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Background: The liver functions as the body’s central metabolic organ, responsible for a wide array of vital processes, making its
protection a key objective in medical research. Consequently, the promising hepatoprotective potential of several 4-phenyltetrahy-
droquinoline derivatives motivated us to comprehensively investigate the mechanisms of action of four newly synthesized compounds
on carbon tetrachloride (CCly)-induced liver injury in rats.

Methods: Liver tissues and serum samples were collected from all experimental groups of Sprague-Dawley rats for histopathological
examination, serological testing, RT-PCR, and ELISA. The mRNA expression levels of TGF-f, Smad2, a-SMA, Collal, Smad7, miR-
21, and PPARY, along with the protein levels of MMP-9 and TGF-f, were analyzed in liver tissues. Additionally, the HepG2 cell line
was used for in vitro hepatotoxicity testing.

Results: The mRNA expression of miR-21, Smad2, a-SMA, CollAl, and TGF-f, as well as the protein levels of TGF-f and MMP-9,
was reduced in rats treated with our compounds compared to CCly-induced liver fibrosis in adult male Sprague-Dawley rats.
Conversely, these compounds increased the mRNA expression of Smad7 and PPARy. Additionally, the histopathological analysis
showed a decrease in the degree of liver fibrosis following treatment with the tested compounds.

Conclusion: The tested fused pyridine derivatives may protect the liver from fibrosis by modulating the TGF-/Smad, miR-21-
regulated TGF-B/Smad7, and PPARY signaling pathways. These findings suggest that these derivatives could serve as novel agents for
protecting the liver against fibrosis.
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Introduction

Liver fibrosis is a reversible pathophysiological process, serving as a compensatory reaction and wound-healing response
triggered by various pathological factors. Persistent hepatic damage resulting from inherited or acquired factors,
including metabolic disorders, viral infections, alcohol abuse, autoimmune diseases, and exposure to hepatotoxic
agents,! can compromise the liver’s regenerative capacity and lead to progressive pathological changes ranging from
transient elevations in liver enzymes to hepatic fibrosis, cirrhosis, and ultimately hepatocellular carcinoma.?* The global
incidence and prevalence of liver fibrosis have been on the rise in recent years in global population as reported by Zamani
et al in 2025, posing a significant worldwide health challenge.’ Hepatic stellate cells (HSCs) are specialized cells located
throughout the liver, and they play a vital role in both normal liver function and in responses to injury. These cells
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become activated in the presence of liver damage, stimulated by various cytokines such as transforming growth factor
beta (TGF-P). The activation of HSCs is a crucial factor in the initiation and progression of liver fibrosis.”° Although
HSCs are typically quiescent, once activated, they undergo behavioral alterations, becoming proliferative and fibrogenic.
This transformation leads them to differentiate into myofibroblasts, culminating in the buildup of extracellular matrix
(ECM).” Interestingly, research suggests a down-regulation of hepatic stellate cells in normal liver tissue.®

Transforming growth factor-p (TGF-B) serves as a crucial activator of hepatic stellate cells (HSCs) and exerts
regulatory control over various biological processes, encompassing the cell growth cycle, cell differentiation, immune
modulation, and deposition of extracellular matrix.” The TGF-B pathways play a significant role in the development of
liver fibrosis.® There are two distinct TGF-B signaling pathways governing fibrosis: the canonical pathway, involving
SMAD-2/3, and the non-canonical pathway, which operates independently of SMAD-2/3 participation.’ In the canonical
TGF-f signaling pathway, the initial step involves the release of active TGF-f from the latent TGF-p complex situated in
the extracellular space, where it exists in an inactive state. Following this, the inactive TGF- molecule binds to the TGF-
B type II receptor (TGF-BRII), initiating the phosphorylation of the TGF-B type I receptor ALKS. This activation sets off
a cascade of events, leading to the continuous phosphorylation of Smad2 and Smad3 proteins by ALKS in the cytoplasm.
Subsequently, these phosphorylated proteins form a complex with Smad4, which translocate to the nucleus. In the
nucleus, this complex regulates fibrosis-related transcription by interacting with various transcription factors, thereby
influencing gene transcription of molecules like type I collagen (Collal), a-smooth muscle actin (a-SMA), Matrix
metalloproteinases (MMPs), and tissue inhibitors of metalloproteinases (TIMPs) in HSCs.*® Additionally, the inhibitory
function of SMAD-7 competes with SMAD-2/3 to bind to phosphorylated ALK5.*? Concurrently, various studies have
affirmed that inhibiting TGF- expression and modulating the TGF-B/Smad signaling pathway are effective strategies for
preventing liver fibrosis.'°

Matrix metalloproteinases, a diverse family of endopeptidases capable of degrading nearly all ECM components.
They are typically secreted as inactive proenzymes with tightly regulated activity, the dysregulation of which can lead to
tissue damage and functional alterations, and their proteolytic activities in tissues are controlled by TIMPs."'

Peroxisome proliferator-activated receptor-y (PPAR-y) has a pivotal role in the activation and phenotypic alteration of
HSCs. PPAR-y helps keep HSCs in a quiescent state, suppressing the production of collal, a-SMA, and TGF-f, thereby
playing a vital role in reducing and preventing liver fibrosis. The effects of PPAR-y involve disrupting the TGF-j
signaling pathway and Smad-dependent promoter activity. It directly opposes the activation and/or function of Smad3 in
fibroblasts, without affecting the protein expression of stimulatory Smad3. Additionally, PPAR-y enhances the expression
of inhibitory Smad7."?

MicroRNAs (miRNAs) are a class of small RNAs that are endogenous and non-coding single-stranded RNAs. They
function by binding to target genes, resulting in the suppression of target gene translation and/or the degradation of target
gene mRNA. The dysregulation of miRNAs has been implicated in the pathogenesis of various diseases, including
fibrotic conditions.’”

