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ABSTRACT: Ulcerative colitis (UC) is one of the major inflammatory
disorders of the gastrointestinal tract. @-Terpineol (@TL) is naturally present
in several plants, and it belongs to the monoterpenes category. aTL possesses
various pharmacological properties such as antioxidant, antibacterial,
antifungal, anticancer, and antiulcer activities. Importantly, aTL has been
reported to possess potent anti-inflammatory effects also. In this study, we
hypothesize that aTL may have protective effects against dextran sodium
sulfate (DSS)-induced colitis in Wistar rats. Animals were randomly allocated ) 2 R
to 3 groups of 6 rats each. In group III, #TL was administered at a dose of S0~ PSS-induced eolitic rat
mg/kg b. wt. orally from days 1 to 14, while in groups II and III, 4% DSS in
drinking water was given to rats ad libitum from the 7th to 14th days. After 24
h of the last dose of @TL, all animals were euthanized. aTL administration
reduced the DSS-induced colonic disease activity index, tissue damage, and
goblet cell disintegration. aTL suppressed the orchestration of mast cells in the inflamed colon, enhanced the immunostaining of
NF-kB-p6S, COX-2, iNOS, pS3, caspase-9, and cleaved caspase-3, and suppressed the immunostaining of connexin-43, survivin, and
Bcl-2. The activities of caspases-9 and -3 were reduced significantly by aTL pretreatment, as also confirmed by calorimetric assays.
Moreover, aTL significantly attenuated the nitric oxide level and myeloperoxidase activity. Histological results further support the
fact that aTL reduced DSS-induced colonic damage and reduced inflammatory cell infiltration. Overall, our findings suggest that
aTL has strong protective effects against DSS-induced colitis by mitigating inflammatory and apoptotic responses.

Before treatment |

Alpha-Terpineol («T1)
(s0mg/kg, b.wt.)

ke 2,
ST S L 13

5 2 EPOY. 332 e s
J iNOS, COX-2, NF-xfi

H INTRODUCTION (GJIC), has been shown to be involved in the pathophysiology

Ulcerative colitis (UC) and Crohn'’s disease (CD) are classified of various intestinal epithelial cell barrier diseases such as

under the category of inflammatory bowel disease (IBD), 1nﬂammat0r¥ l.)owd diseases (ulcerative COlltIS). and cancer.”
. Lo : . . Oral administration of dextran sulfate sodium (DSS) in
which are the major inflammation-related gastrointestinal

diseases. Globally, UC is the most commonly diagnosed drinking water in a rodent model has been found to induce
form of IBD. which is mainly identified by recarrent transmural colonic inflammation, which shows histopatho-
inflammation ;n d colon damage yultimately resu};ting in the logical alterations and clinical signs similar to human ulcerative
) age . ey .
shortening of the colon.! The precise mechanism of disease colitis. DSS-induced colitis in a rodent model may prove to be
development is still not known, but colonic epithelial cells useful for a better understanding of the development of colitis
undergo extensive cell death, which causes tissue damage.”” It and to investigate and verify new methods of therapy for the
has been reported that in response to an inflammatory treatment as well as prevention of colitis. Several approaches

stimulus, nuclear factor-kappaB (NE-KB) activation plays a have been put to use to abrogate the extent of colitis induced
T . . 1 by DSS, and the use of dietary agents or natural compounds
crucial role in inflammation through its capability to regulate 4 ; 4 o p
the expression of different inflammatory markers, viz., tumor with pharmacological or medicinal properties is one of them.
necrosis factor-a (TNF-a), cyclooxygenase-2 (C§OX,2) and Several epidemiological studies have shown that natural
inducible nitric oxide synt};ase (iNOS). Furthermore, I\}F—kB compounds with pharmacological properties are linked to
also regulates the expression of apoptotic markers, viz., B-cell
lymphoma-2 (Bcl-2) and survivin.”®> The integrity and Received:  June 17, 2023
functionality of the mucosal barrier can be compromised by AccePted‘ July 20, 2023
aberrant apoptosis in epithelial cells or colonocytes, which Published: August 1, 2023
mostly leads to colonic tissue damage.” Deregulation of
connexin-43 (Cx-43), which is the foremost connexin that
leads to changes in gap junctional intercellular communication
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Figure 1. Schematic representation of the experimental design.

