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Introduction: Liver fibrosis is a life-threatening disease that greatly impacts the morbidity and mortality of hepatic patients
worldwide, resulting mainly as a consequence of hepatitis C, alcoholic and non-alcoholic fatty liver. COX-1 and COX-2 isozymes
catalyze the synthesis of prostaglandins (PGs) and thromboxanes (TXs) from arachidonic acid causing inflammation. Owing to the
scarcity of approved fibrolytic drugs available for human use, celecoxib (a selective COX-2 inhibitor) has been repurposed as
a potential antifibrotic and fibrolytic agent in some chronic liver fibrosis models.

Methods: The present study aims to discover a non-invasive treatment for liver fibrosis through investigating the possible ability of
three celecoxib-related bipyrazole compounds HR1-3 to reverse chemically induced liver fibrosis in rats using CCly. This fibrolytic
effect was verified by histopathological, immunohistochemical, biochemical and biomolecular assays. In addition, in silico computer-
aided evaluation of the compounds’ binding mode to certain molecular targets was performed, and the in silico physicochemical
properties, drug likeness and pharmacokinetic parameters were predicted using web-based applications.

Results: The analogs HR1-3 could serve as novel therapeutic candidates for the mitigation of liver fibrosis that deserves further
derivatizations and investigations. In particular, the fluorinated analog HR3 proved to be the most active member in this study when
compared to celecoxib due to its distinguished histopathological and immunohistochemical investigation results, beside its antioxidant
potential, as well as its reliable effects against some biomarkers, namely, MMP-9, TGF-B1, TIMP-1, IL-6 and TNF-a.

Conclusion: Based on the obtained results, the fluorinated analog HR3 could serve as a novel therapeutic candidate for the
amelioration of liver fibrosis that deserves further derivatizations and investigations.
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Introduction

Fibrosis is a natural immune response distinguished by the overgrowth, hardening and/or scarring of various tissues due
to excessive deposition of extracellular matrix components (ECM), such as collagen. Various stimuli including persisting
infections, autoimmune reactions, allergic reactions, radiation, and tissue injury could induce chronic inflammatory
reactions, which usually end with fibrosis.'

Fibrosis can occur at different sites and different organs, but lung and liver fibrosis are major health challenges. Liver
fibrosis is a highly conserved and coordinated wound healing process that aims to maintain the integrity of the liver through
simultaneous inflammation, remodeling and tissue repair. The causes of liver fibrosis are multifactorial including hepatitis
C, non-alcoholic fatty liver, alcoholic liver and autoimmune diseases.? Advanced liver fibrosis can lead to the development
of liver cirrhosis, and both are responsible for the high morbidity and mortality rates among chronic hepatic patients.’
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Currently, there is no effective anti-fibrotic treatment approved for human use, and liver transplantation still remains
the only effective therapy.*> However, liver fibrosis has been widely demonstrated to be reversible when the offending
agent is removed.’ Repetitive or long-lasting exposure to one or more of these injurious factors results in developing
fibrogenesis by generating several profibrogenic mediators (eg cytokines, growth factors and others) that trigger the
downstream effectors of fibrosis. Such effectors comprise activated hepatic stellate cells (aHSCs), myofibroblasts
(MFBs) and Kupffer cells (KCs).?

Some studies have explained the association between inflammation and fibrosis. The inflammation of hepatocytes and
the activation of the innate immune system lead to liver fibrosis caused by HSC activation. HSCs have been regarded as
the main effector cells in liver fibrogenesis, as they receive a wide range of signals including transforming growth factor
B1 (TGF-B1), which is the most fibrogenic agonist released from injured and/or dead hepatocytes and liver immune cells,
predominantly the KCs.%” Following their stimulation, the activated HSCs (aHSCs) migrate to the injured site, causing
an upregulation of a-smooth muscle actin (0-SMA). Activated HSCs also release tissue inhibitors of metalloproteinases
(TIMPs) 1 and 2 that inhibit the degrading action of matrix metalloproteinases (MMPs), thus promoting a deposition of
ECM and producing a fibrous scar.® '°

During liver injury, the degradation of normal basement matrix and destruction of the connections between
hepatocytes and basement usually occur due to the production of MMP-2 and MMP-9, which hinders the degradation
of fibrillar collagens that accumulate in hepatic fibrosis.'' Liver fibrosis has been linked to expressions of (MMP-2),
where TGF-f induced HSCs proliferation in injured liver lead to up-regulation of MMP-2 expression and activity and can
decrease the capacity for ECM remodeling.'* '

Furthermore, KCs initiate a fibrogenic response after repeated injury by recruiting additional innate immune cells to
the site of injury. The infiltrating cells extensively secrete a broad spectrum of reactive oxygen species (ROS), cytokines
and chemokines, which activate HSCs.>'%!> These cytokines and chemokines including tumor necrosis factor o (TNF-a)
and interleukin 6 (IL-6) exert potent proinflammatory actions on HSCs. Meanwhile, others have direct profibrotic actions
on HSCs and MFBs such as TGF-B1.'¢
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Along the past decades, scientists alleged that liver fibrosis is an irreversible phenomenon. However, experimental
and clinical studies proved that regression of liver fibrosis could occur when the offending agents including obesity,
viruses (HBV & HCV), alcohol, and biliary obstruction are removed. The duration of this process depends on the cause
and severity of liver fibrosis.'” Notably, the reversal of advanced fibrosis or even cirrhosis could prevent the development
of hepatic decompensation and diminishes the substantial risk of developing liver cancer. Nevertheless, reversal of liver
fibrosis was not seen in around 15 to 25% of the patients who are effectively receiving antiviral medications.
Furthermore, spontaneous reversal of liver fibrosis is usually too lengthy to prevent life-threatening problems.?

Cyclooxygenase (COX) is the rate limiting enzyme in inducing inflammation being responsible for the synthesis of
prostaglandins (PGs) and thromboxanes (TXs) from arachidonic acid (AA)."®'? There are two COX isozymes that have been
acknowledged, namely, COX-1 and 2. COX-1 is omnipresent and constitutively expressed in several organs accounting for
tissue homeostasis, whereas various tissues and cells exhibit low levels of COX-2, besides being inducible in response to
different stimuli including inflammation, hormones, ROS, oncogenes, growth factors and hepatic diseases.'® ' Long-term
exposure to inflammatory stimuli, such as lipopolysaccharides (LPS) and TNF-a, induce the expression of COX-2 in
hepatocytes.'®'? Since the relationship between COX-2 expression and the progression of liver fibrosis was extensively
studied, celecoxib (the most famous selective COX-2 inhibitor) has gained pronounced interest for its possible antifibrotic and
fibrolytic effects on liver fibrosis and cirrhosis.”>** To date, several hypotheses were directed towards the deduction of the
exact mechanism of fibrosis reversal through the selective inhibition of COX-2 by celecoxib.''=*2’

Chemically, celecoxib is a substituted pyrazole derivative, namely, 4-[5-(4-methylphenyl)-3-(trifluoromethyl)-
1H-pyrazol-1-yl]benzenesulfonamide) (Figure 1).® Therefore, much attention has been focused on compounds comprising
the pyrazole ring for their versatile and diverse biological activities.”> >* Literature review revealed the ongoing efforts
dedicated to the discovery of novel bioactive pyrazoles.>*>> Especially, bipyrazoles endowed with anti-inflammatory
potential carrying several functional groups and linked to various heterocyclic entities through different bridges.’*~’
Recently, a novel bipyrazole compound structurally related to celecoxib, namely; 3-(chlorophenylamino)-2-cyano-
N-(4-cyano-3-(methylsulfanyl))-1-(phenyl-1H-pyrazol-5-yl)-3-(2,3-dihydro-1,5-dimethyl-3-oxo-2-phenyl- 1 H-pyrazol-
4-ylamino)acrylamide (HR, Figure 1) has been proven to be a potential anti-inflammatory agent with a good affinity to COX-2
isozyme, beside its capability of inhibiting TNF-o and IL-1.**2° However, some restrictions on the clinical applicability of
COX-2 inhibitors were developed owing to the reported cardiotoxicity and liability to thrombus formation side effects,
probably due to their negative effect on the balance of the vasoactive eicosanoids such as prostacyclin and thromboxane.***!

