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Abstract

Objective: Oxidative stress develops because of a shift
in the prooxidant—antioxidant balance toward the
former, because of disturbances in redox signaling and
control. Celecoxib (Cb), a selective COX-2 inhibitor, is
a drug that effectively decreases pain and inflamma-
tion. However, Cb causes oxidative injury to hepatic
tissues via enhanced lipid peroxidation, thus resulting
in excessive production of reactive oxygen species.

* Corresponding address: Department of Pharmaceutical Chem-
istry, Faculty of Pharmacy, Jinnah University for Women, Karachi,
74600, Pakistan.

E-mail: drsomil983@yahoo.com (S. Gul)
Peer review under responsibility of Taibah University.

Consequently, frequent or long-term Cb use may lead
to hepatic, renal, and other noticeable adverse effects.
Lycopene (lyco), a potent antioxidant naturally
occurring in pigmented fruits and vegetables, actively
eradicates singlet oxygen and other free radicals,
thereby protecting cells against destruction of the
plasma membrane by free radicals.
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Methods: We hypothesized that lyco might protect rat
liver cells against Cb-induced oxidative stress, thus
reducing fatty infiltration and glycogen depletion. Rats
were randomized into three groups (with ten rats each)
receiving control (group A, saline only), Cb (group B,
50 mg/kg, orally), or Cb + lyco (group C, 50 mg/kg,
orally) for 30 days. Subsequently, liver tissues were
examined, and the average liver weight and histological
changes in fat and glycogen content were determined.

Results: Lyco mitigated hepatocyte damage in Cb-
treated rats, reducing fat accumulation and glycogen
loss, probably through its antioxidant properties.
Concomitant lyco and Cb intake prevented hepatotoxic
adverse effects due to oxidative injury, as well as non-
alcoholic fatty liver disease (NAFLD), a key compo-
nent of metabolic syndrome. Moreover, the binding
orientation of lyco in the binding site of COX-2 enzyme
revealed that the docked complex had noteworthy bind-
ing strength.

Conclusion: In conclusion, our study revealed lyco’s
protective effects against Cb-induced hepatic damage by
reducing fat and glycogen depletion.

Keywords: Celecoxib; Docking studies; Fatty degeneration;
Glycogen depletion; Lycopene; Natural product

© 2024 The Authors. Published by Elsevier B.V. This is an
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Introduction

In vitro models or systems are critical in cellular medicine,
because they provide an accurate understanding of the
behavior of a cell or microorganism. However, because the
cells and microorganisms are outside their natural environ-
ment, these models might not fully or precisely demonstrate
the effects of chemicals, such as drugs or environmental
pollutants, on the whole organism.l Despite the altering
approach of experimental research toward in vitro systems,
animal models still remain the “gold standard”,2 because,
although they might not accurately indicate drugs’
toxicological effects because of inter-species differences,
they provide a preliminary foundation for more advanced
study or evaluation of parameters, e.g., through in vitro or in
silico models, or organ-on-a-chip techniques.3

Non-steroidal anti-inflammatory drugs (NSAIDs) are
drugs routinely prescribed by physicians or used as self-
medication for the management of pain and inflammation,
despite their well-known and pronounced adverse effects.”
NSAIDs are non-selective COX enzyme inhibitors that
elicit several adverse effects.” Selective COX-2 inhibitors are
preferred over NSAIDs for long-term treatment of pain and
inflammation due to diseases, because they exhibit lesser
adverse effects and avoid the most common gastrointestinal
side effects of NSAIDs, such as peptic ulcers and gastroin-
testinal mucosal damage.(’