various health benefits. a-Terpineol (aTL) is naturally present
in several plants, such as Origanium vulgare, Antrodia
cinnamomea, Ocimum canum, etc.® It belongs to the
monoterpenes category and is normally considered safe or
nontoxic as the oral lethal dose (LDg,) in rodent models is
above 5000 mg/kg.” @TL possesses various pharmacological
properties, such as antioxidant, antibacterial, antifungal,
anticancer, and antiulcer activities.'”"" Importantly, aTL has
been reported to possess potent anti-inflammatory effects.'”"?
Moreover, aTL has been reported to exert antiulcer effects or
have gastroprotective activity.M'15

Taking into account the aforementioned biological proper-
ties of aTL, we hypothesize that it may be effective toward a
colitis model induced by DSS in Wistar rats and, by targeting
inflammatory and apoptotic indicators, ofter certain insights
into the basic mechanism that regulates @TL.

B MATERIALS AND METHODS

Experimentation Protocol. Eighteen male Wistar rats
were arbitrarily assigned to three distinct groups of 6 rats to
evaluate the preventive application of aTL in the colitis model.

Control (group 1): Corn oil was administered orally to rats
on a daily basis, dosage 5 mL/kg body weight for 14 days, and
it served as the vehicle for aTL.

DSS (group 2): From the 7th to 14th days, rats were given
ad libitum 4% DSS in drinking water.

aTL + DSS (group 3): Rats received DSS as in group 2 and
also received 50 mg/kg b.wt. aTL once a day for 14 days
orally.

After 24 h, on day 15, all rats were administered a light
anesthetic and sacrificed by cervical dislocation. Based on
previously published investigations, the dosages of aTL and
DSS were chosen.8’14’16(Figure 1)

Assessment of Colitis. Clinical signs of DSS-induced
colitis were assessed during the experiment to determine the
disease activity index (DAI) in accordance with an earlier
reported method.” The body weights of the animals were
recorded daily. Evident occult blood or the feces containing
blood, as well as the consistency of the stools (as a marker of
diarrhea), were also documented daily for each rat from days 7
to 14 of DSS treatment. All results were compared to the day 7
scores, which were set at 0. The consistency of stools was
scored as follows: well-formed stool pellets, 0; pasty and semi-
formed stools, 2; and liquid stools, 4. Bleeding was scored as
follows: no blood, 0; fecal occult blood, 2; and gross bleeding,
4. The disease activity index (DAI) is the average score of stool
consistency, body weight loss, and occult or gross bleeding.'”

Analysis of Tissue Damage. The whole colon from each
group was harvested from the rats and kept between two
Whatman filter papers to keep the colon flat; later, for 48 h,

every colon was treated with neutral buffered formalin (10%
NBF). Subsequently, staining was performed for all colons
using 0.2% methylene blue in NBF solution for 3 min, then
colons were gently washed with ice-cold normal saline, and
colonic damage was examined using an upright light
microscope (Olympus BX51).”

Staining for Goblet Cell Analysis. The analysis of goblet
cell staining was performed according to our earlier reported
method.'*We performed Alcian blue staining to stain goblet
cells as well as acidic mucins secreted by goblet cells, and
counterstaining was performed using neutral red dye.

Histology. Staining with hematoxylin and eosin (H&E)
was carried out to examine the histoarchitectural alterations in
the colon. H&E staining was carried out according to our
earlier reported method."”

Measurement of Caspase Activities. The activities of
caspase enzymes were investigated in the cytosolic region with
the help of a commercially available kit (Apotarget kit, Cat.
No. KHZ 1001, Invitrogen Corporation, CA). The kit contains
substrates for caspase-3 and caspase-9, and the activities of
caspases were determined as per the manufacturer’s
instructions.