Inspired by the above-mentioned facts, the present study aims to discover a non-invasive treatment for liver fibrosis
through investigating for the first time the possible ability of three celecoxib-related bipyrazoles with reported anti-
inflammatory activities*” to reverse chemically induced liver fibrosis. The targeted compounds (HR1-3, Figure 1) comprise
the general pharmacophoric structural characteristics of selective COX-2 inhibitors that embrace a core carbocyclic or

heterocyclic ring system surmounted with two vicinal aryl or hetaryl moieties with various substitutions.*****

O:$:O \‘\\ % /,’
NH,
HR :R=Cl
Celecoxib HR 1: R =Br
HR 2: R=NO2
HR3:R=F

Figure | General structures of celecoxib and the three investigated bipyrazoles HR1-3.
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In this context, toxicity studies were conducted to assure the safety of the newly developed analogs, then their ability
to mitigate liver fibrosis was verified by investigating their influence on TGF-B1 (the profibrogenic cytokine), IL-6 and
TNF-a (the proinflammatory cytokines) and their effect on the MMP9 and TIMP-1 enzymes. Moreover, the impact of the
three tested compounds on the histopathological changes including the deposition of a-SMA was also assessed.
Furthermore, the biochemical assessment of hepatic biomarkers and the antioxidant profile of the tested compounds
were also carried out. The obtained results were compared to the effects of celecoxib that is reported to possess an
established fibrolytic potential. Finally, the binding mode and the possible molecular interactions of HR1-3 with the
active site of the TNF-a molecule were estimated via in silico molecular modelling. As a complementary process for lead
optimization of the investigated compounds HR1-3, it was thought worthwhile to predict the in silico physicochemical
properties, drug likeness and pharmacokinetic parameters using web-based applications.

Materials and Methods

Reagents and Chemicals

Carbon tetrachloride (CCly), 2-mercaptoethanol and thiobarbituric acid (TBA) were purchased from LOBA Chemie,
Mumbai, India. Carboxymethylcellulose (CMC) was purchased from Adwic, Abu-Zaabal, Egypt. Formaldehyde was
obtained from EL NASR Pharmaceutical Chemicals Co., Cairo, Egypt. Assay kits for Aspartate Aminotransferase (AST),
Alanine Aminotransferase (ALT), Alkaline Phosphatase (ALP), Albumin, serum creatinine, total Bilirubin, cholesterol
and triglycerides were purchased from Roche Diagnostics, Indianapolis, IN, USA. Enzyme-linked immunosorbent assay
(ELISA) kit for tumor necrosis factor alpha (TNF-a) was obtained from Innova Biotech Co., Ltd., Beijing, China.
1,1,3,3-Tetramethoxypropane (Malonaldehyde bis(diethyl acetal)) and the ELISA kit for TIMP-1 (catalog number
RABO0471) were purchased from Sigma Aldrich, St. Louis, Missouri, USA. Perchloric acid 70% (HCLO,4) was obtained
from Central Drug House (CDH), New Delhi, India. Trichloroacetic acid (TCA) was purchased from SDFCL, Mumbeai,
India. Phosphate-Buffered Saline (PBS) was obtained from Lonza, Allendale, NJ, USA. Coomassie protein assay kit
(catalog number 23200) was purchased from Thermo Scientific, Waltham, MA, USA. Assay kit of GSH was obtained
from Biodiagnostic and Research Reagents, Giza, Egypt. QIAGEN RNeasy Mini kit was obtained from Qiagen,
Germany; (catalog no. 74104, lot no. 157052104). Agarose was purchased from Piochem, Giza, Egypt. The reference
standard celecoxib (Clx) was kindly gifted by Borg Pharmaceutical Industries, Alexandria, Egypt. The three investigated
compounds (HR1-3) were synthesized according to previously reported procedures®” in the Department of
Pharmaceutical Chemistry, Faculty of Pharmacy, Alexandria University, Egypt.

Animals Experimental Design

Fifty-five healthy male Wistar rats of weights 130-160 g were kept in the animal house of the Institute of Graduate Studies and
Research (IGSR), Alexandria University, Egypt. Rats were kept in a humidity-controlled room and under standard conditions
of light (12 h light—dark cycles) and temperature, with free access to food and water. The animals were randomly divided into
eleven groups (five rats each) for therapeutic and toxicity studies at the beginning of the experiment (Figures 2 and 3). The
control group received a mixture of corn oil + carboxymethyl cellulose (CMC) in equivalent doses. Liver fibrosis was
chemically induced by injecting 40% CCl, in corn oil intraperitoneally twice weekly for 6 weeks as reported by Chavez et al.*>
Rats were euthanized by decapitation under anesthesia by intraperitoneal injection (IP) of sodium thiopental (50 mg/kg).*’
This work was carried out under the animal proposal AU14-200,922-1-8B, approved by Alexandria University Institutional
Animal Care and Use Committee (Alexu-IACUC). The “ICLAS (International Council for Laboratory Animal
Science)* guidelines were followed for the welfare of the laboratory animals.*®

Evaluation of Hepatic and Renal Biomarkers

Blood was collected through cardiac puncture into serum vacutainers, mixed well and centrifuged at 4000 rpm (Hettich
Zentrifugen D 78532 Tuttlingen, Germany) for 10 minutes. The serum obtained was tested for the hepatic biomarkers:
AST, ALT, ALP, albumin and total bilirubin were determined to detect changes in the liver function. The diagnostic kits
were purchased from Roche Diagnostics, USA (Cat #: 20,764,949-322, 20,764,957-322, 03333752-190, 03183688122
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®Corn oil, ®40% CCl, (2 mL/Kg), O Carboxymethylcellulose (CMC),® Celecoxib (20 mg/Kg), ®HR1 (equimolar
dose to celecoxib),® HR2 (equimolar dose to celecoxib), HR3 (equimolar dose to celecoxib)

Figure 3 Dosage schedule given to different groups of experimental rats.
and 05795397-190, respectively). Meanwhile, serum creatinine levels were determined to assess kidney function using

the kit of Cat # 04810716-190. All these tests were carried out according to the manufacturer’s protocol, using a Roche/
Hitachi analyzer (cobas ¢ 311, cobas ¢ 501/502).
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Preparation of Rat Liver Tissues

Rat livers were harvested by dissection and washed with cold normal saline. Thereafter, a part of the liver was stored in
10% formaldehyde, then embedded in parafin to be sectioned into 4-5 um sections for histological and immunohisto-
chemical examinations. Another part of the liver was preserved in RNAlater solution (Qiagen, Germany, Mat.
No. 1018087, lot no. 148052467) and stored at —20°C for Real-Time Quantitative Reverse Transcription Polymerase
Chain Reaction (qQRT-PCR). Finally, the remaining liver tissues were snap frozen using liquid nitrogen to be stored at
—80°C for later biochemical and molecular analyses.