Celecoxib (Cb), as illustrated in Figure 1(a), is a non-
steroidal anti-inflammatory drug that selectively inhibits
COX-2, and is frequently used as an analgesic, anti-
inflammatory, and antipyretic agent.7 Generally, Cb is used
to manage acute and chronic pain and inflammatory
conditions such as osteoarthritis, rheumatoid arthritis, and
dental pain.g Cyclooxygenase (COX) plays a key role in the
synthesis of prostaglandin inflammatory mediators, which
stimulate the inflammatory pathway that ultimately causes
inflammation and pain. The COX enzyme has two
isoforms: cyclooxygenase-1 (COX-1) and cyclooxygenase-2
(COX-Z).9 Inflammatory and pain responses are due to the
action of COX-2 enzyme, whose inhibition is responsible
for the therapeutic effects of NSAIDs, whereas COX-1 in-
hibition gives rise to the gastrointestinal, hepatic, and renal
adverse effects of non-selective NSAIDs.'" Because COX-2
inhibitors elicit lesser adverse effects than NSAIDs, physi-
cians prefer to prescribe selective COX-2 inhibitors for long-
term treatment of pain and inflammation in discases.'!
However, Cb has been demonstrated to cause oxidative
injury to tissue by increasing lipid peroxidation and
inhibiting oxidative phosphorylation, thus resulting in the
formation of reactive oxygen species (ROS).lz Oxidative
stress indicates an imbalance between ROS production and
the capacity of the antioxidant system, and is considered
the main contributor to liver injury in conditions such as
NAFLD. ROS, such as superoxide anion radicals (Oy*")
and hydrogen peroxide (H,O»), are continuously formed
intracellularly as byproducts of active metabolism in liver
cells. Excess lipids in various liver cells promote excessive
formation of oxidants via several ROS-producing mecha-
nisms. Thus, high levels of ROS cause oxidative trans-
formation of cellular biomolecules including lipids and
proteins, and consequently lead to aggregation of injured
macromolecules and liver injury. The mechanisms through
which ROS facilitate fatty liver development may involve
both undifferentiating oxidative biomolecular injury and
impaired redox signaling; however, the exact molecular
pathways are not yet clear."? Long-term therapy with Cb is
also associated with adverse effects such as hepatotoxicity,
nephrotoxicity, allergic reactions, and hypertension,
depending on treatment dosage and duration.'

Antioxidants are essential in protecting cells and their
organelles against the oxidative injury caused by ROS. Fruits
and vegetables are the best sources of natural antioxidants. 15
The carotenoid family comprises naturally pigmented
antioxidants present in fruits and vegetables. Carotenoids
are potent chemical quenchers of singlet oxygen (]Oz) and
effective scavengers of other ROS.'° Lycopene (lyco) is one
of the most potent pigmented antioxidants among the
dietary carotenoids: it effectively quenches singlet oxygen
and free radicals to a greater extent than [-carotene,
thereby shielding cells against free radical induced plasma
membrane destruction and cell death.!’ Lyco and B-
carotene are true hydrocarbons incorporated entirely
within the inner surface of the cell membrane lipid bilayer;
this integration is essential for preserving essential
membrane characteristics, such as thickness, mechanical
strength, stability, fluidity, and permeability, and
maintaining proper function of the cell membrane. " Owing
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Figure 1: Structures of (a) celecoxib and (b) lycopene.

to its antioxidant potential, lyco minimizes cellular oxidative
damage caused by disease or drugs.zo Lyco is a phyto-
nutrient naturally occurring in vegetables and fruits such as
tomatoes, watermelons, pink guavas, grapefruits, apricots,
and papayas.21 This powerful antioxidant scavenges singlet
oxygen and free radicals, and this activity underlies its
health-promoting effects.””

Cb is an effective drug for treating fever, pain, and
inflammation by selectively inhibiting COX-2; however,
prolonged use of this drug may lead to toxic effects such as
pericarditis in the cardiovascular system; fibrosis in the
glomeruli of the kidneys; and substantial increases in serum
enzymes such as alanine aminotransferase, aspartate amino
transferase, alkaline phosphatase, and total serum bili-
rubin.”? Recent studies have revealed that oral intake of Cb
markedly reduces ATP concentrations in hepatic
mitochondria and is accompanied by increases in ADP
concentrations. These variations may result in steatosis and
eventually hepatocellular mitochondrial damage.24

Lyco has roles in maintaining cardiovascular health and
preventing the occurrence of thrombotic conditions such as
atherosclerosis.”> Recent data have also revealed a
neuroprotective role of lyco against bisphenol A exposed
hippocampi in rats, because of its antioxidant properties.27
Regular and long-term intake of lyco are associated with
reduced risk of prostate cancer and other cancers, such as
breast, colorectal and lung cancers.” Lyco has been shown
to have cytoprotective effects against ischemic/reperfusion
.. . . 29 .
injury in a limb skeletal muscle model.” According to
recent in vitro studies, lyco additionally has cartilage-
protecting effects, given its anti-apoptotic, anti-inflamma-
tory, and antioxidant properties30

The liver, the largest gland in the body, is a vital organ
performing more than 500 important functions. Critically, it
filters the blood, and eliminates drugs and toxins from the
circulation. The liver has a major role in metabolizing most
drugs entering the circulation. Thus, this organ is continually
exposed to risk while performing many functions critical for
maintaining the health of the living human body. Any im-
pairments in liver function may lead to increased accumu-
lation of toxins, which endanger life. To maintain a healthy
liver, adequate intake of supplements or antioxidants,
whether natural or synthetic, is essential.’’