Assay for Myeloperoxidase (MPO). The technique of
Bradley et al. was used to measure the activity of MPO.” The
activity of MPO, indicated in units, is the capacity of the
enzyme to break down 1 umol of hydrogen peroxide per
minute at a temperature of 25 °C. The MPO enzyme activity is
given as units/min/mg protein.

Measurement of Nitric Oxide. The released NO was
measured indirectly by detecting nitrite levels (an indicator of
NO) in the supernatant of the tissue with the help of the
Griess reagent.”’ A microplate ELISA reader (Bio RAD) was
used to determine the absorbance at 540 nm.

Mast Cell Staining. The procedure outlined by Khan et al.
was used to stain mast cells.”* Toluidine blue dye was used to
stain mast cells. Toluidine blue dye metachromatically stains
the granules secreted by mast cells, resulting in granular
cytoplasmic staining with a strong purplish-blue hue.

Immunohistochemical (IHC) Staining for the Detec-
tion of iNOS, NF-kB-p65, Caspases-3, and -9. Immuno-
histochemical staining was performed according to our
previously reported protocol.”” We employed the following
primary antibodies: anti-rat NF-kB-p6S rabbit antibody
(dilution 1:100, Biolegend), anti-rat iNOS rabbit antibody
(dilution 1:100, Neomarkers), monoclonal rabbit anti-rat
cleaved caspase-3 antibody (dilution 1:400, Cell Signaling),
and polyclonal rabbit anti-rat caspase-9 antibody (dilution 1:
300, Neomarkers).

Fluorescent Immunohistochemistry Staining to De-
tect p53, Connexin-43, COX-2, Survivin, and Bcl-2.
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Figure 2. (A) Effects of a-terpineol (TL) and DSS on the disease activity index (DAI). Data (n = 6) are presented as mean * SD. Significant
differences between the control (Gp-I) and DSS (Gp-II) groups are shown by ***p < 0.001 and those between Gp-II and Gp-III are shown by the
symbol #p < 0.05. Gp-I is the vehicle-treated healthy control group, Gp-II is the DSS-treated group, and Gp-III is the DSS + aTL-treated group.
(B) Topographical view of colonic damage by methylene blue. (Gp-I) Vehicle-treated healthy control showing the normal structure of crypts. (Gp-
II) DSS-treated group showing colonic damage after staining with methylene blue solution. (Gp-III) DSS + aTL-treated group showing marked

reduction in colonic damage. Original magnification: 10X.

Fluorescent immunohistochemical staining was performed
according to our previously reported protocol.””We employed
the following primary antibodies: anti-rat pS3 rabbit polyclonal
antibody (Santa Cruz, dilution 1:100); anti-rat connexin-43
mouse monoclonal antibody (Santa Cruz, dilution 1:400);
anti-rat COX-2 polyclonal antibody (Santa Cruz Biotechnol-
ogy Inc., dilution 1:300); anti-rat survivin polyclonal antibody
(Cell Signaling, dilution 1:300), and anti-rat Bcl-2 polyclonal
antibody (Santa Cruz Biotechnology Inc., dilution 1:200). The
secondary antibody was FITC-conjugated goat anti-rat anti-
body (Jackson ImmunoResearch Lab Inc., dilution 1:50).
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Protein Estimation. Using bovine serum albumin (BSA)
as a reference, the method was used to calculate the amount of
protein in each sample.”*

Statistical Assessment. The mean =+ SD for all of the data
from various groups is displayed. The analysis of variance
(ANOVA) method was employed to examine the distinctions
between various groups. In addition, the minimum threshold
for statistical significance for all tests was established at p <
0.05 using the Tukey—Kramer multiple comparisons test.