Histological and Immunohistochemical Tests

The sliced sections from the paraffin embedded formalin-fixed liver tissues were stained with Hematoxylin and Eosin for
visualization of hepatocyte histology and inflammatory infiltrates. Meanwhile, to assess hepatic architecture and fibrosis,
Masson’s trichrome staining was employed, where each sample was independently assessed and scored by a pathologist
blinded to the study. The scores of liver fibrosis degree were evaluated following the reported criteria*” as follows: score
zero denoted the absence of fibrosis, whereas score 1 indicated the presence of fibrous septea radiating from portal tracts
or central veins. Meanwhile, score 2 designated the existence of collagen septea bridging between portal tracts and
central veins, without noticeable nodules, whereas score 3 means focal nodular formation. Finally, nodular architecture
and severe fibrosis were scored 4.

For immunohistochemical testing, sections (4 um each) were cut and mounted on positively charged slides. They
were stained by a-SMA monoclonal primary antibody (clone 1A4, ready to use, DAKO Co. Ltd. #IR611) using Dako
auto Stainer (autostainer Link 48). Positive control (leiomyoma) was used in each run, whereas negative control was used
by omitting the step of primary antibody. Assessment of immune-stained slides was performed, where ten high power
fields of each section were photographed using a microscope-adopted camera. Thereafter, photos were analyzed using
Image J software to record the immunopositive area (seen as brown staining) in each photo. The percentage of positive-
stained area was calculated as the mean of the 10 examined photos for each rat liver sample.*®

Biochemical Determination of Oxidative Stress Biomarkers in Liver Homogenates
Reduced Glutathione (GSH) Measurement

Liver GSH content was estimated using a colorimetric kit (Biodiagnostics, Egypt; Cat # GR 25 11) according to
a reported method.*” The developed yellow color was read against blank at Ay, 405 nm. Reduced glutathione levels
were calculated according to the kit’s provided formula as GSH (mg)/tissue (g):

Absorbance of the sample x 66.66

GSH concentration = - - -
Tissue weight in grams

Determination of Lipid Peroxides Levels

Lipid peroxides expressed as malondialdehyde (MDA) were estimated by the thiobarbituric acid method as previously
reported.*® Briefly, 0.5 mL of 40% tissue homogenate prepared in PBS was mixed with 1 mL of 0.8% TBA and 3 mL of 20%
TCA. The mixture was heated in a boiling water bath for 20 minutes, left to cool then centrifuged at 3000 rpm for 10 minutes.
The developed orange color was read against blank at A,,,x 532 nm and calculated as nmol of MDA per gram tissue using
a standard curve, where 1,1,3,3-tetramethoxypropane (serial dilution of 6 to 72 nM) was used as a standard for MDA.

Bradford Protein Determination

Bradford protein assay was carried out using Ready-To-Use Coomassie Blue G-250 Protein Assay Kit following the manu-
facturer’s protocol to determine the protein content of each liver section used in this study. Standard Bovine Serum Albumin
(BSA) stock solution of concentration 2 mg/mL was used to prepare a working solution of 50 pg/mL, followed by a 1:1 serial
dilution using PBS (pH 7.4). In a 96 wells microplate, a 5 pL of the blank was pipetted into the first 2 wells, the following wells
were filled with different concentrations of the standard BSA, followed by the tissue homogenate samples. Technical replicas
were performed, then 250 pL of Coomassie reagent was added, mixed, and incubated for 10 minutes at room temperature. The
absorbance of the blue color developed was measured using a microplate reader at A,,,,, 595 nm.
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Enzyme-Linked Immunosorbent Assays (ELISA)

Innova Biotech, China; Cat # In-Ral344, lot no. 202101, 202201 and Sigma Aldrich, MilliporeSigma, Burlington, MA,
USA; Cat # RAB0471, lot no. 09301708, 09141708 ELISA kits were utilized to determine the concentrations TNF and
TIMP-1, respectively, according to the manufacturer’s protocol.

Real-Time PCR (RT-PCR)

The tissues kept in RNAlater solution were used for total RNA isolation using QIAGEN RNeasy Mini kit (Qiagen,
Germany; catalog no. 74104, lot no. 157052104) according to manufacturer’s protocol. The tissues were disrupted and
homogenized using Qiagen tissue lyser LT for approximately 5 minutes. To get rid of genomic DNA, 80 uL of DNAse
I (10 units of DNAse I in reconstitution buffer, pure gene DNAse I kit, Genetix Biotech, Asia; catalog no. PGMO052, lot
no. 362555), were added to each column for DNA digestion, and incubated at room temperature for 15 minutes.
A standard agarose gel electrophoresis was carried out as conducted by Lee et al (2012) to confirm the integrity of
the eluted RNA samples. RNA samples were run on 1% (w/v) agarose gel with ethidium bromide (0.1 pg/mL EtBr), the
bands were visualized using a UV transilluminator.’’ The purified RNA samples were checked for purity, and
concentration were determined by the ratio absorbance at A, 260 and 280 nm using NanoDrop™ 2000 spectro-
photometer (Thermo Scientific). Thereafter, High-Capacity cDNA Reverse Transcription Kit was used according to the
protocol to reverse transcribe 2 pg of pure RNA. The cDNA was then used to determine the expression levels of selected
genes with RT-PCR. Such genes were detected using SYBR® Green PCR Master Mix kit (Applied Biosystems, Foster
City, CA, USA). The primer sequences used in this study are listed in Table 1. The gene expression results were then
analyzed using the 2 **“T method. Data were expressed as the mean fold changes + SEM.

Molecular Modelling Studies
Molecular docking studies of the investigated compounds HR1-3 were carried out using Molecular Operating Environment
(MOE 2016.0802) software, Chemical Computing Group, Montreal, Canada (https://www.chemcomp.com/).

The X-ray crystal structures of TNF-o (PDB: 2AZ5) were downloaded from RCSB Protein Data Bank website.”> The
tested compounds were prepared by hydrogens addition, partial charges calculation and energy minimization through

MMFF94x Force Field. In addition, preparation of the enzyme was performed by omitting the repeating chains, water
molecules and any surfactants. For 3D protonation and calculation of partial charges and optimizing structural issues,
MOE QuickPrep functionality was used. The default procedures in the MOE Dock protocol were used to detect the best
binding poses and score values utilizing triangle matcher as a placement method and London dG as the main scoring
function. An extra refinement step was also used by utilizing the rigid receptor method with affinity dG scoring function
to obtain poses with the highest hydrophobic, and hydrogen-bond interactions with the enzyme. Moreover, the docking
poses obtained in kcal/mol were evaluated, and interactions with the active site were examined. Finally, the best poses
fitting into the binding site with the top scores and exhibiting good interactions with the enzyme were selected.>

Table | Sequences of Primers Used for Real-Time Quantitative PCR

Gene Symbol Forward Primer Sequence Reverse Primer Sequence

GAPDH 5- GTATTG GGC GCC TGG TCA CC -3" | 5'- CGC TCC TGG AAG ATG GTG ATG G -3’
IL-6 5- TGATGG ATG CTT CCA AAC TG -3° | 5'- GAG CAT TGG AAG TTG GGG TA -3°
MMP-9 5'- CAATCCTTGCAATGTGGATG -3° 5'- TAAGGAAGGGGCCCTGTAAT -3°

TGF-BI 5'- ATC CCT GCG ACC CAC ACA AG -3’ | 5- CAACTG CTT TGG AAG GAC TCG -3'

Abbreviations: GAPDH, glyceraldehyde 3-phosphate dehydrogenase; IL-6, interleukin 6; MMP-9, matrix metallopeptidase 9; TGF-BI,
transforming growth factor betal.
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In silico Prediction of Physicochemical Properties, Drug-Likeness, Pharmacokinetics,
and Toxicity Profile of Celecoxib Derivatives HR1I-3

Prediction of the in silico physicochemical properties, drug likeness, pharmacokinetic parameters and toxicity profile of
the investigated compounds HR1-3 were carried out using the web-based applications Molinspiration (https:/www.
molinspiration.com/), and Osiris property explorer (https://www.organic-chemistry.org/prog/peo/) software. The ADME

properties were also predicted using Pre-ADMET calculator software (https://preadmet.bmdrc.kr/).