Because of these important functions, we chose liver and
hepatocyte samples as the main tissue specimens in this

study. Cb 1is a frequently prescribed potent anti-
inflammatory medication. However, with prolonged use at
high dosage, it can cause adverse effects on the liver, kidneys,
and heart. Lyco, a member of the carotenoid family, has
strong anti-inflammatory and antioxidant properties. This
study was performed because no histological study had been
conducted to elucidate whether concomitant use of lyco with
Cb might minimize and reverse the toxic effects of Cb in the
liver. Our study might also provide a basis for further
investigation of the hepatotoxic effects of Cb on a molecular
basis, and the reversal of these adverse effects through par-
allel supplementation with lyco. We further performed
docking studies of lyco and Cb at COX-2 binding sites.

Materials and Methods

This experimental research was conducted (for 30 days)
at the animal facility and research laboratory of the
Department of Anatomy, Basic Medical Sciences Institute
(BMSI), Jinnah Postgraduate Medical Centre (JPMC),
Karachi. All procedures were in accordance with the
Declaration of Helsinki,*” and the study was approved by
the institution’s ethical committee under letter No. F.1-2/
BMSI-E.COMT/JPMC. A total of 30 healthy, young
adult male albino rats, 90—120 days of age, weighing 190—
210 g, were selected and handled according to the guidelines
of the US National Research Council’s Guide for the Care
and Use of Laboratory Animals. The rats were acclimated
to the environment 1 week before the start of the study, and
their health status and dietary intake were observed.*® Cb
was obtained in the form of Celbexx capsules
manufactured by Getz Pharma, and synthetic lyco was
used in the form of soft gel capsules manufactured by
General Nutrition Corporation (GNC). The calculated
amounts of Cb and lyco to achieve experimental doses of
50 mg/kg body weight were administered orally through a
feeding tube to the experimental animals.™

Administered dose of Cb in experimental animals

The calculated dose of Cb was 5 mg/100 g body weight.
Oral doses were prepared as powder obtained from 100 mg
Cb capsules dissolved in 10 ml normal saline. A 0.5 ml vol-
ume of the solution was administered per 100 g body weight.

The dose of lyco was 50 mg/kg body weight.
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The dose calculation per 100 g body weight was as
follows:

For 1 kg body weight, the dose of Cb was 50 mg.
1000 g = 50 mg
1 g = 50/1000

100 g = 50/1000 x 100

100 g = Smg
50 g=2.5mg
25g=125mg

The calculated dose of Cb was 5 mg/100 g body weight.

Oral doses were prepared as 100 mg Cb capsule (Getz
Pharma) dissolved in 10 ml normal saline.

Because 10 ml normal saline contained 100 mg Cb.

10 ml = 100 mg
1 ml = 100/10
I ml = 10 mg
0.5ml =5 mg

An 0.5 ml solution volume was administered per 100 g
body weight.

Administered dose of lyco in experimental animals

The calculated dose of lyco was 5 mg per/ 100 g of body
weight. Oral doses were prepared as a gel by dissolving a 30
mg lyco capsule in corn oil, and the solution was then loaded
into an insulin syringe with a total capacity of 60 units.
Therefore, 10 units were administered per 100 g body weight.

Lyco doses were administered at 50 mg/kg body weight.

The dose calculation per 100 g body weight was as
follows:

For 1 kg body weight, the dose of lyco was 50 mg.

1000 g = 50 mg
1 g = 50/1000

100 g = 50/1000 x 100

100 g = Smg
50g=25mg
25g=125mg

The calculated dose of lyco was 5 mg/100 g body weight.

Oral doses were prepared as 30 mg lyco capsule (General
Nutrition Corporation) dissolved in corn oil up to 60 units of
insulin syringe.

Therefore,

60 units = 30 mg

1 unit = 30/60
1 unit = 0.5 mg
2 units = 1 mg
4 units = 2 mg
6 units = 3 mg
8 units = 4 mg
10 units = 6 mg

Ten units per 100 g body weight was administered.
The test animals were categorized into the following
groups:

Group A: control group receiving standard laboratory diet
and water ad libitum.

Group B: administered Cb 50 mg/kg orally once daily.
Group C: administered Cb 50 mg/kg orally and lyco
50 mg/kg orally once daily.