B RESULTS

Effects of «TL on the Disease Activity Index (DAI) and
Tissue Damage. The DAI data showed that rats treated with

https://doi.org/10.1021/acsomega.3c04317
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only DSS (group 2) developed significant signs of colitis as
compared to rats treated with aTL + DSS (group 3) and
vehicle-treated control rats (Group 1). The disease develop-
ment became more florid and confluent with time, and the
DAI demonstrated that signs of colitis were evident by day 7.
Treatment with aTL significantly (p < 0.05) attenuated the
DAI response on day 7 in the rats in the aTL + DSS-treated
group (Group 3) compared with the only-DSS-treated group
(group 2). The presence of loose stools was found on day 4 in
groups 2 and 3, and watery stools were observed on day 6 in
groups 2 and 3. However, the presence of occult blood was
observed on day 4 in groups 2 and 3 and gross bleeding was
examined on day 6 in groups 2 and 3 (Figure 2A). Treatment
with DSS led to colonic damage, as visualized after staining
with methylene blue solution, while pretreatment with aTL
reduced DSS-induced colonic damage in Wistar rats (Figure
2B).

Colon Histoarchitecture Alterations. Colonic sections
of rats in the control group displayed a normal histoarchi-
tecture and a minor infiltration of inflammatory cells, while
there was enormous infiltration of inflammatory cells, which
mainly accounts for neutrophils and the abnormal glandular
architecture along with crypt dilatation and ablation noted in
the DSS-treated group (group 2). Mucosal edema, disruption
of muscularis mucosae, and focal erosion of the colonic
epithelium were also found in the DSS-treated group.
Pretreatment with aTL exhibited protection against DSS-
induced mucosal damage, probably by reducing inflammatory
cell infiltration, which may lead to a reduction in mucosal
edema, crypt ablation, and erosion of the colonic epithelium
(Figure 3).

Effect of aTL against DSS-Induced Activities of
Caspases. In the aTL + DSS-treated group (group 3),
treatment with aTL significantly ameliorated caspase-9 (p <
0.05) and caspase-3 activities (p <0.05) compared with the
DSS-treated group (group 2) (Figure 4). The activities of these
caspases were significantly increased (p < 0.001 for caspase-9
and p < 0.01 for caspase-3) in the DSS-treated group (Group
2) compared to the control group (group 1).

Effects of aTL on the DSS-Induced Myeloperoxidase
(MPO) Activity and Nitric Oxide Level. The activity of
myeloperoxidase enzyme was increased considerably (p <
0.001) in group 2 (DSS-treated group) compared to group 1
(control group); supplementing with aTL greatly (p < 0.05)
attenuated the MPO activity in the aTL + DSS-treated group
(Group 3) as compared to group 2. (Figure SA). In the DSS-
treated group (group 2), NO production was greatly (p <
0.001) enhanced compared to the control group (group 1),
while pretreatment with aTL greatly (p < 0.05) attenuated the
NO production in the aTL + DSS-treated group (group 3)
compared to group 2, as shown in Figure 5B.

Effect of aTL against DSS-Induced Mast Cell
Infiltration. In group 2, an increased number of mast cells
was observed beneath the lamina propria layer of the colon.
aTL treatment decreased the infiltrated mast cell number in
group 3 (treatment group) compared to group 2, as shown in
Figure 6.

Effects of aTL and DSS on Goblet Cells. Goblet cells
were heavily reduced and disrupted in the disease group, while
the control group showed intact goblet cells with normal
abundance. In group 3, aTL supplementation alleviated the
disruption of goblet cells compared to the disease group, as
depicted in Figure 7.

Figure 3. Effects of a-terpineol (@TL) and DSS on histopathological
alterations in the colon. Microscopic images of colon sections
depicting the histology of different treatment groups. The insets in the
left panel with 10X magnification are shown enlarged in the right
panel with 40X magnification. Yellow arrowheads indicate epithelial
lining damage; black arrows and stars show inflammatory cell
infiltration.

Effects of aTL and DSS on Colonic Tissue Levels of
iNOS, NF-kB-p65, Cleaved Caspase-3, and Caspase-9.
Immunopositive staining was carried out for the colon sections
of group 2, and iNOS, NF-kB-p6S, cleaved caspase-3, and
caspase-9 (arrows) showed more brown color than that in
group 1 (control group). Pretreatment with aTL decreased
cells immunopositive for iNOS, NF-kB-p65, cleaved caspase-3,
and caspase-9 in group 3 compared to group 2. In
immunohistochemical analyses, iNOS-, NF-kB-p65-, cleaved
caspase-3-, and caspase-9-specific immunostaining are indi-
cated by a brown color, while hematoxylin staining is indicated
by a light-blue color. The original magnification was 40X
[Figure 8 (A-D)].