Statistical Analysis

Statistical analyses were performed with GraphPad Prism 9 Software (GraphPad Prism Software, Inc). One way ANOVA
with Tukey’s multiple comparisons posttest was carried out for the assessment statistical significance of data. Outliers were
identified using ROUT with Q = 1%. Data are expressed as mean + SEM; statistical significance was set at p-value < 0.05.
Significance was noted as follows: * (P < 0.05), ** (P <0.01), *** (P <0.001) and **** (P < 0.0001).

Results
Bipyrazoles HR1-3 had No Hepato- or Renal Toxicity

The in vivo toxic effects of the drugs under investigation HR1-3 were determined to ensure the safety of the selected doses.
Close inspection of treated rats regarding signs of distress and agitation after receiving CMC, celecoxib and HR1-3 was
carried out daily. Their body weights were also recorded periodically (twice weekly) during the 6 weeks of the experiment.
The rats did not show any signs of stress, toxicity or weight loss when receiving CMC, celecoxib and the tested compounds.
On the contrary, the rats gained healthy weight throughout the experiment (Figure 4A).

Moreover, biochemical testing of liver biomarkers AST, ALT, ALP, total bilirubin and albumin showed normal levels
indicating that the assigned doses would not cause harmful effect on the liver. Additionally, normal serum creatinine
levels indicate the used doses to be kidney-safe (Table 2).

Gross examination of the rat livers of the toxicity groups receiving CMC, celecoxib, HR1, HR2 and HR3 showed
normal smooth livers with no inflammation or fatty depositions and livers possessed normal liver consistency
(Figure 4B). Liver tissues of treated rats displayed distinctively normal lobular architecture, with the hepatocytes
radiating from the central veins. Masson’s trichrome has stained the portal tracts, which appeared small and with sparse
fibrous tissue around. These findings designated zero liver fibrosis score, indicating the lack of fibrogenic effect of the
investigated drugs and/or the vehicle in question. Furthermore, the liver tissues displayed minimal a-SMA % that is
normally deposited in liver as depicted in Figure 5.

HR1-3 Improved the Liver Function Tests in CCl4 Induced Liver Fibrosis

To induce liver fibrosis, rats were injected intraperitoneally with 40% CCl, twice a week for 6 weeks followed by 6-week
treatment by celecoxib or bipyrazoles HR1-3 (20 mg/kg/day). Blood samples and livers were collected to assess the
hepatic function, tissue remodeling and molecular changes.

Aminotransferases

It has been reported that the normal ranges of serum AST and ALT in rats are 50-150 U/L and 10-40 U/L, respectively.>
In the present study, the model group showed elevated AST and ALT levels exceeding the normal ranges, indicating the
presence of liver injury. Contrariwise, both AST and ALT levels of the control group fell within the reported normal
range. Moreover, all the treatments by celecoxib or the tested compounds HR1-3 caused a significant reduction in liver
enzyme levels as shown in Figures 6A and 6B, confirming the reversal of liver injury.

Alkaline Phosphatase (ALP)

The reported normal range of serum ALP is from 30 to 130 U/L.>* The obtained results indicated that liver fibrosis model
group displayed a significant increase in ALP levels as it would affect liver parenchyma. Meanwhile, the ALP levels in the
negative control group as well as the treatment groups (celecoxib and HR1-3) lied within the normal range (Figure 6C).
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Figure 4 In vivo toxicity study. (A) Male Wistar rats’ body weight along the six weeks of the experiment. Data are represented as mean * SEM. No significant difference
was noticed among the groups; n = 5. (B) Gross Examination of rat livers of in vivo toxicity groups.

Total Bilirubin (TBIL)

Total serum bilirubin is normally around 3.13 + 0.13 umol/L in the model group, which is equivalent to 0.035 +
0.0015 mg/dL.>> The obtained data revealed a significant elevation in the levels of total bilirubin in the model group
pointing to the presence of liver damage, whereas the control group levels lied within the reported normal levels. The
groups receiving celecoxib and the tested compounds HR1-3 exhibited a significant decrease in the total serum bilirubin
levels. Interestingly, compound HR2 was almost equiactive with celecoxib in lowering TBIL serum levels, and superior
to that of the analogs HR1 and HR3 (Figure 6D).

Fibrolytic Effects of the Bipyrazoles HR1-3 on the Induced Liver Fibrosis

Liver sections of control group (oil + CMC) stained with Hematoxylin and Eosin (H&E) showed normal lobular
architecture, where the hepatocytes were radiating from the central veins. In contrast, the fibrosis model group that received
CCl, + CMC showed total loss of architecture, as the hepatic parenchyma displayed multiple nodules of variable sizes
separated by thick fibrous septea. These nodules are composed of proliferating hepatocytes arranged as cords without
central veins. They also showed evident degenerative changes in the form of Councilman bodies, feathery cytoplasm, and
foci of lobular inflammation. On the other hand, celecoxib (the standard reference drug) and the tested compounds HR1-3
demonstrated evident fibrolytic effects in rats treated with CCl,. The examined liver biopsies exhibited partial to total
restoration of normal architecture, where the hepatocytes were seen arranged as cords radiating from the central veins.
Additionally, the degenerative changes and the detected inflammation were notably diminished to the least possible.

Table 2 Hepatic and Renal Biomarkers of the in vivo Toxicity Study Groups

Vehicle Control (CMC) CLX HRI HR2 HR3
AST (U/L) 150.4 + 9.53 1275 £ 14 14833 £ 4.66 | 12333 £ 102 142 £ 737
ALT (U/L) 3233 +273 45.66 + 0.88 37.33 +5.81 35+3 37.66 + 2.33
ALP (U/L) 125.25 + 6.56 123 + 6.59 120.25 + 18.9 121 £ 11.14 102.2 £ 6.36
Total Bilirubin (mg/dL) 0.05 + 0.003 0.045 + 0.006 | 0.07 + 0.005 | 0.065 + 0.009 | 0.037 + 0.004
Albumin (g/dL) 3.72 £ 0.09 3.68 + 0.04 335+0.17 3.61 £0.23 3.7 £0.08
Creatinine (mg/dL) 0.44 + 0.056 0.43 + 0.06 0.39 + 0.04 0.59 + 0.06 0.53 + 0.07

Notes: Values are expressed as a mean + SEM; (n = 5), No significant difference was recognized between the groups.
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Figure 5 In vivo toxicity study. Effect of celecoxib and its bipyrazole congeners HRI-3 on liver architecture. The bipyrazoles showed normal histology as represented by
H&E, Masson’s trichrome, and immunohistochemical staining of a-smooth muscle actin (a-SMA).

Masson’s trichrome staining highlighted that the fibrous septea in the model group was edematous showing
lymphoplasmacytic infiltrates, denoting stage 4 liver fibrosis. On the contrary, the portal tracts of the control group
appeared small, with scanty fibrous tissue around, pointing to zero liver fibrosis score. The treatment groups of celecoxib
and the analogs HR1-3 showed evident regression of fibrosis score (Figure 7). One way ANOVA statistical analysis was
carried out based on the obtained fibrosis scores. The results revealed a significant decrease in fibrosis scores of the
groups treated with celecoxib, as well as the compounds in question HR1-3. Among these, the fluorinated analog HR3
displayed a superior fibrolytic effect to that of celecoxib, whereas the analogs HR1 and HR2 were almost equipotent
with the reference drug (Figure 8A).
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Figure 6 Liver biomarkers in rats with CCls-induced liver fibrosis and different treatment groups. (A) AST (U/L), (B) ALT (U/L), (C) ALP (U/L), and (D) TBIL (mg/dL).
Notes: The data are expressed by bar graph and the values are presented as mean * SEM; n = 5. ** (P < 0.01) and **** (P < 0.0001) compared to control group. # (P <
0.05), ## (P < 0.01), ### (P < 0.001) and #### (P < 0.0001) compared to the fibrosis model group.