Notably, miRNA-21 emerges as a key player, exerting multifunctional control over several signaling pathways,
including TGF-B/Smads. Specifically, miR-21 can augment the activity of the TGF-B/SMAD-2/3 signaling pathway by
suppressing the expression of Smad7. This, in turn, contributes to the promotion of the fibrotic process in the liver.”
Consequently, targeting miR-21 expression and thereby inhibiting the TGF-f1/Smad2-3 signaling pathway may alleviate
hepatic fibrosis, suggesting that miR-21 holds promise as a therapeutic target for treating hepatic fibrosis."?

Carbon tetrachloride (CCly) is a common toxic chemical known for its ability to cause immediate liver damage.
Carbon tetrachloride-induced hepatic injury is a well- established model for the study of liver fibrogenesis. Following
metabolic activation by cytochrome P450 enzymes, particularly CYP2E1, CCly is converted into highly reactive
trichloromethyl (¢CCl;) and trichloromethyl peroxyl (*OOCCI;) radicals, which initiate lipid peroxidation, oxidative
stress, and hepatocellular membrane damage.'® This oxidative injury results in hepatocyte necrosis, inflammatory cell
infiltration, and the release of profibrotic mediators that subsequently trigger hepatic stellate cell activation.'> Repeated
administration of CCly leads to sustained hepatocellular injury, excessive ECM deposition, and progressive fibrosis,
closely mimicking key pathological features of human liver fibrogenesis.'® Histologically, livers of CCls-treated animals
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exhibit marked morphological alterations including fatty degeneration, hepatocyte ballooning, centrilobular necrosis,
inflammatory infiltration, and collagen accumulation compared with control animals.'”

Fused pyridine (Tetrahydroquinoline “THQ”) derivatives hold significant importance in medicinal chemistry due to
their wide range of pharmacological activities.'®** Notably, these derivatives have been recognized for their hepatopro-
tective properties.”> Several derivatives were synthesised in our laboratories, which have shown efficacy in reducing
elevated ALT levels in rats.'®** These compounds were designed based on the structure of the acetylcholinesterase
inhibitor (tacrine).” Literature reviews consistently highlight the role of tetrahydroquinoline derivatives as hepatopro-
tective agents, particularly emphasizing the importance of substituents at the 2- and 4-positions of the tetrahydroquino-
line nucleus.'*?¢7

Our aim in this study is to evaluate the hepatoprotective effects of four novel fused pyridine derivatives, assess their
safety profile in hepatocytes, and elucidate the potential mechanisms and pathways underlying their actions. The
introduced groups at positions 2-, 3- and 4- of the tetrahydroquinoline nucleus were chosen carefully to investigate the
electronic and steric effects of substituents at these positions.

Materials and Methods

Chemicals and Drugs

Dimethyl sulfoxide (DMSO) was purchased from Thermo-Fisher Scientific (USA). Dulbecco’s Modified Eagle Medium
(DMEM) and fetal bovine serum (FBS) were obtained from Biowest (France). Tacrine was sourced from Sigma-Aldrich
Co. (St. Louis, MO, USA). Corn oil and CCl, were acquired from Alpha Chemika (India). Carboxymethyl cellulose
sodium salt (CMC) and formalin were purchased from Adwic - El Nasr Pharmaceutical Co. (Egypt). Silymarin and
isoflurane 100% were procured from Pharco-Pharmaceuticals Inc. (Egypt). Phosphate-buffered saline was obtained from
Loba Chemie (Mumbai, India).

Compound Synthesis
Compounds shown in Figure 1 have been synthesized according to procedure reported by Ragab et al.'® Further details
are available at supplementary materials (SM).
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Figure | (A) Rational for the synthesis of compounds la, Ib, 2a, and 2b. (B) Scheme for synthesis of target compounds. For compounds la, b: synthesis involves the
substitution of 2-chlorotetrahydroquinolines with 2 equivalents of phenyl hydrazine. For compounds 2a, b: synthesis involves the substitution of 2-chlorotetrahydroquino-
lines with 2 equivalents of hydrazine hydrate (98%).
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2-(2-Phenylhydrazinyl)-4-phenyl-5,6,7,8-tetrahydroquinoline-3-carbonitrile (1a)'®

Yield 65%; m.p.: 134-136 °C
4-(4-Chlorophenyl)-2-(2-phenylhydrazinyl)-5,6,7,8-tetrahydroquinoline-3-carbonitrile (1b)'®
Yield 60%; m.p.: 179181 °C

3-Amino-4-phenyl-5,6,7,8-tetrahydro-1H-pyrazolo[3,4-b]- quinoline (2a)'®

Yield 96%; m.p.: 264-266 °C
3-Amino-4-(4-chlorophenyl)-5,6,7,8-tetrahydro-1H-pyrazolo[3,4-b]quinolone (2b)'®

Yield 94.5%; m.p.: 254 °C

Biochemical and Molecular Investigations

Cell Culture and MTT Assay

Human hepatoma (HepG2) cells were used to evaluate the in vitro cytotoxicity of the tested compounds compared to
tacrine as their structure is derived from it. The HepG2 cell line was obtained from ATCC. The cells were cultured in
DMEM with high glucose, supplemented with 10% FBS, 100 U/mL penicillin, and 1% streptomycin were maintained in
a 37°C incubator with 5% CO, in a humidified atmosphere. One day before the treatment, cells were seeded at a density
of 1 x 10* cells/well in a sterile fat bottom 96-well tissue culture plate. After leaving the cells to adhere for 24 h, cells
were treated with different concentrations (two-fold serial dilutions ranging from 400 to 25 pM) of each compound as
well as tacrine for 24 h in the 5% CO, incubator. Thereafter, cell viability was assessed using a 3-(4,5-dimethyl-
2-thiazolyl)-2,5-diphenyl-tetrazolium bromide (MTT) assay obtained from Biobasic Inc (Canada).?® Following the 24-h
treatment period, MTT was added to the wells at a final concentration of 0.5 mg/mL, and the cells were incubated for
4 h in the dark. Subsequently, the media were carefully removed from the wells, and the formed formazan crystals were
dissolved by adding 100uL of DMSO. Absorbance readings were taken using a microplate reader (BioTek, USA), and
the percentage cell viability was calculated for each condition relative to the control cells treated with the same DMSO
concentration.