Effects of aTL and DSS on the Expression of Different
Biomarkers. The expression of different biomarkers, such as
COX-2 and p53, was increased, while levels of Bcl-2, Cx-43,
and survivin expression were decreased in the disease group
(group 2). In group 2, colonic sections showed enhanced
COX-2 and pS3 staining of immunopositive cells but reduced
connexin-43, survivin, and Bcl-2 immunopositive staining as
compared to the control group (group 1). In group 3,
pretreatment with aTL ameliorated staining due to reduced
immunopositive cells for COX-2 and p53 and increased
connexin-43, survivin, and Bcl-2 compared to group 2. The
particular immunostaining of COX-2, pS3, connexin-43,
survivin, and Bcl-2 for fluorescence immunohistochemical
analyses is shown by a greenish-yellow color, and the original
magnification was 40X [Figure 9 (A—E)].
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Figure 4. Effect of a-terpineol (¢TL) and DSS on the caspase-3 and -9 activities. Data (n = 6) are presented as mean = SD. Significant differences
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Figure 6. Effects of a-terpineol (@TL) and DSS on colon mast cell infiltration. Microscopic images of colonic sections depict mast cell granules by
toluidine blue staining. Original magnification: 40X. Black arrows show mast cell infiltration.

B DISCUSSION

As far as we know, this is the first report to show how a-
terpineol (TL) exhibited protective effects against DSS-
induced colitis in an animal model. We evaluated several
parameters to observe the efficacy of @TL. In this research, we
found that aTL reduced DSS-induced colonic injury as
indicated by the tissue damage analysis by methylene blue
staining and by histological evaluation of the colon.
Histological findings revealed that the DSS-treated group
showed colonic damage, which is evident by the irregular

29798

glandular structure, mucosal edema, disruption of muscularis
mucosae, and focal erosion of the colonic epithelium along
with crypt ablation or crypt dilatation. However, prophylactic
treatment with @TL markedly alleviated DSS-induced colonic
injury. Furthermore, DAI data also showed that pretreatment
of aTL reduced clinical signs of colitis.

Goblet cells are special types of cells that secrete
predominantly acidic mucins. These mucins are high-
molecular-weight proteins. These mucins possess heavy
glycosylation, forming a thick gel-like layer in the form of

https://doi.org/10.1021/acsomega.3c04317
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Figure 7. Effects of a-terpineol (¢TL) and DSS on goblet cells. Photomicrographs of colonic sections depict goblet cells stained blue by Alcian blue
and counterstained by nuclear red. Original magnification, 40X. Black arrows show goblet cell staining.

Figure 8. Immunohistochemical staining of (A) NF-kB-p6S, (B) iNOS, (C) caspase-9, and (D) cleaved caspase-3. Photomicrographs show specific
immunostaining for NF-kB-p65, iNOS, caspase-9, and cleaved caspase-3, as indicated by the brown color, while hematoxylin staining is indicated by
a light-blue color. Black arrows indicate the immunopositive cells. Original magnification, 40X.

mucus, which acts as a protective barrier.””*° It has already
been well-documented in various reports that DSS treatment
leads to the typical loss of goblet cells, which is one of the
hallmarks of DSS-induced colonic injury.”’ = In our study,

DSS administration also results in the loss or disintegration of

goblet cells, and pretreatment with oTL markedly reduced
goblet cell disintegration.

