).  decreased thiol groups and FRAP values while increasing
Consistent with earlier reports by Owuetial (2019), and TBARS, indicating severe lipid peroxidation (Huaetgal,
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2018; Singret al, 2018). These biochemical alterations wereflammation accelerates HCC by promoting hepatocyte
mirrored at the organ level: DEN-treated rats exhibitedeath, compensatory proliferation, angiogenesis, and
reduced body weight, marked hepatomegaly, vasculaxtracellular matrix remodeling, the ability of CSBE to
dilation, sinusoidal distortion, bile duct attenuation, anchodulate cytokine networks is highly relevant. Its
structural collapse of hepatic lobules. Histopathologicgdhytochemicals likely downregulate NdB and JAK/STAT
features—including hepatocyte degeneration, lymphocytignaling, pathways commonly activated by DEN and
infiltration, necrotic zones, nodular formation, anchyperinflammatory conditions. By reducing inflammatory
architectural disarray—reflected chronic inflammatorgtress and simultaneously enhancing anti-inflammatory
remodeling and preneoplastic transformation. Moreover, tteunter-regulation, CSBE interrupts the feedback loops that
observed increase in p53 and caspase-3-positive hepatocpepetuate hepatocarcinogenesis (Ageetval, 2024).
demonstrates activation of the intrinsic apoptotic pathwalRestoration of serum ALT, AST, ALP, bilirubin, and CRP
likely an early defensive response to DNA damage bilgavels, along with normalization of albumin and total protein,
simultaneously a contributor to regenerative hyperplasia ahdther confirm improved hepatic integrity and synthetic
tumor-promoting cycles. At the molecular level, DENunction. Moreover, the significant reversal of DEN-induced
dysregulated the HOTAIR/miR-124/Notch1 axis, a pathwalgody weight loss and liver enlargement indicates that CSBE
increasingly recognized as a central determinant of tumoot only protects hepatocytes but also prevents pathological
progression, stemness, and treatment resistance in H@thodeling of the liver. These collective findings align with
(Rodimoveet al, 2023). DEN downregulated HOTAIR andprevious studies on medicinal plants—including Vaccinium
Notchl while upregulating miR-124, suggesting a profounspecies extractsirifolium pratense Nigella sativa and
imbalance in proliferation—apoptosis regulatory circuitsSilybum marianum-which similarly demonstrate strong
Together, these findings confirm that DEN reliably inducelsepatic  protection through antioxidant and
a multifaceted model of HCC characterized by biochemicahmunomodulatory mechanisms (Abenavetial, 2018;
dysfunction, massive oxidative stress, chronic inflammatoialli et al, 2025). CSBE’s multifaceted biochemical and
activation, genetic dysregulation, and extensivanti-inflammatory actions thus form a central pillar of its
morphological deterioration, thereby providing a robudtepatoprotective and anticancer efficacy.
platform to evaluate the therapeutic potential of bioactive
compounds such &eratonia siliquabean extract. Beyond its biochemical and antioxidant properties,
the most striking outcome of CSBE treatment is its ability
The present study demonstrates that CSB# recalibrate the HOTAIR/miR-124/Notchl axis, a
profoundly mitigates DEN-induced hepatotoxicity bymolecular network increasingly implicated in the initiation,
restoring antioxidant equilibrium, suppressing inflammatorgrogression, and therapeutic resistance of HCC. In DEN-
mediators, and improving liver function parameters in a dosijured liver tissue, downregulation of HOTAIR and Notch1,
dependent manneCeratonia siliquais rich in phenolics combined with upregulation of miR-124, reflects a profound
and flavonoids—such as catechin, gallic acid, kaempferdahift in transcriptional regulation, epigenetic control, and
and rutin—compounds known for their exceptional freeell fate determination (Fergg al., 2024). Dysregulation of
radical scavenging ability, metal-chelating activity, andhis pathway disrupts hepatocyte differentiation cues,
capacity to modulate redox-sensitive signaling pathwayaeakens proliferation control, and alters apoptosis—survival
The strong antioxidant effect of CSBE in our study ibalance. CSBE, especially at 400 mg/kg, significantly
evidenced by the significant elevations in serum SOD, CAlieversed these alterations: HOTAIR, Notchl, and Jaggedl
and GPx activities, reductions in nitric oxide, and restoratiogxpression increased at gene levels, while miR-124 levels
of hepatic thiol content, FRAP, and TBARS levels towarfell sharply toward normal values. This rebalancing suggests
normal ranges. These findings indicate that CSBE attenuatestoration of Notch signaling fidelity, which is essential for
oxidative challenges before they can initiate lipichepatic homeostasis, lineage maintenance, and controlled
peroxidation, protein oxidation, or mitochondrialregeneration. Contrary to classical views of Notch as
dysfunction. The antioxidant response is likely mediategixclusively oncogenic, its role in liver biology is context-
through upregulation of endogenous enzymatic defensegpendent: early carcinogenesis requires Notch suppression
stabilization of redox homeostasis, and scavenging of RO®/ enable uncontrolled dedifferentiation, while restored
RNS generated through DEN biotransformation. Parallel téotch activity can promote hepatocyte maturation and
these antioxidant activities, CSBE also exerted robust antestrain malignant transformation (Valizadethal, 2021).
inflammatory effects (Hameistet al, 2020). DEN-induced By upregulating Notchl and Jaggedl, CSBE may reinforce
elevations in TNFa, IL-13, and IL-6 were significantly controlled proliferation and prevent aberrant
reversed by CSBE, while IL-10 levels increasededifferentiation—a hallmark of DEN-induced
substantially, particularly at 400 mg/kg. Given that chronicarcinogenesis. Additionally, the modulation of HOTAIR, a
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long non-coding RNA involved in chromatin remodelingnormalized oxidative stress parameters. Its modulation of
suggests epigenetic reprogramming. The normalization tife HOTAIR/miR-124/Notch1 signaling axis, along with the
HOTAIR expression indicates that CSBE may preventduction in p53 and caspase-3-positive apoptotic cells,
histone modification patterns that promote invasive artighlights its capacity to regulate key pathways involved in
metastatic phenotypes (Mozdaraati al., 2020). The hepatocyte proliferation, differentiation, and survival.
downregulation of miR-124, a microRNA known to suppreslistopathological improvements—including restored lobular
Notch signaling, further reinforces pathway restoratiorstructure, reduced lymphocytic infiltration, and absence of
Importantly, CSBE also reduced p53 and caspase-3-positivepatic nodules—further support its protective role. Notably,
apoptotic hepatocytes, suggesting mitigation of DNAhe 400 mg/kg dose exhibited the most pronounced
damage and prevention of excessive apoptotic turnover-treerapeutic benefits, indicating a dose-dependent response.
key factor in limiting compensatory proliferation andOverall, these findings suggest that CSBE is a promising
reducing carcinogenic pressure. Histological improvementsatural agent for preventing or attenuating
including restored lobular architecture, reduced lymphocytiepatocarcinogenesis and warrants further investigation as
infiltration, absence of hepatic nodules, and normalizesicomplementary strategy in liver cancer management.
vascular and bile duct volumes, corroborate the molecular