Animal Studies

Ninety six (96) Sprague-Dawley male rats weighing 180-220g are included in the study and were obtained from the
animal house at the Institute of Graduate Studies and Research, Alexandria University, Egypt. Rats were kept at room
temperature, under a 12-h light/dark cycle, in well-ventilated polypropylene cages, and had free access to water and food.
This study was conducted in accordance with the ARRIVE Guidelines and the Guide for the Care and Use of Laboratory
Animals to ensure the welfare of laboratory animals and was approved (Approval Code: 06-2023-4-12-2-178) by the
Animal Care and Use Committee of the Faculty of Pharmacy, Alexandria University.

Experimental Design

Rats were randomly divided into twelve groups (n = 8). Group I, the healthy rats, do not receive any drug or diluent.
Group II, the control group, received corn oil (1 mL/kg body weight, i.p.) every 72 h for 14 days. Group III, the
hepatotoxicity group, received CCly (1 mL/kg body weight, a 1:1 v/v mixture of CCl, and corn oil, i.p.) every 72 h for 14
days.”® Groups IV-VII, the treated groups, received compounds (1a, 1b, 2a, and 2b), respectively, (25 mg/kg body
weight, suspended in 0.5% CMC, P.O.) every 24 h, as well as CCl, (1 mL/kg body weight, a 1:1 v/v mixture of CCl, and
corn oil, i.p.) every 72 h for 14 days. Group VIII, the positive control group, received silymarin (100 mg/kg, suspended in
0.5% CMC, P.O.) every 24 h, as well as CCly (ImL/kg body weight, a 1:1 v/v mixture of CCl and corn oil, i.p.) every
72 h for 14 days.*° Groups IX—XII, the safety profile groups, received only compounds (1a, 1b, 2a, and 2b), respectively,
(25 mg/kg, suspended in 0.5% CMC, P.O.) every 24 h for 14 days. The dose of the newly synthesized compounds
(25 mg/kg/day, orally) was selected based on the therapeutic dose of tacrine, which had been shown to maintain
cholinergic-mediated behaviors in rats in a prior study examining the pharmacokinetic and pharmacodynamic properties
of tacrine and other cholinesterase inhibitors.*! Additionally, in two prior studies from our laboratory using two other sets
of four tacrine-derived compounds each, the same dose demonstrated full safety in comprehensive assessments and

effective hepatoprotection.'*?’
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Sample Collection and Preparation

Rats were euthanized 24 hours after the final treatment dose using an inhaled overdose of isoflurane.>? Blood was
collected via cardiac puncture, allowed to coagulate, and then centrifuged for 10 minutes at 5000 rpm (GBF501,
Centrifuge Cencom-II, Selecta) to obtain serum. The livers were collected and dissected into portions. One portion
was fixed overnight in 10% buffered formalin for histological examination. Another portion was homogenized and
centrifuged at 10,000 rpm for 10 minutes, with the supernatants collected for further analysis. Liver tissues and
homogenates were stored at —80°C until used.

Biochemical Analysis

Various colorimetric serum diagnostic kits were used to evaluate the toxicity and hepatoprotective potential of the newly
synthesized derivatives. To assess the toxicity profile, lipid parameters such as total cholesterol (TC) and triglycerides
(TG) were measured. For the assessment of hepatotoxicity and hepatoprotective potential, liver function tests including
ALT (alanine transaminase), AST (aspartate transaminase), alkaline phosphatase (ALP), and total bilirubin (TBIL) were
conducted. All diagnostic kits were obtained from Biodiagnostics, Egypt, and were used and stored according to the
manufacturer’s instructions.

Histopathological Assessment

Serial sections were prepared from the formalin-fixed liver tissues, which were then processed into paraffin blocks.
Multiple 5-um-thick sections were cut and mounted on glass slides. One section was stained with H&E to assess activity,
while another was stained with Masson trichrome to evaluate fibrosis. Both activity and fibrosis were examined using
a light microscope (Olympus, CX 22LED) and assessed with the METAVIR scoring system.>* For activity, the number of
inflammatory foci (lobular necrosis) and the degree of portal inflammation (piece meal necrosis) were evaluated,
resulting in a histological activity score (A0 = none, Al = mild, A2 = moderate, A3 = severe). Fibrosis was assessed
on Masson trichrome-stained sections and scored according to a 4-tiered system (FO = no fibrosis, F1 = mild/moderate,
F2 = significant, F3 = advanced fibrosis, F4 = cirrhosis). Moreover, at x200 power, Masson trichrome stained photos
were assessed by image analysis software. The blue colour of fibrous tissue was extracted and measured as percentage of
total image area. Additionally pathological features, such as steatosis and apoptotic hepatocytes, were also noted if
present.

Enzyme-Linked ImmunoSorbent Assay (ELISA)

Expression of both TGF-f§ and MMP-9 in liver tissues was determined by sandwich ELISA using ELISA kits (Catalog
Numbers: BYEK3197, Chongqing Biospes Co., Ltd., China, and Catalog Numbers: E-EL-R3021, Elabscience, USA,
respectively).