Massive infiltration of neutrophils is the foremost response
to intestinal inflammation, which undoubtedly accounts for the
increased MPO activity. MPO is an enzyme present within
neutrophils, and therefore, it is an indirect marker of
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Figure 9. (A—E). Fluorescent immunohistochemical staining of (A) COX-2, (B) survivin, (C) p53, (D) connexin-43, and (E) Bcl-2.
Photomicrographs of particular immunostaining of COX-2, pS3, connexin-43, survivin, and Bcl-2 for fluorescence immunohistochemistry analyses
shown by a greenish-yellow color and nuclear propidium iodide staining shown by a red color. Original magnification, 40X. Black arrows indicate
immunopositive cells. Significant differences between Gp-I (control) and Gp-II (DSS) are shown by ***p < 0.001 and those between Gp-II and

Gp-1II are shown by the symbol #p < 0.0S.

neutrophil infiltration.’”*' MPO may also contribute to

colonic damage through its capacity to oxidize, nitrosylate,
and chlorinate proteins when oxidants and nitric oxide are
produced by neutrophils." Our results are in corroboration
with previous findings, which exhibited increased MPO activity
in DSS-induced colitis.”**** aTL supplementation alleviated
DSS-induced MPO activity, which is also evident by the
histological examinations showing that pretreatment with aTL
reduced infiltration of inflammatory cells (~70% population
among inflammatory cells is of neutrophils). Thus, these
markers support the anti-inflammatory potential of aTL.
Inflammation is caused in part by mast cells by releasing
preformed TNF-a from the granules present with the mast
cells.” In spite of the mediating inflammatory responses, TNF-
a and NO also act as key signaling molecules, which lead to
the activation of NF-kB, a redox-sensitive transcription
factor.”> NF-kB is reported to be upregulated in IBD, and
the activation of NF-«kB mediates the unchecked transcrip-
tional activation of its downstream targets, including COX-2

and iNOS.>**7*" In our study, we observed that pretreatment
with aTL ameliorated DSS-induced orchestration of intra-
colonic mast cells and also the level of TNF-a and NO. oTL
administration inhibited the stimulation of NF-xB and,
therefore, reduced the levels of COX-2 and iNOS. Several
other studies also show that natural compounds having
antioxidant potential inhibit NF-kB activation by blocking
phos;;horylation and thus the proteosomal degradation of
1B.

Connexin-43 (Cx-43) is a type of transmembrane protein in
the cells that helps to form channels between closely adhered
cells. These channels are called gap junctions.’ Cx-43 is a key
connexin that plays a role in intercellular communication
through gap junctions. Altered expression/levels of Cx-43
reportedly play a role in the pathogenesis of several illnesses,
including IBDs.® pS3 is a transcription factor that is responsible
for the regulation of the gene transcription involved in the cell
cycle and DNA damage repair.*’ Both Cx-43 and p53 regulate
the process of apoptosis.”*" Specifically, p53 controls Bcl-2
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function and further leads to apoptosis by stimulating the
mitochondrial release of cytochrome c, which results in the
activation of apoptotic protease activating factor-1 (Apaf-1)
and caspase-9, subsequently activating caspases-9 and -3.*
Survivin is a protein that inhibits apoptosis, and thus, it
supports the survival of cells.”” Survivin is generally not
expressed in mature differentiated tissues, and diminished
expression of survivin is a hallmark of cell death."* In this
study, it was found that aTL treatment attenuated the DSS-
induced increased expression of pS3, caspase-9, and cleaved
caspase-3 and decreased the expression of Cx-43, Bcl-2, and
survivin. @TL treatment increased the anti-apoptotic Bcl-2
expression to alleviate colitis.

B CONCLUSIONS

Overall, aTL has histoprotective effects against DSS-induced
colonic damage. aTL has been shown to alleviate inflamma-
tion, as demonstrated through various inflammatory indicators.
Extensive apoptosis of colon epithelial cells resulted in tissue
deterioration. We observed that pretreatment with aTL also
significantly counters the apoptotic response exerted by DSS.
Anti-apoptotic biomarkers such as Bcl-2 could play a major
role in the pathophysiology of ulcerative colitis and could be
important markers to target the treatment for ulcerative colitis.
The exact mechanism of the histoprotective effects of aTL
against DSS-induced colonic injury is still unclear, but the most
likely mechanistic action might be a reduced inflammatory and
apoptotic response. To further understand the protective
mechanism of aTL, more research is required.
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