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Conclusion  Our study demonstrates that roxithromycin 
ameliorates experimental colitis by maintaining redox home-
ostasis, preserving mucosal integrity and downregulating 
NFκB-mediated pro-inflammatory signaling and suggests 
that it has a therapeutic potential in inflammatory condi-
tions of the colon.
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Introduction

Ulcerative colitis (UC), a subtype of inflammatory bowel 
disease, is an inflammatory condition of the large intes-
tine associated with abdominal pain, bloody diarrhea and 
other systemic manifestations with alternating episodes of 
exacerbations and remission [1, 2]. There is rising trend 
in its incidence in developing countries due to change in 
lifestyle [3, 4]. Along with genetic, environmental and 
immunological factors, both inflammation and oxidative 
stress play an important role in its pathogenesis. The loss 
of mucosal integrity in this condition is brought about by 
the release of various pro-inflammatory mediators accom-
panied by recruitment of cells such as activated neutrophils, 
macrophages and mast cells [5]. Biopsy samples obtained 
from the patients with active disease show elevated levels 
of prostaglandins (PGE2, PGI2 and PGF2α), interleukin (IL-
1β), tumor necrosis factor-alpha (TNF-α) and interferon 
gamma (IFN-γ) [6–8]. Inflammation and overproduction of 
free radicals such as reactive oxygen and nitrogen species 
(ROS and RNS) together contribute to the macromolecular 
damage and loss of mucosal integrity. Mucosal damage as 
seen in colitis can be induced by several agents in experi-
mental models. Acetic acid-induced colitis in rat resembles 
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human UC with respect to histological changes, mediator 
release and responsiveness to drugs and this model is widely 
used for the evaluation of drugs effective in colitis [9, 10]. 
The currently used drugs in UC produce beneficial effect 
through their anti-inflammatory, immunomodulatory and/
or anti-adhesion properties where the aim is to induce and 
maintain remission, reduce the frequency and severity of 
exacerbations, preserve mucosal integrity, avoid surgical 
intervention and to prevent transformation into cancer [1, 
11–13]. It is also well known that the drugs initially effec-
tive may lose efficacy over a period of time or their use is 
discontinued due to side effects.

Macrolides, the antibacterial drugs, have been reported 
to produce non-antibiotic effects in various disease condi-
tions primarily through their anti-inflammatory and immu-
nomodulatory properties [14, 15]. Besides respiratory tract 
infections, they have been found effective in reducing air-
way inflammation and hyper-responsiveness by inhibiting 
neutrophil migration, generation of reactive oxygen spe-
cies, activation of transcription factor and production of 
pro-inflammatory cytokines [15, 16]. Roxithromycin is one 
such macrolide that has been found effective in inhibiting 
an acute inflammatory response induced in a rodent model. 
It has been shown to inhibit NFκB signaling and endoplas-
mic reticulum stress in intestinal epithelial cells in a mouse 
model of colitis [14, 17]. The present study was designed 
to evaluate the efficacy of roxithromycin in an acetic acid-
induced colitis model where parameters such as ulcer 
score, histoarchitecture, adherent mucus content, markers 
of inflammation, oxidative stress and expression of NFκB 
(p65), IL-1β and COX-2 were included and a comparison 
was made with standard anti-colitic drug mesalazine and 
anti-inflammatory drug diclofenac.

Materials and methods

Drugs, chemicals and reagents

Roxithromycin, diclofenac and mesalazine were provided by 
Next Wave (India), Himachal Pradesh, India, Arbo Pharma-
ceuticals, New Delhi, India and Win-Medicare, New Delhi, 
India, respectively. The Prostaglandin E2 EIA kit was pur-
chased from Cayman Chemicals, USA, and TNF-α ELISA 
kit was procured from Boster Biological Technology Ltd, 
USA. Immunohistochemistry (IHC) was performed with 
UltraVision Quanto Detection System HRP DAB purchased 
from Thermo Fisher Scientific, MA, USA. The antibodies 
for COX-2 and NFκB (p65) were procured from Thermo 
Fisher Scientific, MA, USA and IL-1β from Santa Cruz, 
Texas, USA. All other reagents and the chemicals used were 
of analytical grade and were purchased from Sisco Research 

Laboratories, India, Qualigens Fine Chemicals, Mumbai, 
India and Sigma–Aldrich, St. Louis, MO, USA.

Animals

The study was conducted on adult Wistar albino rats of 
either sex (110–200 g) procured from Central Animal Facil-
ity of All India Institute of Medical Sciences, New Delhi, 
India. The animals were maintained in the animal house, 
acclimatized before the experiments for a week and were 
provided food and water ad libitum. The study protocol was 
approved by Institutional Animal Ethics Committee (773/
IAEC/13).