Moreover, the fibrosis model group displayed wide areas of 0-SMA immunopositive areas, where the calculated
percentage of a-SMA touched 50%. Meanwhile, the control group showed very small a-SMA-positive areas. Different
groups treated with either celecoxib or any of the three tested compounds HR1-3 showed a significant decline of the a-
SMA % indicating the resolution of liver fibrosis (Figure 7). In particular, the fluorinated analog HR3 exerted the best
fibrosis-resolving effect as reflected from the obviously low a-SMA % obtained (14.5%). Statistical analysis of the data
obtained revealed the significant difference in the a-SMA-positive areas between the model and control groups.
Moreover, the groups treated with compounds HR1-3 displayed a remarkable reduction in the a-SMA deposition,
which was nearly comparable to that of celecoxib (Figure 8B).

HR1-3 Downregulated TGFB-1 and Reversed Tissue Remodeling in Induced Liver

Fibrosis

The expression levels of TGF-B1 were measured as it plays a key role in liver fibrosis via inducing matrix production.
The results revealed a remarkable increase in the expression of TGF-B1 in the fibrosis model. Interestingly, celecoxib and
the three investigated drugs HR1-3 displayed a significant reduction in the expression of TGF- B1, specifically HR3,
whereas HR1 proved to be less potent than HR2 and HR3. Nevertheless, all of the three tested compounds were more
effective than celecoxib (Figure 9A).

Fibrogenesis and regression of liver fibrosis have been associated with dynamic changes in MMP and TIMPs
levels. In this work, upon measuring the levels of TIMP-1 and MMP-9, the results showed a significant increase in
the levels of TIMP-1 in the case of the fibrosis model group in comparison to its levels in the control group.
Statistical analysis also revealed a significant difference in all treatment groups, where the novel drugs (HR1-3)
showed a comparable effect to that of celecoxib, which caused a decrease in TIMP-1 levels in liver tissues. The
decrease in TIMP-1 levels was nearly equal to that presented by the control group (Figure 9B). On the other hand,
MMP-9 was significantly upregulated in the model group and treatment with celecoxib and the three tested drugs
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Figure 7 Microscopic analysis of liver tissues using different staining methods. H&E-stained sections of fibrosis model group showed evident degenerative changes in hepatocytes as
Councilman bodies (arrows) and lobular inflammation (asterisk) (x400). The control group (oil + CMC) showed histologically free hepatocytes (x400). The treated groups
(celecoxib and HR1-3) showed histologically free hepatocytes with only minimal inflammation (asterisk) (x400). Masson’s trichrome stain of the model group showed lobular
architecture separated by blue fibrous septea (x100) and minimal fibrous tissue around portal tracts (x00) in the control group. Restoration of normal lobular architecture with
occasional fibrous septea (arrow) (x100) was seen in the treated groups. The immunostained liver biopsies showed wide areas of brown staining in fibrosis model group in contrast
to the control group (IHC, x100). The staining of the different treated groups receiving celecoxib or HR1-3 showed a decline in a-SMA % (IHC, x100).

reversed that upregulation. In particular, HR2 and HR3 caused a significant reduction in MMP-9 expression
compared to the control group. Interestingly, the three drugs in question showed superior MMP-9 expression
lowering effects as compared to standard celecoxib (Figure 9C).
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Figure 9 Impact of treatment with different compounds HR1-3 on CCl4-induced liver fibrosis on tissue remodeling. (A) Hepatic profibrogenic cytokine TGF-$1 mRNA
levels of expression in liver fibrosis and treatment groups (fold change). (B) Hepatic TIMP-I protein levels in tissue homogenates (ng/mg protein). (C) Hepatic mRNA
expression levels of MMP-9 (fold change).

Notes: The data are expressed by bar graph and the values are presented as mean * SEM; n = 5. * (P < 0.05), ** (P < 0.01), *** (P < 0.001) and **** (P < 0.0001) compared to control
group. ##H#H# (P < 0.0001) compared to the fibrosis model group. $ (P < 0.05), $$ (P < 0.01), $$$ (P < 0.001) and $$$$ (P < 0.0001) compared to the CCl, + Clx group.

Antioxidant Potentials of HR1-3 in Liver Fibrosis Mitigation

Oxidative stress is a crucial factor in the development of liver fibrosis. In the present work, an increase in MDA levels
was detected in the fibrosis model along with exhaustion of GSH, indicating the presence of oxidative stress due to
fibrosis. Upon treatment with celecoxib and the three tested compounds HR1-3, the analog HR3 proved to be a potential
antioxidant candidate as its effect was either comparable or superior to that of celecoxib. Meanwhile, HR2 was only able
to alleviate the oxidative stress regarding GSH with no effect on MDA. However, HR1 was not capable of exerting any
significant antioxidant effects (Figures 10A and B).

HR -3 Reduced Proinflammatory Cytokines in Induced Liver Fibrosis
As inflammation is known to be one of the leading causes of liver fibrosis, it appeared plausible to measure contents and
expression levels of some proinflammatory cytokines, in particular the TNF-a and IL-6. The fibrosed model displayed highly
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Figure 10 Oxidative stress and proinflammatory biomarkers in liver tissue homogenates of fibrosed and treated groups. (A) MDA content (nmol/mL). (B) GSH (mg/g

tissue). (C) Liver TNF-a content (pg/mg protein). (D) liver mRNA expression of IL-6 (fold change).
Notes: The data are expressed by bar graph and the values are presented as mean + SEM; n = 5. * (P < 0.05), ** (P < 0.01), *** (P<0.001) and **** (P < 0.0001) compared to
control group. ## (P < 0.01), ### (P < 0.001) and #### (P < 0.0001) compared to the fibrosis model group. $$ (P < 0.01), compared to the CCl4 + ClIx group.

elevated TNF-a protein levels, in addition to the overexpression of IL-6 gene confirming that inflammation is strongly
contributing to liver fibrosis. Meanwhile, celecoxib exhibited a significantly superior effect in lowering TNF-a levels compared
to the tested compounds HR1 and HR3. However, the decrease in the TNF-a levels displayed by the analog HR2 was
statistically insignificant. On the other hand, HR1-3 showed comparable effects to celecoxib in lowering IL-6 expression;
however, none of them were able to achieve equivalent levels to that in control group (Figures 10C and D).

Molecular Modelling Studies for the Prediction of Possible Mechanism of Action
Docking to TNF-a Active Site
Based on the pre-mentioned experimental findings proving that celecoxib (the reference standard drug implemented in
the present work) and the three investigated bipyrazoles HR1-3 exhibited reliable TNF-o lowering effects, it was thought
worthwhile to carry out an in silico molecular docking study to estimate their binding mode and the possible molecular
interactions with the active site of the TNF-a molecule. Molecular Operating Environment (MOE) version 2016.0802
was utilized for docking, whereas the X-ray structure of the TNF-a molecule with its co-crystallized ligand (307) was
retrieved from the RCSB Protein Data Bank PDB (ID: 2AZ5).> Re-docking of (307) in the TNF-a active site validated
the docking protocol with root mean square deviation (RMSD) of 1.98 A between the docked pose and the co-
crystallized ligand and with binding energy score of —5.42 kcal/mol. This RMSD score assured the validity of the
used docking protocol being less than 2 A.>

The results of the docking study indicated that the three investigated bipyrazoles HR1-3 were flexibly docked, well
occupied, and positioned onto the active site of TNF-a. The analogs HR1-3 recorded good binding affinity energies
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(—5.25, =5.31 and —5.73 Kcal/mol, respectively), nearly equivalent to that of the co-crystallized ligand (307) (—5.42 kcal/
mol), however, much better than that displayed by the reference drug celecoxib (—4.61 kcal/mol). The overall binding
patterns of celecoxib and the analogs HR1-3 were found to be related to those observed with the co-crystallized ligand
with some differences, and the docking poses were chosen according to the most favorable binding interactions.