Quantitative Real-time Polymerase Chain Reaction
Quantitative analysis of studied genes (TGFpB, Smad2, a-SMA, Collal, Smad7 and PPARy), and miR-21 expression in
liver tissues were performed using quantitative real time reverse transcriptase-polymerase chain reaction (qQRT-PCR).
Concerning (TGFB, Smad2, a-SMA, Collal, Smad7 and PPARY) first, the total RNA was isolated from the liver tissues
using the phenol/guanidine extraction method (miRNeasy Mini Kit, catalog number: 217004, QIAGEN, Germany),
according to the manufacturer instructions, then the isolated RNA was reverse transcribed using (QuantiTect Reverse
Transcription Kit, Catalog no. 205311, QIAGEN, Germany) into complementary DNA (cDNA). Quantitative PCR was
applied to determine the relative expression of studied genes using the (ViPrime PLUS Taq qPCR Green Master Mix
I Kit, Catalog no. QLMM12-LR, Viviantis, Malaysia) and the specific primer sets for each gene (Table 1). The relative
quantification (RQ) using comparative threshold cycle (Ct) provides an accurate comparison between the initial levels of
template in each sample. A normalizer or reference gene (18s rRNA) was used as internal control for experimental
variability in this type of quantification. This method of relative quantification is called 2-AACt method or Livak method.
Quantitative PCR assay was carried out using Bio-Rad CFX connect thermal cycler (Bio-Rad, Inc USA).**
Concerning miR-21 expression in the hepatic tissue was assayed using TagMan® miR-21 (Thermo Fisher Scientific,
Cat.no. 4427975, ID: 000397) kit and using U6 as a reference gene (cat no. 4427975, ID: 001973). Quantitative PCR
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Table | Primer Sets of Studied Genes and I8s rRNA (Reference Gene)

Gene Accession No. Primer Sequence
ASMA NM_001106409.1 | Forward | TGCTGACAGAGGCACCACTGAA
Reverse | CAGTTGTACGTCCAGAGGCATAG
COLIAI NM_053304.1 Forward | ATCAGCCCAAACCCCAAGGAGA
Reverse | CGCAGGAAGGTCAGCTGGATAG
PPARy NM_013124.3 Forward | TGGAGCCTAAGTTTGAGTTTGC
Reverse | TGAGGTCTGTCATCTTCTGGAG
SMAD2 NM_001277450.1 | Forward | CCAGGTCTCTTGATGGTCGT
Reverse | GGCGGCAGTTCTGTTAGAAT
SMAD7 NM_030858.2 Forward | GTCCAGATGCTGTACCTTCCTC
Reverse | GCGAGTCTTCTCCTCCCAGTAT
TGF-1B NM_021578.2 Forward | TGATACGCCTGAGTGGCTGTCT
Reverse | CACAAGAGCAGTGAGCGCTGAA
18s rRNA NR_046237.2 Forward | GTAACCCGTTGAACCCCATT
(Reference gene) Reverse | CAAGCTTATGACCCGCACTT

began with an initial denaturation at 95°C for 10 minutes and amplification via 45 cycles of PCR as follows:
Denaturation at 95°C for 5 seconds, annealing at 55°C for 15 seconds, and then extension at 60°C for 15 seconds.
Amplification, data acquisition, and analysis were performed on CFX96 Touch Deep Well Real-Time PCR Detection
System (Bio-rad laboratories, California, USA). The values of threshold cycle (Ct) were determined by CFX Maestro™
Software version 1.1 (Bio-rad laboratories, California, USA). The relative change in miR-21 in samples was determined
using the 2-AACt method and normalized to the reference U6.

Statistical Analysis

GraphPad Prism software (version 10) was used for statistical analysis. For parametric data, results were presented as means
+ SEM, and the differences between groups were analyzed using one-way ANOVA followed by Dunnett’s post-hoc test.
Histopathological nonparametric data were analyzed using the Kruskal-Wallis test, followed by Dunn’s multiple compar-
isons test, and presented as medians (minimum to maximum). A p-value <0.05 was considered statistically significant.

Molecular Modeling and Simulation

The docking experiments and molecular dynamics simulations methodology are detailed in the SM.The molecular
dynamics simulations were performed using the StreaMD automated pipeline,”> employing GROMACS 2023.4.%¢
Depictions of the docking poses were constructed using Flare.*’

Results

In vitro Cytotoxicity Assay
The MTT assay showed that increasing the concentration of the four tested compounds (1a, 1b, 2a, and 2b) did not significantly
affect cell viability, while tacrine decreased cell viability with increase in concentration as shown in Figure 2.

In vivo Toxicity Studies
The oral administration of the tested compounds only, groups (IX—XII), showed no significant elevation in alanine
transaminase (ALT) compared to both control and health group Figure 3A). One of the tested compounds (1b) also show
no significant change to the aspartate transaminase (AST) compared to both control and health group while the other
three tested compounds (1a, 2a and 2b) show a significant decrease in AST compared to the control group (Figure 3B).
The tested compounds also demonstrated no significant increase in lipid profile (either total cholesterol or triglyceride
levels) compared to the control group (Figure 3C and D).

Histopathological assessment of the safety of tested compounds on liver tissues of rats shows preserved architecture
and normal histology in H&E stained sections and Masson’s trichrome stain shows no fibrosis (Figure 3E).
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Figure 2 The effect of tested Compounds (la, Ib, 2a, and 2b) and tacrine on survival of HepG2 cells.
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Figure 3 The safety profile of tested compounds (A) ALT (alanine transaminase). (B) AST (aspartate aminotransferase). (C) Total cholesterol. (D) Triglycerides. (E)
Histopathological assessment of liver tissues showing preserved hepatic architecture and normal histology in H&E stained sections (H&E %200, scale bar = 100um), while
Masson'’s trichrome stain (X200, scale bar = 100 um) shows no evidence of fibrosis. Data are presented as mean + SEM. *p < 0.05, *p < 0.01, ***p < 0.00| compared with
the control group.