All animals were weighed and housed in cages in a well-
maintained room with a 12-h light/dark cycle in a labora-
tory environment. The animals were fed a standard labora-
tory diet and water ad libitum.”” At the end of the treatment,
all animals were again weighed and euthanized under ether
anesthesia in a glass container. A midline longitudinal
incision was made, and the abdominal viscera were
carefully exposed. Gross features of the liver were noted,
and the liver was removed from the body of each animal
and weighed. The relative weight of the liver was calculated
with the following formula.*

mean absolute weight of liver
final weight of the animal

The relative weight of liver =

x 100

After weighing, the liver was washed with normal saline
and cut into halves along the plane dividing it into left and
right lobes. Both halves were preserved in buffered neutral
formalin for 24 h. After fixation, tissues from the left half of
the liver were processed and subjected to frozen sectioning
with a cryostat-microtome. Frozen sections were obtained by
rapid cooling of the tissue with a cryostat. The cryostat-
microtome was used to rapidly freeze and subsequently
slice the tissue for microscopic analysis. This prompt freezing
of the tissue specimen converted the water into ice within the
tissue, which served as an embedding medium for tissue
slicing. Frozen sectioning of hepatic tissue was used pri-
marily for lipid staining. Subsequently, 10 pum thick sections
were cut and placed on gelatinized glass slides, then stained
with oil red O and hematoxylin"i3 " The findings were rated as
mild, moderate or severe on the basis of zonal distribution,
according to the distribution area of glycogen in the
hepatocytes in liver lobules. Zone 1 (Z-1) was the lobule
region at the periphery, close to the portal triad; zone II
(Z-11) was the region between zones I and II; and zone III
(Z-111) was the area around the central vein. This
procedure was performed to identify the fat content of
hepatocytes according to the area affected. The amount of
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fat varied inversely with the amount of glycogen. Grading38
was determined as follows:

1. Mild: fat deposition in zone I (+)
2. Moderate: fat deposition in zones I and II (+ +)
3. Severe: fat deposition in zones I, II, and III (+ + +)

After fixation, tissue from the right half of the liver was
processed by incubation in 70% alcohol overnight and
dehydration with an ascending graded alcohol series. The
liver tissue was cleared with xylene, then embedded in
paraffin at 59 °C with a tissue embedding system. Subse-
quently, 4—5 pm thick sections of hepatic tissues were stained
with hematoxylin and eosin to measure the diameters of
hepatocytes and their nuclei, and with periodic acid Schiff
(PAS) and hematoxylin* to observe the glycogen content of
hepatocytes.”’ The findings were scored as mild, moderate,
or severe on the basis of the area of distribution of
glycogen in hepatocytes in all three liver lobule zones. The
deposition of glycogen was inversely proportional to the
distribution of fat in hepatocytes. The findings were
scored’® as follows:

4. Mild: glycogen depletion in zone I (+)
5. Moderate: glycogen depletion in zones I and II (+ +)
6. Severe: glycogen depletion in zones I, II, and III (+ + +)

The tissue sections were examined under the 40x objec-
tive of a light microscope, and the results were analyzed.

Hematoxylin and eosin staining procedure

The tissue sections were deparaffinized with xylene, then
hydrated with a descending alcohol series. The slides were
immersed in Harris hematoxylin solution for several mi-
nutes, then washed well in water until the water appeared
clear. The sections were stained with eosin and washed with
water until the water became clear. The tissue sections were
then dehydrated with a graded alcohol series, cleared with
xylene, and mounted in di-n-butyl phthalate in xylene.37

PAS and hematoxylin staining procedure

The tissue sections were deparaffinized in xylene and
rehydrated with a descending graded alcohol series, then
treated with periodic acid solution. Thereafter, specimen-
containing glass slides were rinsed well in distilled water
and covered with Schiff reagent, and subsequently rinsed
with water for several minutes. The tissue sections were then
covered with Harris hematoxylin to stain the nuclei. The
tissue sections were dehydrated in an ascending graded
alcohol series, cleared with xylene, and mounted in di-n-
butyl phthalate. The slides were observed under a micro-
scope. The periodic acid reactive material, i.e., the glycogen
content of hepatocytes, appeared magenta, and their nuclei
appeared blue.”’

Oil red O and hematoxylin staining procedure

The frozen tissue sections were stained with freshly pre-
pared oil red O working solution for 15—20 minutes, then
rinsed with water until all excess water was removed. The
frozen sections were counter-stained with Gill’s hematoxylin
for approximately 1 min, then rinsed with water several
times. The sections were mounted on a coverslip with

aqueous mounting medium. The slides were subsequently
observed under a microscope. The lipid droplets appeared
red, and the nuclei appeared blue.?’

Micrometric calculation of hepatocyte diameter and
hepatocyte nuclear diameter

Micrometry was performed with a stage micrometer and
ocular micrometer scale. The stage micrometer was used for
calibration of the ocular micrometer scale. The stage
micrometer used for this purpose was 1 mm long and was
divided into 100 divisions of 10 pm each. The ocular
micrometer scale was placed in the right eyepiece of a light
microscope.