findings. These tissue-level outcomes highlight CSBEBunding. Establishment and Development of a Database
capacity to attenuate the destructive cycle of inflammatioand Biobank for Populations at High Risk of Hepatocellular
driven apoptosis, regeneration, and neoplasti€arcinoma in Yongkang City (No. 202407002).
transformation. The concurrent regulation of oxidative stress

pathways, inflammatory cytokines, and the HOTAIR/miRConflicts of interest The author(s) declared no potential
124/Notchl axis underscores a comprehensive therapeuwtimflicts of interest with respect to the research, authorship,
profile, positioning CSBE alongside other plant-derivednd/or publication of this article.

bioactives—such as curcumin, resveratrol, quercetin, and

Vaccinium polyphenols—which similarly modulateEthical statement. This research adhered to ethical
oncogenic and tumor-suppressive signaling networks in HGfiidelines for the use of animal subjects. Animal welfare
(Batihaet al, 2020). Importantly, CSBE’s efficacy was doseconsiderations were taken into account, minimizing pain,
dependent, with the 400 mg/kg dosage consistenttiystress, and suffering. Ethical approval was obtained from
outperforming the 200 mg/kg treatment across athelnstitutional Animal Care and Use Committee of Zhejiang
biochemical, molecular, and histological metrics, suggestimjlimo Biotechnology Co., Ltd (ALM20251130)

a threshold concentration required for optimal modulation

of the DEN-induced pathological cascade. Additionally, thg A0, X.: YING, X.: CHEN, D.: CHEN, Z.: LV, X. &