Paw edema model

The validation of anti-inflammatory activity and determi-
nation of dose of roxithromycin was carried out in rat paw 
edema model where inflammation was induced by sub-plan-
tar injection of 0.1 ml of 0.5% carrageenan as described 
by Winter et al. [18]. Rats were divided into five groups 
(n = 6), where Group I served as normal control (NC) and 
normal saline (NS) was injected in paw whereas inflamma-
tion was induced in groups II–V. Group II was given NS 
orally and served as experimental control (EC), Group III 
and IV were given roxithromycin at 5 and 20 mg/kg doses 
(RXM 5 and RXM 20) and Group V was given diclofenac 
at 10 mg/kg (D 10) orally (in 1 ml volume) 1 h before inject-
ing carrageenan. The doses of roxithromycin and diclofenac 
were selected based on the previous studies [14, 19]. The 
paw volume was measured up to a fixed mark on the lateral 
malleolus before inducing inflammation and at 3 h when the 
inflammation is at its peak. The difference in two readings 
gave the edema volume and the anti-inflammatory effect of 
drugs was expressed as % inhibition of edema with respect 
to the EC group [20].

Colitis model

Colitis was induced in 24 h fasted rats (water provided 
ad libitum) by intra-colonic instillation of 1 ml of 4% acetic 
acid followed by 2 ml of air bolus through a soft pediatric 
catheter inserted per rectum and reaching up to 8 cm from 
anal orifice [21]. Rats were divided into six groups (n = 6), 
where Group I served as NC (1 ml water instilled in colon) 
and colitis was induced in groups II–VI. Group II served as 
experimental control (EC) and Group III and IV were admin-
istered roxithromycin at doses 5 and 20 mg/kg (RXM 5 and 
RXM 20), Group V and VI were administered diclofenac 
(10 mg/kg; D 10) and mesalazine (300 mg/kg; MSZ 300) 
[19, 22]. The test and reference drugs were administered 
orally in 1 ml volume 1 h before the induction of colitis, 
and thereafter, the animals were provided water ad libitum 
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but deprived of food. The rats were euthanized after 24 h of 
induction of colitis, the distal colon was dissected out and 
the mucosal injury was scored as described earlier; 0: nor-
mal mucosa; 1: localized hyperemia; 2: diffused hyperemia; 
3: single linear ulcer (< 1 cm) with inflammation; 4: two or 
more small linear ulcers (all < 1 cm) with inflammation; 5: 
two or more linear ulcers (at least one ≥ 1 cm) with inflam-
mation; 6: multiple ulcers with intense hyperemia, hemor-
rhage and edema [23]. After scoring, a portion of tissue was 
fixed in 10% buffered formalin for histological examina-
tion and immunohistochemical analysis and remaining was 
stored at − 70 °C for biochemical analysis. In a separate set 
of experiment, the inflamed colonic tissue was dissected out 
for the estimation of adherent mucus content.

Preparation of tissue homogenate 
and post‑mitochondrial supernatant (PMS)

The tissue was homogenized in 0.1 M phosphate buffer (pH 
7.4) to prepare a 10% homogenate (w/v) for the estimation of 
reduced glutathione (GSH) and thiobarbituric acid-reactive 
substances (TBARS). An aliquot of homogenate was cen-
trifuged at 3000 rpm for 10 min to remove nuclear debris 
and the supernatant was again centrifuged at 12,000 rpm for 
20 min at 4 °C to yield PMS that was used for the determi-
nation of levels of nitrite and TNF-α [24]. The homogenate 
for the estimation of PGE2 was prepared as per the protocol 
provided in ELISA kit.

Determination of tissue GSH levels

Equal volumes of homogenate and 5% trichloroacetic acid 
were mixed and centrifuged at 3000 rpm for 10 min at 4 °C 
to get the supernatant. Briefly, to 0.1 ml of supernatant, 4 ml 
of phosphate buffer and 0.5 ml of 0.04% of 5,5′-dithiobis-
2-nitrobenzoic acid were added. The mixture obtained was 
vortexed and kept in dark for 10 min at room temperature. 
The absorbance of yellow-colored solution was read at 
412 nm. Tissue GSH levels were calculated from the graph 
plotted using various concentrations of GSH (0.1–200 µg) 
and expressed as μg/g tissue [25].

Determination of tissue TBARS levels

The levels of TBARS are measure of lipid peroxidation and 
are quantitative equivalents of malonyldialdehyde (MDA). 
Briefly, 0.1 ml of homogenate, 0.2 ml of 8.1% sodium dode-
cylsulphate, 1.5 ml of 20% acetic acid and 1.5 ml of 0.8% 
thiobarbituric acid were mixed and heated at 95 °C for 1 h. 
It was allowed to cool and 5 ml of n-butanol/pyridine (15:1) 
was added and then centrifuged at 4000×g for 10 min. A 
pink-colored chromogen was obtained and its absorbance 
was read at 532 nm. TBARS levels were calculated from 

the standard curve plotted using different concentrations of 
1,1,3,3-tetraethoxy propane and expressed as nmol/g tissue 
[26].