Calibration of the ocular micrometer with the stage
micrometer under a 100X objective

The ocular micrometer scale coincided with the stage
micrometer scale under an 8 x ocular and 100x objective; 50
small divisions of the ocular micrometer scale coincided with
five divisions of the micrometer scale, which were equal to
50 wm. Therefore, one small division of the ocular micro-
meter was equal to 1 pm under a 100x objective and 8x
ocular.

Statistical analysis

The statistical significance of differences in various
quantitative data between treated and control rats were
calculated with Student’s t-test. SPSS-20 was used for sta-
tistical analysis. Differences were considered statistically
significant if the P-value was <0.05.

Docking studies

Preparation of ligands and protein

For docking, 3D structures of lyco and Cb were obtained
from the PubChem database’® in a suitable format (PDB)
and served as ligands. The target protein, PDB ID: 3LNI1
(structure of Cb bound at the COX-2 active site), with a
resolution of 2.40 A, was downloaded from the RCSB Pro-
tein Data Bank and prepared for docking by removal of
water molecules and co-crystallized ligands in PyMOL
software.

Molecular docking

Molecular docking studies were performed in the Auto-
Dock Vina 4.2.6 software package. To specify the binding
sites, we generated a centroid grid box encompassing the
binding site for docking calculations. The binding sites for
3LNI1 were GLN:178, ARG:499, LEU:345, SER:339, and
ARG:106. The docked protein-ligand complexes were
ranked according to their predicted binding energies.40

Screening criteria

The goal of the present research was to provide an in silico
demonstration that concomitant intake of lyco with Cb
prevents hepatotoxic effects. The molecular docking results
were visualized and analyzed with the PyMOL molecular
visualization tool.
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Results and discussion

This study was designed primarily to observe the potential
harmful effects of Cb alone and the effects of lyco in
ameliorating Cb induced damage in the liver in an experi-
mental rat model. This aim was achieved by examination of
gross changes, such as increases or decreases in relative liver
weight, as well as the histomorphology of the liver, as
observed under a light microscope. The histological exami-
nation was followed by appropriate staining of hepatic tissue
to observe fatty degeneration and glycogen depletion in he-
patocytes after administration of Cb either alone or together
with lyco.

Group A: The mean relative weight of the liver was
3.30 + 0.10 g/100 g (Table 1). The mean hepatocyte
diameter in group A was 16.2 £+ 0.83 um (Table 4),
whereas the mean hepatocyte nuclear diameter was
7.2 £ 0.27 um (Table 5). Frozen sections of liver stained
with oil red O and hematoxylin showed occasional
deposition of fat within hepatocytes, primarily in
periportal areas [Figure 2(a), Table 2]. Liver sections
stained with PAS and hematoxylin showed a normal and
uniform distribution of glycogen throughout the hepatic
lobules [Figure 2(b), Table 3].

Group B: The mean relative weight of the liver was
499 + 0.23 g/100 g. The relative liver weight was highly
significantly greater (P < 0.001) in group B than control
group A (Table 1). The mean hepatocyte diameter in group B
was 23.6 £ 0.96 pum and was highly significantly larger
(P < 0.001) than that in control group A (Table 4). The
mean hepatocyte nuclear diameter in group B was
47 £ 027 pm and was highly significantly smaller
(P < 0.001) than that in control group A (Table 5).
Sections of liver tissue stained with oil red O and
hematoxylin showed severe (+ + +) fatty infiltration
within the hepatocytes of group B, in comparison to
control group A. This infiltration involved all three zones,
extending from periphery/periportal areas (Z-I) to the
center/central vein (Z-III) of the hepatic lobules
[Figure 2(c), Table 2]. Similarly, sections of liver tissue
stained with PAS and hematoxylin in group B, as
compared with control group A, showed marked (+ + +)
glycogen depletion in the hepatocytes, extending from
periportal areas (Z-1) to the central vein (Z-1II) of the
hepatic lobules [Figure 2(d), Table 3].

Table 1: Mean relative weight of liver (g/100 g) in groups of
albino rats.