In vivo Hepatoprotective Activity
Serological Effect of Tested Compounds

In the groups treated with the tested compounds under investigation along with CCl, (groups IV-VII) and also the
reference drug “silymarin” (group VIII), a significant reduction in ALT, AST, ALP, and total bilirubin levels was
observed when compared with the hepatotoxicity group (group III) (Figure 4).
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Histopathological Effect of Tested Compounds

Histological examination of liver tissues was conducted to further validate the aforementioned results using both hematoxylin
and eosin (H&E) (Figure 5) and Masson’s trichrome stains (Figure 6) for accurate assessment of hepatic cell morphology, tissue
architecture, and fibrotic changes. Histologic activity grade in different studied groups in H&E stained liver sections was
employed. Normal hepatic histology is seen in control groups. Piece meal necrosis is seen in hepatotoxicity group where portal
tracts are infiltrated by lymphocytes and plasma cells that extend to nearby peri portal hepatocytes. A focus of lobular necrosis is
also seen. Piece meal necrosis was still seen in the tested compounds (1a and 1b). It was improved in the tested compound (2a)
which shows only mild inflammation in portal tract. Meanwhile, much improvement was seen in the tested compound (2b) and

silymarin groups where minimal or no activity is seen.
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Figure 4 The effect of tested compounds on serum liver biomarkers. (A) Alanine transaminase. (B) Aspartate transaminase. (C) Alkaline phosphatase. (D) Total bilirubin.
Values are represented as the mean + SEM, ***p < 0.0001 compared to the hepatotoxicity group.
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Figure 5 The effect of tested compounds on hepatic histological activity. (A) Histological activity grades in liver tissues expressed according to the METAVIR scoring system.
Data are presented as median (minimum to maximum) using box-and-whisker plots. *p < 0.05, ***p < 0.001, ****p < 0.0001 compared with the hepatotoxicity group. (B)
Representative H&E stained liver sections (%200, Scale bar = 100 um) showing histologic activity in the different studied groups. The hepatotoxicity group shows piecemeal
necrosis (star) seen in the form of portal inflammation extending to nearby hepatocytes and lobular necrosis (black circle). Compounds la and Ib show moderate piecemeal
necrosis (star), whereas compound 2a shows only mild inflammation in the portal tract (star).

Fibrosis stage in Masson’s trichrome liver stained sections in different studied groups. In control groups, portal tracts are
small and surrounded by minimal fibrous tissue (F0). In hepatotoxicity group, liver is nodular and bridging fibrous bands are seen
connecting portal tracts with evident nodular architecture (F4). In the tested compounds (1a and 1b), slight improvement of
hepatic histology is seen where portal tracts are expanded with bridging, however, infrequent nodules are present. In the tested
compound (2a), portal tracts are expanded with long fibrous septea but bridging is occasional. Much improvement is seen in the
tested compound (2b) and sylimarin rats where portal tracts are small or only slightly expanded and short radiating septea are
uncommonly seen. Moreover, semi-quantitative analysis of Masson’s trichrome-stained sections demonstrated a significant
increase in collagen deposition in the CCly-treated group compared with the normal control group. Treatment with the tested
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Figure 6 The effect of tested compounds on hepatic fibrosis. (A) Fibrosis stages in liver tissues expressed according to the METAVIR scoring system. Data are presented as
median (minimum to maximum) using box-and-whisker plots. **p < 0.0, ***p < 0.0001 compared with the hepatotoxicity group. (B) Semi-quantitative analysis of fibrosis
expressed as fibrotic area (%), calculated as the percentage of collagen-positive area relative to the total tissue area (C) Representative liver sections stained with Masson’s
trichrome stain showing fibrosis in the different studied groups. Low magnification (%100, scale bar = 200um) highlights the overall liver architecture, while higher
magnification (%200, scale bar = 100um) focus on a representative portal tract. In control group, portal tract (p) is small and rimmed by thin blue fibrous tissue. In CCL4
group, portal tracts (p) are expanded with long fibrous septea is extending from portal tract to another (bridging) forming a nodular liver cut section. Different degrees of
restoration of liver architecture is noted in different treatment groups.

fused pyridine derivatives markedly reduced collagen accumulation, as indicated by a significant decrease in the collagen area
percentage compared with the CCly group.

Monitoring the Effects of the Tested Compounds on the TGF-/Smad Pathway

Effect of Tested Compounds on Gene Expression of TGF-3

As shown in Figure 7A, compared with the control group, the mRNA levels of TGF-p, in the hepatotoxicity group were
significantly increased (P < 0.0001). After treatment with the four tested compound and silymarin, the mRNA levels of
TGF-B was significantly decreased, compared with the hepatotoxicity group.

Effect of Tested Compounds on Gene Expression of Smad-2

Quantitative real-time PCR showed an elevated Smad-2 gene expression in the hepatotoxicity group compared with that
in the control group. In contrast, the treated groups demonstrated significantly lower Smad-2 mRNA levels compared
with hepatotoxicity group (Figure 7B).

Effect of Tested Compounds on Gene Expression of Coll Al

As shown in Figure 7C, the expression level of CollAl in the hepatocytes of hepatotoxicity group was markedly
increased when compared with that in the control group (P < 0.0001). The level of Coll Al was decreased significantly
compared with that in the hepatotoxicity group when the rats were treated with tested compounds and silymarin.
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Figure 7 The effect of tested compounds on the TGF-B/miR-21/Smad7 signaling pathway at the gene expression level. Relative mMRNA expression levels were determined by
qPCR for (A) TGF-B, (B) Smad-2, (C) CollAl, (D) a-SMA, (E) Smad-7, (F) PPARy, and (G) miR-21. Data are presented as mean = SEM. *p < 0.05, **p < 0.01, ***p < 0.001,
#kp < 0.0001 compared with the hepatotoxicity group.

Effect of Tested Compounds on Gene Expression of a-SMA

Quantitative real-time PCR revealed that a-SMA gene expression was elevated in the hepatotoxicity group compared to
the control group. In contrast, the groups treated with the tested compounds showed significantly lower a-SMA mRNA
levels compared to the hepatotoxicity group, whereas the rats treated with silymarin exhibited a non-significant decrease
in 0-SMA mRNA levels compared to the hepatotoxicity group (Figure 7D).

Monitoring the Effects of the Tested Compounds on Other Regulatory Biomarkers of
the TGF-B/Smad Pathway at the Gene Expression Level

Effect of Tested Compounds on Gene Expression of Smad-7

As illustrated in Figure 7E, the expression level of Smad-7 in the liver tissues of the group treated with compound 2a was
significantly higher than that in the control group (P < 0.0001). Additionally, the levels of Smad-7 were significantly
elevated in rats treated with compounds 1a, 1b, and 2a compared to the hepatotoxicity group. However, no significant

increase in Smad-7 levels was observed in rats treated with compound 2b or silymarin.