As can be seen from both the 2D and 3D docking poses in the active site of TNF-a (2AZ5), celecoxib (Figure 11B
and Figure 12B) and the three analogs HR1-3 (Figure 11 and Figure 12) were engaged in several molecular interactions
with a binding pattern similar to that displayed by the co-crystallized ligand (307) (Figure 11A and Figure 12A). For
instance, they exhibited the same m hydrophobic interactions presented by the co-crystallized ligand (307) towards the
amino acid residues Try119 and Tyr59. Regarding the binding mode of celecoxib, the NH, of the aminosulfonyl group
formed a H-bond with Tyr151 and as H-bond donor. Whereas, HR1-3 could display several n-H interactions involving
the antipyrine-phenyl, 4-substituted phenyl moieties with Prol17and Ile118 amino acid residues.

Docking to TGF-$ Active Site

It was thought meaningful to extend the in silico molecular docking study to estimate the binding mode and the possible
molecular interactions with the active site of the TGF-f3 molecule, based on the previously mentioned findings indicating
the reliable TGF-f lowering effects of celecoxib and the three investigated bipyrazoles HR1-3. Molecular Operating
Environment (MOE) version 2016.0802 was utilized for docking, whereas the X-ray structure of the TGF-f8 molecule
with its pyrazole co-crystallized ligand was retrieved from the RCSB Protein Data Bank PDB (ID: 1JVY).”” Re-docking
of the pyrazole co-crystallized ligand in the TGF-f active site validated the docking protocol with root mean square
deviation (RMSD) of 0.81 A between the docked pose and the co-crystallized ligand and with binding energy score of
—8.14 kcal/mol. This RMSD score assured the validity of the used docking protocol being less than 2 A.3

The results of the docking study indicated that the three investigated bipyrazoles HR1-3 were flexibly docked, well
occupied, and positioned onto the active site of TGF-f. HR1-3 recorded good binding affinity energies (—8.47, —8.72 and
—8.94 Kcal/mol, respectively), nearly equivalent to that of the co-crystallized ligand (—8.14 kcal/mol), however, much
better than that displayed by the reference drug celecoxib (—6.97 kcal/mol).

According to the 2D and 3D docking poses in active site of TGF-p (1JVY), celecoxib (Figure 13B and Figure 14B)
and the three analogs HR1-3 (Figure 13 and Figure 14) revealed almost the same © hydrophobic interactions presented
by the pyrazole co-crystallized ligand (Figure 13A and Figure 14A) towards the amino acid residue Lys 232. Meanwhile,
HR1-3 could display extra n-H interactions involving the antipyrine pyrazole ring and the 4-substituted phenyl moieties
with Val219, Lys213 and Gly285 amino acid residues. Regarding the ability of the investigated analogs to participate in
H-bonding, the 2D and 3D poses of the analog HR1 revealed the formation of two direct H-bonds between carboxamide-
N and aniline-N with Ile211 residue as H-bond acceptors. Furthermore, the analog HR2 showed the existence of one
H-bond between the thiol group and Asp281 as H-bond donor, beside another three H-bonds between the antipyrine-
O atom and the nitro 20 atoms, with Lys213, Lys232 and Asp351, respectively, as H-acceptors. Concerning the
fluorinated analog HR3, it could form a H-bond with Ile211 as H-bond donor, together with another H-bond with
His283 as H-acceptor. It is to be noted that the aminosulfonyl group in celecoxib formed a water-mediated H-bond with
Tyr249, Asp351 and Glu245 through the water molecule W1001, in addition to a second H-bond between fluorine and
His283 residue as H-bond acceptors.

In silico Prediction of the Physicochemical Properties, Drug-Likeness,

Pharmacokinetics, and Toxicity Profile

Early computation and determination of the physicochemical properties and the pharmacokinetics of new drug candidates
is of paramount importance in the lead optimization and drug development process.”® Accordingly, in silico physico-
chemical properties, drug likeness and pharmacokinetic parameters of the investigated compounds HR1-3 were predicted
using web-based applications such as Molinspiration, Pre-ADMET, and Osiris property explorer software (previously
mentioned in the materials and methods section). These parameters would show the behavior of the drugs in a living
system including bioavailability, affinity to proteins, membrane transport characters, metabolic stability, and toxicity. In
the light of Lipinski’s rule of five (RO5)* and Veber’s criteria,’’ it was found that the three investigated compounds
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Figure 11 2D presentation of the most favorable binding poses and ligand interactions into the active site of TNF-a (PDB: 2AZ5) (A) Co-crystallized ligand. (B) Celecoxib. (C) analog HRI. (D) analog HR2. (E) analog HR3.
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Figure 12 3D presentation of the docking and binding patterns into the active site of TNF-a (PDB: 2AZ5) (A) Co-crystallized ligand. (B) Celecoxib (in pink) and its overlay over the co-crystallized ligand (in cyan). (C) analog HRI (in
pink) and its overlay over the co-crystallized ligand (in cyan). (D) analog HR2 (in pink) and its overlay over the co-crystallized ligand (in cyan). (E) analog HR3 (in pink) and its overlay over the co-crystallized ligand (in cyan).

|e 39 1_Jely



VL8E

:sdyy

61:5707 Adesay pue juswdojpas ‘uSisaq Snug

©)

Figure 13 2D presentation of the most favorable binding poses and ligand interactions into the active site of TGF-B (PDB: 1V]Y) (A) Co-crystallized ligand. (B) Celecoxib. (C) analog HRI. (D) analog HR2. (E) analog HR3.
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Figure 14 3D presentation of the docking and binding patterns into the active site of TGF-B (PDB: 1V]Y) (A) Co-crystallized ligand. (B) Celecoxib (in cyan). (C) Analog HR1 (in pink). (D) Analog HR2 (in pink). (E) Analog HR3 (in pink).
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violate two criteria of RO5, where MW range 619.69-680.59 (>500) and HBA range 11-14 (>10), whereas they
displayed acceptable ranges of HBD (3) and logP values (2.99-3.84). Moreover, all the tested compounds violate one
criteria of Veber’s rule displaying topological polar surface area (TPSA) range of 145.50-191.32 A2 (>140 A2) and
nROTB values of 9—10 (<10). Furthermore, all the investigated compounds exhibited a percentage of absorption (%
ABS) range 42.99-58.80% and it is noted that the TPSA is inversely proportional to %ABS eg the analog HR2 possesses
the maximum TPSA (191.32 A?), whereas its corresponding %ABS was the least (42.99%). Regarding the drug-likeness
score values,®' the results indicated that all the evaluated compounds gave positive values lying between 0.05 and 0.1
(Table 3). On the other hand, ADME properties were also predicted using Pre-ADMET software, and the value of each of
the following parameters was calculated and compared with the optimal values: Caco-2 cell permeability coefficient
(Permeability through cells derived from human colon adenocarcinoma), Madin-Darby canine kidney (MDCK) cell
permeability coefficient, human intestinal absorption (HIA), blood brain barrier (BBB) coefficient, and plasma protein
binding (PPB). As depicted in Table 3, the results showed that all three compounds HR1-3 displayed moderate cell
permeability in Caco-2 cell model (19.36-21.76 nm/sec) that lies within the acceptable range (4-70 nm/sec).
Nevertheless, all of them displayed low permeability in MDCK cell model of 0.04 nm/sec in relation to the acceptable
range (25-500 nm/sec). Regarding the HIA, the investigated compounds were well absorbed, exhibiting high HIA values
(92.50-95.30%). Meanwhile, the three compounds showed low permeability to blood brain barrier (0.06—0.08) (<0.1).
Furthermore, the analog HR2 was found to be strongly bound to plasma proteins (>90%), whereas the analogs HR1 and
HR3 showed poorer binding profile (<90%).'%6*