Groups Treatment Mean relative
weight of liver

A (n = 10) ND 3.30 + 0.10

B (n = 10) Cb 4.99 £+ 0.23

C (n = 10) Cb + lyco 3.32 + 0.07

Statistical comparison P-value

Bvs. A P < 0.001*%**

Cuvs. A P > 0.05*%

Cvs. B P < 0.001*%**

Key: ND, normal diet; non-significant*®; significant**; moderately
significant***; highly significant™***,

Group C: The mean absolute liver weight in group C,
treated with Cb with lyco, was 3.32 + 0.07 g/100g. The
relative liver weight in group C was non-significantly higher
(P > 0.05) than that in control group A. The relative liver
weight of group C was highly significantly lower (P < 0.001)
than that in group B (Table 1). The mean hepatocyte
diameter in group C was 17.2 £ 1.44 um. The mean
diameter of hepatocytes of group C was significantly larger
(P < 0.05) than that in control group A. The mean
hepatocyte diameter was moderately significantly smaller
(P < 0.005) in group C than group B (Table 4). The mean
nuclear diameter of hepatocytes in group C was
6.4 + 0.22 um. The nuclear diameter in group C was
significantly smaller (P < 0.05) than that in control group
A, but moderately significantly larger (P < 0.005) than that
in group B (Table 5). Oil red O stained frozen liver sections
showed mild (4) fatty infiltration in the periportal areas of
hepatocytes [Figure 2(e), Table 2]. Reciprocally, PAS and
hematoxylin stained liver sections in group C showed
minimal (+) glycogen reduction in the periportal areas of
hepatic lobules [Figure 2(f), Table 3].

In vitro studies are rapid, economical, simple, and species
specific, yet physiologically limited, whereas in vivo studies
are more specific and reliable for observing biological effects
in animals. We believe that Cb and lyco may have compa-
rable effects in terms of human physiology. However, this
aspect is a limitation of our study and should be further
evaluated in human models at the molecular level. It can be
useful to advance drug development research in such a
manner that the animal studies should be performed be-
forechand to provide medical researchers with a better
approximation of a drug or chemical’s health promoting
effects as well as the toxic effects likely to be observed in
humans.

The liver is a principal site responsible for uptake, con-
centration, metabolism, and elimination of a large variety of
drugs. This highly metabolically active organ contains many
important enzymes. Because most of the drugs entering the
circulation pass through the liver, any new drug or chem-
ical—such as analgesic, anti-inflammatory, anti-hyperten-
sive, antibiotic or antioxidant agents—should be evaluated
in terms of liver pharmacodynamics by using an in vivo
system before use of in vitro models.

In this experiment, markedly greater absolute and relative
liver weights were observed in Cb treated group B animals
than control animals. This finding might have been due to
steatosis and steatohepatitis occurring as a result of increased
fatty infiltration and inflammatory mediators.”!

Lyco decreased and restored the absolute and relative
liver weights in group C animals. This finding might have
been because its anti-hyperlipidemic and anti-inflammatory
hepatoprotective effects ameliorated drug induced steatosis
and steatohepatitis, as described by Bahcecioglu et al., in
2010, in a study indicating that lyco prevents induction of
steatohepatitis by a high-fat diet.

In this study, oil red O and hematoxylin-stained liver
sections of Cb treated animals showed marked fatty infil-
tration and steatosis, whereas PAS and hematoxylin-stained
liver sections showed marked depletion of glycogen in all
three hepatic lobule zones. Fat deposition in the hepatocytes
is inversely proportional to glycogen depletion.38 Group B
animals showed fatty infiltration of the liver caused by the
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Figure 2: Light micrographs of rat liver sections in the control, Cb treated, and Cb + lyco treated groups stained with oil red O and
hematoxylin (a, ¢, and e), scale bar = 10 um, and PAS and hematoxylin (b, d, and f), scale bar = 4 um (400x). (a) Liver section from a
control rat, showing the zonal distribution of hepatic lobules (Z-1, Z-II, and Z-III) around the central vein (CV) with occasional fat
deposition, and (b) regular glycogen (GL) content in hepatocytes. (¢) Liver section from a Cb treated rat, showing marked fat deposition
and (d) marked depletion of GL in all three hepatic lobule zones. (e) Liver section from a Cb + lyco treated rat, showing mild fat
accumulation around the CV and (f) minimal GL depletion in the periportal areas of the hepatic lobule.

Cb, because enhanced lipogenesis and lipid peroxidation led
to increased fat deposition in hepatocytes.12 Similar findings
were reported by Ebaid et al., in 2006, ina study indicating
that fat deposition inversely replaced the glycogen in
hepatocytes and resulted in glycogen depletion in COX-2
inhibitor treated mice.

Group C animals showed markedly reduced fat deposi-
tion, because of the protective effects of lyco, as described by
Bahcecioglu et al. in 2010.” In that study, the
hypocholesteremic effect of lyco was found to be due to
inhibition of the HMG Co-A reductase enzyme and a
decrease in fat deposition in cells. The same group has re-
ported significant reversal of glycogen depletion in

hepatocytes, as reported by Mansour et al. in 2011,"7 in a

study demonstrating the protective effects of lyco against
oxidative stress caused by sodium fluoride and gamma
radiation.