Effect of Tested Compounds on Gene Expression of PPARy

As depicted in Figure 7F, the mRNA levels of PPARy were significantly elevated in the groups treated with compounds
la, 1b and 2b compared to the hepatotoxicity group. However, treatment with compounds 2a and silymarin resulted in
a non-significant increase in PPARy mRNA levels compared to the hepatotoxicity group.
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Figure 8 The effect of tested compounds on the protein expression of TGF-f and MMP-9. Protein levels of (A) TGF-$ and (B) MMP-9 were measured using the ELISA
technique. Data are presented as mean + SEM. ***p < 0.000] compared with the hepatotoxicity group.

Effect of Tested Compounds on Relative miRNA-2| Expression

Quantitative real-time PCR analysis revealed that the hepatotoxicity group exhibited a marked increase in relative
miRNA-21 expression compared to the control group. Conversely, the groups treated with the tested compounds and
silymarin showed a significant reduction in the relative miRNA-21 expression levels compared to the hepatotoxicity
group (Figure 7G).

Monitoring the Effects of the Tested Compounds on the TGF- and MMP-9 Biomarkers at Protein Level
The assessment of inflammatory and fibrotic cytokines, TGF-p, and one of the matrix metalloproteinases, MMP-9, both
showed a significant increase within the hepatotoxicity group compared to control group, while both exhibit a significant

decrease in the treated groups compared to hepatotoxicity group, as demonstrated in Figure 8A and B, respectively.

Molecular Modeling and Simulation

To rationalize the binding potential of the molecules to TGF-p, we conducted a docking experiment of these molecules
on the crystal structure of TGF-B (PDB ID: 2wot) using FRED.?® The results revealed that these compounds showed
superior docking scores compared to co-crystal ligand, as shown in Table S1. in the SM.

Their postulated binding poses exhibited favorable interactions with the binding site residues of the TGF-B, as
exhibited in Figures 9 and SI in the SM. For instance, Compound 1a (Figure 9A) exhibits H-bond interaction with
LYS232 of the hinge region of the TGF-B.>* Moreover, it is packed in the hydrophobic cleft formed by TYR249,
LEU278 and VAL219 which can offer extra stability in the gatekeeper region.*’ Similarly, the phenyl group of 1b is
packed in the hydrophobic cleft formed by TYR249, LEU278 and VAL219 (Figure 9B). Compound 2a exhibits a dual
H-bond pattern with HIS283 and ASP281 of the hinge region while packed between LYS232, SER280 and VAL219, as
shown in Figure 9C. This “bidentate” binding is a characteristic of powerful inhibitors indicating a high degree of
complementarity with the TGF-B.*' Compound 2b forms H-bonds with HIS283, SER280, and ASP281, and hydrophobic
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interactions with VAL219 and ILE211, as seen in Figure 9D. All compounds displayed comparable hinge occupancy to
the co-crystallized ligand (Figure 9E).

Molecular dynamics (MD) simulations lasting 100 ns were conducted on the TGF-f complexed with the ligand’s
docking pose in order to examine their time-stability in the binding sites. Additional MD run was carried out of the co-
crystal structure of TGF-f as a reference for comparison.

MD analysis metrics, such as radius of gyration (Rg), and root mean square fluctuation (RMSF) are displayed and
discussed in Figures S2 and S3 in the SM. Further details about the results and discussion of these metrics can be found
in the SM.

The root mean square deviation (RMSD) metric is used to measure protein stability during the simulation period. The
RMSD for the protein backbone and the ligands were measured. Generally, RMSD profiles of the four protein TGF-
ligand complexes are comparable to the co-crystalized ligand protein complex, with RMSD values around 1.5 A for the
backbone (blue lines in Figure 10). This indicates that the protein structure remained stable throughout the simulations.
For the ligand’s RMSD (green lines in Figure 10), compounds 1a, 2a and 2b showed comparable stability and minor
fluctuations in the binding site with RMSD values around 2 A, 1 A and 1 A, as shown in Figure 10A, C and D,
respectively. However, some fluctuations can be observed for 1b between 20—-60 ns simulation time, with RMSD values
around 3-5 A, as shown in Figure 10B. This may indicate some pose dynamics in the binding site for 1b. The 1b pose
displayed hinge binding with some pi-pi stacking and hydrophobic interactions with TYR282. However, after 60 ns, the
H-bonding interaction with HIS283 decays, while maintaining the initial pose’s hydrophobic interactions with TYR249,
LEU278 and VAL219, as seen in the ProLIF analysis in Figure S5 in the SM. This indicates its reasonable stability in the
binding site of TGF-B. Overall, the ligands’ RMSD behavior of 1a, 2a and 2b is comparable to the co-crystal ligand
RMSD profile, as seen in Figure 10E.

Insights into the interactions profile of the ligand’s pose during the simulation time are visualized and discussed in the
SM and displayed in Figures S4-S7.

Discussion
The liver, one of the critical organs in our body, is essential for many functions as detoxifying chemicals, synthesizing
proteins, metabolizing nutrients and drugs.” Liver fibrosis represents a reversible phase in the continuum of progression
toward liver cirrhosis and hepatocellular carcinoma.’ A significant contributor to liver failure is drug-induced hepato-
toxicity, since liver is responsible for concentrating and metabolizing a majority of chemicals. CCl, is a commonly used
chemical in research to study liver fibrosis and evaluate potential therapies. It induces liver damage through the formation
of free radicals, causing inflammation and fibrosis.'’

Previous research'®?*-* has demonstrated that fused pyridine (tetrahydroquinoline) derivatives, designed based on

the structure of tacrine, possess hepatoprotective properties. Further studies'*?’

on THQ derivatives have reinforced
these findings, showing significant improvements in liver biomarkers and reductions in liver fibrosis.

This study evaluates the toxicity profile of four novel fused pyridine derivatives (tetrahydroquinolines and pyrazolo-
tetrahydroquinoline) both in vivo using Sprague-Dawley rats and in vitro with HepG2 cells (a human hepatoma cell line
widely used to study liver toxicity due to their ability to mimic hepatocyte function), alongside their hepatoprotective
effects in a CCly-induced liver fibrosis rats model.