Discussion

Liver fibrosis is still considered as a life-threatening disease that imposes a major impact on the morbidity and mortality of
hepatic patients worldwide. It is a natural immune response describing a highly conserved and coordinated wound healing
process that aims to maintain the integrity of liver through simultaneous inflammation, remodeling, and tissue repair.®**
Fibrosis is usually accompanied by remodeling of the hepatic and vascular architecture with the formation of septea and
regenerative nodules. In addition, it could induce abnormal continuation of connective tissue production and extracellular
matrix (ECM) deposition due to an imbalance between augmented synthesis and the decreased degradation.”®> This leads to
the formation of parenchymal scars, which are initially deposited in portal tracts and/or in the lobule depending on the injury
pattern.®®®” Hepatic reparative mechanisms are generally attributed to increased degradation of collagen, loss of TGF-p
signaling, and reduction in TIMP-1 expression, which in turn allows MMPs to degrade collagen types I and IIL.'*"”

Liver fibrosis is an intricate process involving liver parenchymal and non-parenchymal cells including immune cells
that have dual function in the progression and reversal of liver fibrosis.”**% Collectively, the cornerstones of the
resolution of fibrosis are dependent on four fundamental points: (a) cessation of the main cause of chronic liver injury;
(b) reversal of myofibroblasts from an activated to a non-activated condition and/or their removal; (c) degradation of the
unnecessary ECM, and (d) alteration of proinflammatory environment to a healing one. Finally, the removal of aHSCs
could be attained by apoptosis or senescence.”’%”!

CCly-induced liver fibrosis models are well known to mimic clinical liver fibrosis in humans,’? where liver biopsy is
considered as a golden standard method to diagnose liver fibrosis.”> The changes in liver histology in our study were in
agreement with a published work reporting the ability of CCl, to cause a serious distortion of the hepatic architecture
exemplified by portal and lobular inflammation, bridging fibrosis, as well as early cirrhotic nodule formation.”*
Moreover, extensive deposition of a-SMA was determined in our studies, which goes in hand with the results mentioned
in a previous study, where 0-SMA expression was increased in CCl, hepatic fibrosis model.”

Here, it should be mentioned that the control group showed normal a-SMA deposition and architecture, which could
be correlated with normal liver enzyme levels (AST, ALT and ALP). Conversely, the fibrosis model demonstrated
a substantial rise in the three liver enzymes in response to liver fibrosis, which was detected by histology and
immunohistochemistry. While AST and ALP are not liver-specific biomarkers, elevation of ALT levels could indicate
a chronic liver disease. Collectively, treatment with celecoxib and its related compounds (HR1-3) caused a significant

decline in fibrosis score as well as a-SMA%, which was validated by the reduction in the liver enzyme panel.
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Table 3 In silico Prediction of the Physicochemical Properties,
Drug-Likeness and Pharmacokinetics of Compounds HRI-3

HRI1 | HR2 | HR3 | Celecoxib

LogP? 3.84 2.99 3.19 3.6l
M.Wt° 680.59 | 646.69 | 619.69 381.38
HBA*® I 14 I 5
HBD* 3 3 3 2
Lipinski’s violation® 2 2 2 0
NROTB' 9 10 9 4
TPSA® 145.50 | 191.32 | 145.50 77.99
%ABS" 58.80 | 4299 | 58.80 82.09
Volume' 543.63 | 549.08 | 530.68 298.65
Drug-likeness score 0.08 0.05 0.1 0.37
Caco-2' 21.76 19.36 | 21.60 0.50
MDCK" 0.04 0.04 0.04 45.05
HIA' 95.30 | 9250 | 94.66 96.69
BBB™ 0.06 0.08 0.06 0.03
PPB" 86.71 90.15 | 8820 91.08

Notes: * LogP, n-Octanol and water partition coefficient; ® M.Wt, Molecular
weight; ¢ HBA, Number of H-bond acceptors; d HBD, Number of H-bond
donors; © Lipinski’s violation, Lipinski’s rule of 5 violations (log P < 5, MWt. <
500, HBA < 10 and HBD < 5); fNROTB, Number of rotatable bonds (Veber’s
criteria < 10); 8 TPSA, Topological polar surface area (Veber’s criteria < 140 A?);
" %ABS, Percentage of absorption = 109 — (0.345*TPSA); | Volume, Molecular
volume; ! Caco-2, Permeability through human colon adenocarcinoma cells.;
Caco?2 values < 4 nm/sec (low permeability), values from 4 to 70 nm/sec
(medium permeability) and values > 70 nm/sec (high permeability); “ MDCK,
Permeability through Madin-Darby canine kidney cells; MDCK values < 25 nm/
sec (low permeability), values from 25 to 500 nm/sec (medium permeability) and
values > 500 nm/sec (high permeability);. " HIA, Human intestinal absorption
percentage; HIA values from 0 to 20% (poorly absorbed), values from 20 to 70%
(moderately absorbed) and values from 70 to 100% (well absorbed); ™ BBB,
Blood brain barrier penetration coefficient; BBB values < 0.1 (low CNS penetra-
tion), values from 0.1 to 2 (medium CNS absorption) and values > 2 (high CNS
absorption); " PPB, Plasma protein binding; PPB values < 90% (poorly bound)
and > 90% (strongly bound).

In 1965, Comporti et al and Ghoshal et al’®’"” were the first to report the association between ROS and liver fibrosis
induced by CCly through lipid peroxidation. Oxidative stress is known to be implicated in liver injuries and fibrosis,
caused by alcohol intake, iron overload, and HCV infection.”® Glutathione (y-glutamyl-cysteinyl-glycine) is a vital and
widely present intra-cellular tripeptide that plays a variety of physiological roles,”” and is considered as the most
important antioxidant in the mammalian liver.** Normally, GSH is highly concentrated in cellular systems, and is
essential in the detoxification of a wide range of compounds.®’ MDA is another oxidative stress biomarker as it is
produced among the terminal products of the polyunsaturated fatty acids peroxidation process in cells. MDA is over-
produced in response to increased free radicals’ production.®” Our results are in concordance with published results
reporting the unfavorable effect of CCly on GSH levels, where its levels were diminished due to increased oxidative
stress.®® Also, our findings agreed with a study stating that MDA is a part of the body’s antioxidant defense system and
can reflect the body’s antioxidant capability. The increasing levels of MDA are attributed to the oxidative stress resulting
from the effect of CCly-induced liver fibrosis.””