We observed markedly greater hepatocyte diameters in
Cb treated group B animals than control animals, possibly
because of fatty infiltration and increased levels of inflam-
matory mediators.** Increased diameters of swollen
hepatocytes are indicative of inflammation leading to
hepatocyte damage. This observation was complemented
by a highly significant decrease in hepatocyte nuclear
diameter, indicating shrinkage or pyknosis, possibly
because Cb reduces cell proliferation, angiogenesis, and the
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Table 2: Fat content of hepatocytes in groups of albino rats.

Groups Treatment Fat deposition in different liver
zones
Mild Moderate Severe
A (n = 10) ND — — —
B (n = 10) Cb = = o

C (n = 10)

Key: ND, normal diet; mild, Z-I; moderate, Z-1 + II; marked, Z-
I+ I+ III.

Cb + lyco I = =

Table 3: Glycogen content of hepatocytes in groups of albino

rats.
Groups Treatment Glycogen depletion in various
liver zones
Mild Moderate Severe
A (n =10) ND = = =
B (n = 10) Cb - - + 4+ +

C (n = 10)

Key: ND, normal diet; mild, Z-I; moderate, Z-1 + II; marked, Z-
I+ II + III.

Cb + lyco 4 — —

production of antioxidative enzymes causing oxidative
damage to cells, and increases tumor necrosis factor-o,
thereby resulting in apoptosis or cell death.”!

In the lyco protected animals in group C, the hepatocyte
and nuclear diameters were restored to values near those in
controls, because of this compound’s antioxidant and anti-
inflammatory effects, as verified by El-Sayed et al. in
2015.% In that study, lyco was found to exert antioxidative
and anti-inflammatory effects by restoring the antioxidant
enzymes. Lyco decreased lipid peroxidation and protected
against free radical induced cell damage, thus restoring the
hepatocyte and nuclear diameters to near-normal sizes.

The increased diameters of swollen hepatocytes of ani-
mals receiving Cb indicated inflammation leading to hepa-
tocyte damage, whereas the considerable decreases in nuclear
diameter indicated shrinkage or pyknosis followed by
apoptosis or cell death. The restoration of the diameters of
ballooned hepatocytes and the restoration of the decreased
diameters of shrunken nuclei to normal values after simul-
taneous administration of lyco with Cb indicated the pro-
tective action of lyco against Cb induced hepatocyte damage.

Hence, we conclude that the concomitant use of lyco may
ameliorate Cb induced fatty degeneration and glycogen
depletion in hepatocytes. Cb was verified to cause oxidative
injury in hepatic tissue, via increased lipid peroxidation and
inhibition of oxidative phosphorylation, thus resulting in
ROS formation. Oxidative stress plays a key role in the

Table 4: Mean hepatocyte diameter (lim) in groups of albino rats.

Table 5: Mean hepatocyte nuclear diameter (m) in groups of
albino rats.

Groups Treatment Mean hepatocyte
nuclear diameter

A (n = 10) ND 7.2 +0.27

B (n = 10) Cb 4.7 +0.27

C (n=10) Cb + lyco 6.4 +0.22

Statistical comparison P-value

Bvs. A P < 0.001%%**

Cvs. A P > 0.05%*

Cvs. B P < 0.005%**

Key: ND, normal diet; non-significant*; significant**; moder-
ately significant™**; highly significant™***,

pathogenesis of fatty liver/steatosis and hypercholesterole-
mia, which may progress to steatohepatitis, fibrosis,
cirrhosis, and finally end-stage liver diseases such as hepa-
tocellular carcinoma. The mechanisms through which ROS
mediate the development of fatty liver may be indiscriminate
oxidative biomolecular injury and dysregulated redox
signaling, but these possibilities remain to be further evalu-
ated. Lyco, a phytochemical and a potent natural antioxi-
dant, is a strong scavenger of singlet oxygen and other ROS,
because its chemical structure has numerous double bonds,
as illustrated in Figure 1(b), which have a key role in ROS
scavenging.w Moreover, evidence suggests that lyco
markedly reduces LDL cholesterol, thus decreasing systolic
blood pressure.z(1 Our study demonstrated that lyco
ameliorates hepatocyte deterioration in a rat model of Cb
treatment, and fat accumulation along with glycogen loss
in hepatocytes. Because of its antioxidant potential, lyco
minimizes the oxidative damage to cells caused by disease
or drugs.zo Given its health promoting effects
demonstrated herein, the natural product lyco may be used
as a synthetic drug candidate or dietary supplement for
scavenging singlet oxygen and other reactive species.