LDS0 value of 3162 mg/kg confirms a high safety marginy aNG, J. Investigacion de los efectos anticancerigenos del
supporting further pharmacological development. Thextracto de algarrobGeratonia siliqual. sobre el carcinoma
implications of these findings extend beyond preclinicalepatocelular: perspectivas sobre las vias inflamatorias, del estrés
modeling: by demonstrating the capacity of CSBE to regulat&idativo y HOTAIR/miR-124/Notchl mediante métodos
IncRNA—-microRNA—-Notch signaling, our results identifybioguimicos, moleculares, inmunohistoquimicos e histopatoldgicos.
actionable molecular targets for future therapeuti®t. J. Morphol., 44(3y89-802, 2026.

exploitation. This is particularly relevant given that
dysregulation of HOTAIR, miR-124, and Notchl correlateﬁe ato

with poor prognosis, metastasis, and ChemoreSIStanceﬁagBE) deCeratonia siliqual. (algarrobo) frente al carcinoma
human HCC. Thus, CSBE may serve as a foundation f épatocelular (CHC) inducido por N-dietilnitrosamina (DEN)

noyel Combina_tio_n therapies, potentially enhancing thén ratas Wistar, centrandose en su modulacién de vias
efficacy of existing treatments such as sorafenib ®ioquimicas, antioxidantes y moleculares, incluyendo el eje

RESUMEN: Este estudio evalu6o el potencial
potector y anticancerigeno del extracto de algarrobo

immunomodulatory agents. HOTAIR/miR-124/Notchl. Cincuenta ratas se dividieron en cinco
grupos: controles normales, CHC inducido por DEN (80 mg/
CONCLUSION kg), CHC tratado con 200 o0 400 mg/kg de CSBE, y ratas normales

gue recibieron 400 mg/kg de CSBE. Las evaluaciones posteriores

. . | tratamiento incluyeron marcadores séricos de la funcién
This study demonstrates that CSBE prOVId(.a% patica (albumina, proteina total, bilirrubina, PCR, ALT, AST,

significant hepatoprotective and anticancer effects agai e[P) citocinas inflamatorias (IL-6, IL{L IL-10, TNF-a)
DEN-induced hepatocellular carcinoma through COordm""t&rametros de estrés oxidativo (GPx, SOD, CAT, 6xido nitrico)

biochemical, molecular, and histopathological mechanismg.analisis molecular de la expresion de HOTAIR, miR-124,
CSBE effectively restored liver function markers, enhanceadbtchl y Jagged1 en tejido hepatico, junto con inmunotincién

antioxidant defenses, reduced inflammatory cytokines, add p53 y caspasa-3. La administracién de DEN alterd el peso
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corporal y hepatico, elevé las enzimas hepaticas, deterioré Hsang, D.; Li, H.; He, Q.; Yuan, W.; Chen, Z. & Yang, H. Developmental

defensas antioxidantes y desreguld el eje HOTAIR/miR-124/ toxicity of diethylnitrosamine in zebrafish embryos/juveniles related

Notchl, mientras que CSBE, particularmente a 400 mg/kg, to excessive_oxidative streWaterAirSoiIPoIIut.,2_29(3$1,2018. '

restauré la funcién hepéatica de forma dosis-dependiente, reddfy™meda. P Jain, D.; Chaudhary, P.; Meena, M. & Singh, D. Asystematic
p - : . iy L. . review on multipotent carcinogenic agent, N-nitrosodiethylamine

el est(es 9XIdatIVO y la mflamaqon, norn}alyzo la expresién génica (NDEA), its major risk assessment, and precautibrsppl. Toxicol.,

y mejor6 la arquitectura histopatoldgica. Estos hallazgos 44(gy1108-28, 2024.

demuestran la eficacia de CSBE para mitigar el CHC inducid@rimian, M.; Ghadiri, M.; Poormoosavi, S. M. & Najafzadehvarzi, H.
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