The in vitro cytotoxicity studies on the HepG2 cell line demonstrated that the four tested compounds exhibited
a relatively safe hepatic profile, as increasing their concentrations did not significantly impact cell viability. In contrast,
tacrine showed a dose-dependent decrease in cell viability.

A comprehensive in vivo toxicity assessment of the compounds was performed using both biochemical and
histopathological analyses. Previous studies*** have indicated that elevated transaminase levels (AST and ALT) are
early markers of liver damage. Our study found that synthesized compounds not only showed a safe profile regarding
hepatic biomarkers (ALT and AST) but compounds 2a and 2b notably reduced AST levels compared to the control group
indicating the importance of the presence of a primary amino group for such activity regardless of the presence of the
chloro-substitution of the 4-phenyl ring. In terms of lipid profile (serum cholesterol and triglycerides), no significant
increase observed, demonstrating a safe profile.** The safety profile of the compounds was further confirmed through
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histopathology using hematoxylin and eosin, as well as Masson’s trichrome staining, which revealed normal liver
architecture and healthy hepatocytes for all tested compounds. Based on these findings, the compounds can be considered
not only safe but also potentially beneficial in certain aspects of hepatic toxicity studies.

Histopathological evaluation revealed that the control group maintained normal liver histology, with intact lobular
structure, minimal fibrous tissue, and no inflammation. In contrast, the CCly-treated group exhibited severe liver
disorganization, extensive fibrosis, and pronounced inflammation. Treatment with the fused pyridine derivatives led to
substantial improvement in liver architecture, with reduced inflammation and fibrosis compared with hepatotoxicity
group, which is evidenced by the decreased METAVIR activity and fibrosis scores. Among the treated groups, compound
2b provided the greatest protection, closely mirroring the effect of silymarin indicating the efficient protective effect of
the primary amino group and the chloro-substitution. These results are supported by serological analyses, which
demonstrated a significant reduction in liver enzymes (ALT, AST), ALP and total bilirubin in treated groups (IV-VII),
further confirming the protective effects of the compounds against CCly-induced liver damage. All four compounds were
as effective as silymarin (the reference drug) in significantly reducing elevated levels of transaminases (ALT and AST),
ALP, and total bilirubin, bringing them close to the levels observed in the control group which suggests that minor
changes in the structure has minor effect on the activity of these compounds indicating that the important pharmacophore
for such activities is the 4-phenyltetrahydroquinoline moiety itself.

In this study, the role of various molecular pathways involved in liver fibrosis was explored, particularly focusing on
the TGF-B/Smad, miR-21/Smad7, and PPARy pathways, which play a crucial role in regulating extracellular matrix
(ECM) deposition and liver fibrosis.>®!1%1%!3

TGF-B is a central mediator in liver fibrosis, playing a pivotal role in activating hepatic stellate cells (HSCs) and
promoting extracellular matrix (ECM) deposition through its downstream Smad2/3 signaling pathway.® Elevated TGF-p
levels are a hallmark of fibrogenesis and are associated with increased production of fibrotic markers such as collagen
and a-SMA.* ' In our study, TGF-p mRNA and protein levels were significantly elevated in the CCly-induced liver
fibrosis model, indicating active fibrogenesis. On the other hand, treatment with all four tested compounds and silymarin
significantly reduced TGF-B levels, bringing them closer to control values, this again indicates the importance of the
4-phenyltetrahydroquinoline group with minor significance of substitution. The reduction in TGF- levels suggests that
the tested compounds effectively inhibited the primary driver of liver fibrosis. This suppression likely impacted down-
stream pathways, including Smad2/3 activation and the expression of fibrotic markers like a-SMA and collagen I, similar
to silymarin, suggesting a potent anti-fibrotic effect by these compounds. This finding is consistent with studies by Sorour
et al and Abdelgalil et al,"**” which reported that THQ reduces TGF-B levels in CCly-treated rats.

Smad2 and Smad3 are downstream mediators of TGF-B signaling, critical for transducing pro-fibrotic signals® Their
phosphorylation and activation lead to the expression of fibrotic markers (a-SMA and Coll A1), making them a key target
for antifibrotic therapies.®*” In the CCly-induced fibrosis model, Smad2 levels were significantly elevated, reflecting
active TGF-P signaling. On the other hand, treatment with the four tested compounds and silymarin significantly reduced
Smad?2 levels. The suppression of Smad2 by the tested compounds, similar to silymarin, indicates a successful blockade
of TGF-B/Smad signaling pathway. This inhibition likely leads to a reduction in downstream fibrotic markers, such as a-
SMA and collagen I, effectively curbing ECM deposition and fibrosis progression. This reduction aligns with prior
research indicating that suppressing these markers can effectively inhibit the progression of liver fibrosis.>®!34°

a-SMA is a key marker of activated myofibroblasts, which are responsible for excessive extracellular matrix (ECM)
production in liver fibrosis.” Elevated a-SMA levels indicate hepatic stellate cell (HSC) activation, a critical step in
fibrogenesis.® Our study found that a-SMA expression was significantly elevated in the hepatotoxicity group (group
III), reflecting active fibrotic progression. However, treatment with the four tested compounds significantly reduced -
SMA levels which agree with the results of Sorour et al and Abdelgalil et al.'"**” Compounds 1b, 2a and 2b bring a-SMA
levels closer to control values, with compound 2a showing the strongest effect. This points out the importance of
presence of an amino group regardless of whether it is primary or secondary, in addition to potential effect of the
presence of a chloro-substitution at the 4-phenyl ring. The reduction in a-SMA levels, particularly with compounds 1b,
2a and 2b, suggests effective deactivation of myofibroblasts, helping to limit ECM production and overall fibrosis.”° This
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indicates that the compounds not only blocked TGF-f signaling but also prevented cellular activation central to fibrotic
progression.