Docking studies

We conducted molecular docking studies to evaluate the
potential binding interactions of Cb and lyco with the target
protein. The structure of COX-2 bound to Cb was down-
loaded from the RCSB Protein Data Bank, under PDB code
3LN1.*° AutoDock Vina 4.2.6 was used for docking. Both
ligands were docked into the binding site of 3LN1. The
binding affinities of the lyco and Cb ligands were
calculated to be —7.3 kcal/mol and —7.9 kcal/mol,
respectively, as shown in Table 6. These values indicated
the predicted strength of the binding interaction between
the ligands and the protein. The highly negative binding

Groups Treatment Mean hepatocyte diameter Statistical comparison P-value

A (n = 10) ND 16.2 £ 0.83 Bvs. A P < 0.001%%%*
B (n = 10) Cb 23.6 + 0.96 Cuvs. A P < 0.05%*

C (n=10) Cb + lyco 17.2 £ 1.44 Cvs. B P < 0.005%**
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Table 6: Hydrogen and hydrophobic interactions with binding affinities at the active site of target 3LNI1.

Ligands Binding affinity No. of hydrogen Amino acid involved No. of hydrophobic Amino acid
bonding interactions in hydrogen bonding, bonds involved in hydrophobic
and bond length bonding
Cb -7.9 02 GIn178 (3.1) 03 Leu345 (3.6)
Argd99 (3.3) Ser339 (4.0)
Argl06 (3.6)
Lyco -7.3 02 Asp333 (3.5) 02 Lys344 (3.5)

Pro500 (3.8)

Gly340 (3.3)

Figure 3: Hydrogen bonding and hydrophobic bonding interactions of (a) celecoxib and (b) lycopene at the active site of the 3LNI1 target.

affinities of both Cb and lyco indicated strong interactions
with COX-2. The calculated binding affinities indicated sig-
nificant binding strength. Strong binding affinity implied
effective inhibition of the COX-2 activity associated with
inflammatory processes. In Figure 3(a), the 3D diagram
shows the ligand Cb in stick form in green, whereas in (b),
the ligand lyco is in pink with numbered amino acid
residues. Both diagrams show hydrogen bonding as dotted
yellow lines and hydrophobic bonding as dotted red lines.
This 3D figure of ligand and target interactions was created
in PyMOL.47 Lyco had a binding affinity of —7.3 kcal/mol,
thus suggesting that it forms hydrogen bonds with residues
Asp333, with bond length 3.5 A, and Pro500, with bond
length 3.8 A. Lyco also engages in hydrophobic
interactions with residues Lys344, with bond length 3.7 A,
and Gly340, with bond length 3.3 A, as shown in Table 6.
These interactions indicate the potential stability and
specificity of the lyco-protein complex.

Cb exhibited a slightly higher binding affinity
of —7.9 kcal/mol. Docking studies indicated that Cb forms
hydrogen bonds with residues GInl178, with bond length
3.1 A, and Arg499, with bond length 3.3 A. Additionally,
hydrophobic interactions were observed with residues
Lue345, with bond length 3.6 A; Ser339, with bond length
4.0 A; and Argl06, with bond length 3.6 A. Comparison of
the binding affinities of lyco and Cb indicated that both
ligands exhibited strong binding interactions with the target
protein 3LN1. This study suggested that both Cb and lyco
may serve as potential COX-2 inhibitors with implications

for anti-inflammatory therapy. The detailed analysis of
binding affinities and specific interactions (hydrogen
bonding and hydrophobic bonding) provide valuable in-
formation and broader understanding of the molecular
mechanisms underlying inflammation, and offer insights
into the design of targeted therapies for inflammatory
diseases.

Conclusion

Despite the effectiveness of Cb as an analgesic and anti-
inflammatory drug, prolonged high-dose use can lead to
hepatic tissue injury, probably because of oxidative stress
and fatty degeneration. This study demonstrated that lyco
significantly mitigates fat deposition and glycogen depletion
in hepatocytes, and thus may protect against hepatocellular
damage. Additionally, docking studies showed strong bind-
ing interactions of Cb and lyco with the target protein 3LN1,
with binding affinities of —7.3 kcal/mol and —7.9 kcal/mol,
respectively. Importantly, our findings suggested that the
concomitant intake of lyco, a natural product, along with
Cb, a synthetic drug, may decrease Cb induced fat deposition
and glycogen reduction in liver cells.
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