The inflammatory markers TNF-a and IL-6 are known to be pleiotropic cytokines released by different types of immune
cells eg macrophages and monocytes. They can induce multiple signaling routes that are linked to the pathogenesis of
chronic liver inflammation causing fibrosis.**** Literature findings have emphasized that CCl, rat liver fibrosis model is
accompanied with upregulation of TNF-o in addition to elevated IL-6 levels.”>*%%7 Our results showed elevated expression

levels of MMP-9 gene as well as a rise in TIMP-1 protein levels. Such effects were highlighted by Hafez et al.*®
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TGF-B1 is one of the most important cytokines leading to liver fibrosis. It plays an important role as a mediator of
ECM deposition by regulating the expression of collagen type I and fibronectin causing an increase in ECM production.?
Its levels were elevated in the CCl, fibrosis model, which is consistent with the results obtained from H&E and trichrome
staining, and this was in concordance with the reported CCl, effect on TGF-1 levels.?>">

Celecoxib (a selective COX-2 inhibitor) has been repurposed as a potential antifibrotic, fibrolytic, and hepatoprotective
agent in some chronic liver fibrosis models (CCly, TAA and BDL models). Our results are in concordance with studies that
had addressed its ability to reverse liver fibrosis. Those studies clarified the capability of celecoxib to significantly lower the
hepatic ECM deposition, as well as mitigating the cirrhotic lesions in many induced liver fibrosis models either utilizing
TAA or by Bile duct ligation (BDL).>***?*“*” On the other hand, another study conducted by Hui et al, showed that
celecoxib exacerbated liver fibrosis in rats induced by CCl, or TAA. However, the doses used there were different than that
employed in this study as they used 0.2 mL/100 g body weight of CCl, in olive oil (1:1), whereas in this study 40% CCl, in
corn oil with a dose 0.2 mL/100 g bodyweight was used. In addition, Hui et al also used a lower dose of celecoxib (15 mg/
Kg) which might explain the difference in response.”* A published study confirmed that treatment of the TAA-induced rat
liver fibrosis model with celecoxib resulted in the inhibition or even total loss of the mesenchymal biomarker a-SMA. This
fact implies that celecoxib possesses the potential to reverse the EMT process in hepatocytes.'' Interestingly, Gao et al
reported the ability of celecoxib to decrease the upregulated expression of a-SMA in a liver fibrosis model at the same dose
employed in the current study.”® Moreover, the celecoxib treatment group’s results were in synchronization with
a previously published report denoting the relationship between celecoxib’s antioxidant potential and its ability to lower
the elevated MDA levels as well as elevate GSH levels in CCl, rat model of liver fibrosis.”> Wen et al reported the effect of
celecoxib on TAA-induced liver fibrosis. Celecoxib was able to downregulate the levels of TNF-a, IL-6 and MMP-9."' Our
results are also in alignment with a previously published study that stated that CCl, increased TIMP-1 levels in the rat
model, whereas celecoxib did not upregulate its level and that TGF-B1 mRNA was significantly diminished by celecoxib
treatment of fibrosis in TAA and BDL induced liver fibrosis.**’**°

Collectively, the objective of the present study is to discover a non-invasive treatment for liver fibrosis through
investigating the possible ability of three celecoxib-related bipyrazole compounds HR1-3 carrying different substituents
(Br, NO, and F, respectively) to reverse chemically induced liver fibrosis in rats using CCly. The results of the histopatho-
logical, immunohistochemical, biochemical and biomolecular studies revealed that the fluorinated analog HR3 (R = F) was
stemmed as the most active member as compared to celecoxib, owing to its distinctive results obtained from the
histopathological and immunohistochemical tests, beside its antioxidant potential reflected by its significant action on
GSH and MDA levels. In addition, it showed reliable effects against some biomarkers, namely, TNF-a, 11-6, MMP-9,
TIMP-1 and TGF-B1. Furthermore, bioactivity of the nitro derivative HR2 (R = NO,) was remarkably less than the
fluorinated congener HR3 in most of the employed investigations. However, it displayed some noticeable activities in the
histopathological and immunohistochemical tests, and could successfully reduce the IL-6, MMP-9, TIMP-1 and TGF-B1
levels, and showed a satisfactory antioxidant effect via elevating the GSH level. Meanwhile, except for its moderate effects
on the TNF-a, IL-6, MMP-9 and TGF-B1 levels, as well as the histopathological and immunohistochemical tests, the
brominated derivative HR1 (R = Br) proved to be the least active member in this series. It is to be noted that, all the
investigated compounds HR1-3 were effectively able to lower the elevated serum levels of the indirect biomarkers of liver
fibrosis such as AST, ALT, ALP and TBIL, regardless of the type of substituent. Nevertheless, the toxicity study of the three
tested compounds proved their safety with regard to both liver and kidney functions. Interestingly, the in silico molecular
modeling studies were in harmony with the above-mentioned findings, where the docking order of the investigated
compounds into the active sites of both TNF-a and TGF-f followed the order HR3 > HR2 > HR1, with binding scores
comparable to that of their co-crystallized ligands. The distinctive bioactivity displayed by the fluorinated analog HR3
could be justified by the well-documented facts emphasizing the role of the fluorine atom substituent in medicinal
chemistry. Sterically, fluorine atom is the second smallest substitute after hydrogen at receptors and enzyme active sites.
Owing to the electron-rich character of fluorine and the strong nature of the C-F bond compared to the C-H bond, it could
form strong hydrogen bonds. The presence of a fluorine substituent usually increases drug’s lipophilicity and consequently
improves its absorption and penetrability through different biological barriers, which eventually would optimize the
expected pharmacological properties.”® Whereas, in the analog HR2, the nitro group is an electron-withdrawing function
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where the nitrogen atom is deprived of the lone pair of electrons, and hence it is positively charged. As a result, the nitro
group could alter the polarity and electronic properties of the bearing molecules, hence affecting their pharmacokinetics and
pharmacodynamics.’’ On the other hand, as shown by the analog HR1, the bromo substituent was the least favorable one.
Although the bromine is a highly electronegative atom that would confer acceptable lipophilicity to the molecule, yet its
large size (compared with the fluorine and chlorine relatives) imparts some steric hinderance to the molecule that would
hamper its binding to the receptor or enzyme’s active site.”

Conclusions

The current study investigated the potential capacity of three celecoxib-related bipyrazoles, HR1-3, to reverse chemically
induced liver fibrosis in order to find a non-invasive therapy for liver fibrosis. Based on the results of the histopatho-
logical examination using H&E and Masson’s trichrome staining and immunohistochemical testing for the quantification
of a-SMA % of the isolated model rat livers, celecoxib and the investigated compounds HR1-3 showed evident fibrolytic
effects. Such effects were manifested as partial to total restoration of normal liver architecture in addition to a significant
decline of the a-SMA % indicating the resolution of liver fibrosis in rats treated with CCl,. The levels of MMP-9, TGF-f3
1 and TIMP-1 significantly decreased in liver tissues of all treatment receiving groups (celecoxib and HR1-3). Celecoxib
exhibited a significantly superior effect in lowering TNF-a levels, whereas all treatment modalities were equally effective
in lowering IL-6 levels. Under oxidative stress, the treatment with celecoxib, HR2 and HR3 resulted in a significant rise
in GSH levels. On the other hand, assessment of the liver’s lipid peroxide levels revealed that celecoxib and only HR3
could exert a significant lowering effect on MDA levels. Moreover, the analogs HR1-3 were effectively able to lower the
elevated serum levels of the indirect biomarkers of liver fibrosis, namely, AST, ALT, ALP and TBIL, with good liver and
kidney safety profile. The results obtained from the in silico docking of HR1-3 onto the active sites of TNF-a and TGF-3
were concordant with their corresponding biological findings, following the activity order HR3 > HR2 > HR1, with
binding scores comparable to that of their co-crystallized ligands. The predicted in silico physicochemical properties,
drug likeness and pharmacokinetic parameters using web-based applications suggested the appropriateness of the
investigated three drug candidates HR 1-3 to act as drugs with acceptable pharmacokinetics. Depending on the obtained
results, the fluorinated analog HR3 could serve as a novel therapeutic candidate for the treatment of liver fibrosis that
deserves further derivatizations and investigations.
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