CollAl is a major component of the ECM. Increased Coll1Al level is a direct marker of fibrosis as excess collagen is
deposited in liver tissue during fibrogenesis, leading to scar formation and tissue stiffness.*” In this study, CollAl
expression was significantly elevated in the hepatotoxicity group, indicating active fibrogenesis. On the other hand, the
four treated groups as well as silymarin group effectively reduced CollAl levels. The reduction in CollAl expression,
particularly with compounds la and 2b achieving near-control levels, suggests effective inhibition of ECM deposition
and fibrosis.>*'? Compounds 1a and 2b show significant reduction in Coll1A1 level compared to silymarin clarifying the
insignificance of the 4-chloro-substitution on this protein expression. This result correlates with the suppression of
upstream regulators like TGF-B, Smad2, and a-SMA, indicating that the compounds successfully limited both signaling
and fibrotic outcomes.

Smad7 is an inhibitory protein that regulates the TGF-B/Smad pathway by blocking Smad2/3 activation, thereby
exerting anti-fibrotic effects.®!? Reduced levels of Smad7 lead to fibrogenic signaling, while higher levels help counter-
act TGF-B-induced fibrosis.® In the CCl, model, Smad7 levels were significantly reduced, reflecting diminished negative
regulation of the TGF- pathway. Treatment with compounds la, 1b, and 2a significantly elevated Smad7 levels,
surpassing even those of the control group, suggesting the restoration of the inhibitory action. Such results eliminate
the possibility of any significance of the chloro-substitution and clarify that its presence is not preferred in association
with the presence of the primary amino group. The increase in Smad7, especially with compound 2a which is significant
compared to both control and silymarin groups, indicates effective re-establishment of the regulatory balance in the TGF-
B/Smad pathway.®'*'* This upregulation complements the reduction of TGF-p and Smad2, forming a comprehensive
blockade against fibrotic progression.

miR-21 is a pro-fibrotic microRNA that enhances TGF-B signaling by inhibiting Smad7, thereby promoting fibrosis.°
Elevated miR-21 levels are commonly observed in fibrotic tissues and contribute to the suppression of anti-fibrotic
pathways.'® In this study, miR-21 levels were significantly elevated in the hepatotoxicity group, sustaining fibrogenic
signaling. Treatment with the four tested compounds significantly reduced miR-21 levels. On the other hand, silymarin
did not reduce the level of miR-21 as done by tested compounds. The reduction in miR-21 levels, particularly with the
tested compounds, relieved the suppression of Smad7, thus restoring its anti-fibrotic function.”'° This dual mechanism,
lowering miR-21 and increasing Smad7, demonstrates the compounds’ enhanced ability to block TGF-f/Smad signaling
and inhibit fibrosis progression, which aligns with findings by Yang et al and Huang et al'®'® who demonstrated that
miR-21 inhibition reduced fibrosis.

PPARY is a nuclear receptor that plays a key role in keeping HSCs in a quiescent state, thereby preventing fibrosis.'?
It is a key anti-fibrotic factor as it suppresses collagen production and reduces TGF-§3 expression.*® Reduced PPARy
levels are associated with HSC activation, leading to increased ECM production and fibrotic progression.*® In the CCl,
model, PPARy expression was significantly reduced, indicating active HSC transformation.” However, treatment with
compounds la and 1b significantly increased PPARY levels. These results further emphasize the significance of the
secondary amino group present at the 2-position of the tetrahydroquinoline nucleus. The increase in PPARy levels,
especially with compound 1b which is significantly increased compared to both hepatotoxicity and silymarin groups,
suggests a successful restoration of HSC quiescence, preventing their activation and reducing fibrosis.'> This comple-
ments the reduction in a-SMA and collagen, highlighting the compounds’ enhanced ability to inhibit fibrotic progression
by maintaining PPARy activity. These results are in line with earlier studies suggesting that PPARY activation inhibits
TGF-p signaling, thereby reducing collagen deposition and fibrosis.”'

MMP-9 is involved in ECM degradation and remodeling.® Its elevated levels are often observed during fibrosis
progression.'" Excessive MMP-9 activity can exacerbate tissue damage and remodeling.*” In the fibrosis model, MMP-9
levels were significantly elevated, reflecting active ECM turnover.*® Treatment with all four compounds and silymarin
reduced MMP-9 levels, with the compounds showing similar efficacy to silymarin in restoring MMP-9 to near-control
levels. The reduction in MMP-9 by the tested compounds was comparable to silymarin, contributing to overall ECM
stabilization. This effect, when combined with the reduction in collagen and a-SMA, suggests that the tested compounds
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were equally effective as silymarin in preventing further matrix degradation and remodeling, aiding in the stabilization of
liver tissue.®*’

Interestingly, among the proposed mechanisms of action of these compounds is the potential binding to TGF-B. The
docking experiment and molecular dynamics simulations anticipate stable and high affinity binding of these compounds
to the binding site of TGF-f.

These results emphasize the importance of the 4-phenyltetrahydroquinoline as the main pharmacophore for this
pathway regardless of the substitutions present on the 2-, 3- and 4-positions, however, in most suggested proteins, the
presence of 2 secondary amine groups and absence of a fused pyrazolo-ring were more preferable for activity except for
their effect against AST enzyme.

Despite the comprehensive evaluation conducted in this study, certain limitations should be acknowledged. The
mechanistic interpretation was primarily supported by gene expression analysis and selected protein measurements;
therefore, further protein-level investigations, such as pSmad2/3, could provide additional confirmation of the signaling
pathways involved. Future studies incorporating additional protein analyses would help to further elucidate the molecular
mechanisms underlying the observed antifibrotic effects.

Conclusion

We can conclude that these four newly synthesized fused pyridine derivatives do not cause hepatotoxicity. On the other
hand, they have hepatoprotective effects and mitigate liver damage by modulating the TGF-/Smad signaling pathway,
miR-21 expression, and PPARYy activity. This hepatoprotective effect is even more superior than silymarin, the reference
drug, through a notable reduction in both a-SMA and CollAl and a significant increase in Smad7 and PPARYy levels.
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