Determination of tissue nitrite levels

Tissue nitrite levels were determined by Griess reaction 
which involves a simple colorimetric reaction between 
nitrite, sulphanilamide and N-(1-Naphthyl) ethylenediamine 
dihydrochloride. Equal volumes of PMS and Griess reagent 
were mixed and incubated at room temperature for 10 min 
to obtain a pink-colored product that was read at 550 nm. 
The nitrite level was determined from the standard curve 
prepared using different concentrations of sodium nitrite and 
expressed as µg/g tissue [27].

Determination of tissue TNF‑α and PGE2 levels

The TNF-α and PGE2 levels were measured by ELISA Kits 
as per the protocol provided by the manufacturers.

Estimation of colonic adherent mucus content

Freshly excised colon specimens were weighed and 
immersed in 0.1% alcian blue prepared in sucrose solution 
buffered with sodium acetate (pH 5.0) for 2 h at room tem-
perature and the specimens were washed twice with sucrose 
solution for 15 and 45 min. The mucus-bound dye was 
extracted with 10 ml of MgCl2 for 2 h and an aliquot of 5 ml 
was shaken with an equal volume of diethyl ether and cen-
trifuged at 4000 rpm for 10 min. Absorbance of supernatant 
was read at 580 nm and the amount of alcian blue extracted 
was calculated from the standard curve and expressed as 
μg/g tissue [28].

Tissue histology

Formalin fixed tissue specimens were embedded in paraffin 
and thin sections (4 µm) were cut, stained with hematoxylin 
and eosin. The sections were examined microscopically for 
histological changes at 10 × magnification.

Immunohistochemical analysis for NFκB (p65), IL‑1β 
and COX‑2

The immunohistochemical analysis was performed on 
colon tissue with UltraVision Quanto Detection System 
HRP DAB. Briefly, thin sections of tissue mounted on 
poly-l-lysine coated slides were deparaffinized in xylene 
and then rehydrated with ethanol. The slides were washed 
and blocked for non-specific background staining and were 
incubated overnight with primary antibodies, anti-rat NFκB 
(p65) (1:1000), anti-rat IL-1β (1:100) and anti-rat COX-2 
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(1:100) at 4 °C and washed. The slides were incubated with 
primary antibody amplifier for 10 min and then incubated 
with HRP polymer. After washing, a mixture of DAB chro-
mogen and DAB substrate was applied to the specimens and 
incubated for 5 min. The slides were washed and counter-
stained with hematoxylin and visualized under light micro-
scope at 20 × magnification. Based on the percent positive 
cells and DAB staining, the immunoreactivity score (IR 
score) was determined as described by Fedchenko and Reif-
enrath [29]. The percent positive cells were scored 0: no 
positive cells; 1: < 10% of positive cells; 2: 10–50% positive 
cells; 3: 51–80% positive cells; 4: > 80% positive cells and 
DAB staining was scored 0: no color reaction; 1: mild reac-
tion; 2: moderate reaction; 3: strong reaction. The product 
of scoring for percent positive cells and DAB staining gave 
the final IR score ranging from 0 to 12. The results were 
expressed as mean ± SEM.

Statistical analysis

Data were analyzed by one-way ANOVA followed by Bon-
ferroni multiple comparison test (post hoc) using GraphPad 
InStat version 9 (GraphPad Software Inc., San Diego, USA). 
The results are expressed as mean ± SEM. The differences 
among the groups were considered statistically significant 
at p  < 0.05.

Results

Effect of roxithromycin on edema formation in paw 
model

Sub-planter injection of carrageenan produced a significant 
increase in paw volume as compared to NC group. Treat-
ment with roxithromycin at 5 and 20 mg/kg produced a dose-
dependent reduction in paw inflammation (19 and 51% inhi-
bition, respectively). The standard anti-inflammatory drug 
diclofenac (10 mg/kg) produced 58% reduction in edema 
formation (Fig. 1).

Effect of roxithromycin on macroscopic and histological 
changes, ulcer score and adherent mucus content 
in colitis model

Macroscopically, intra-colonic instillation of acetic acid 
caused substantial injury to the colonic mucosa and pro-
duced hyperemia, ulceration and edema, while histological 
examination of these specimens revealed damaged mucosa, 
epithelial destruction, crypt distortion, inflammatory cell 
influx and loss of architecture. These changes were accom-
panied by ulceration of colonic mucosa with a mean ulcer 
score of 5.50 ± 0.22 as compared to NC group where no 

ulceration was observed. Treatment with roxithromycin pro-
duced a dose-dependent reduction in mucosal injury, while 
treatment with anti-inflammatory drug diclofenac did not 
afford protection. The effect of RXM 20 was comparable to 
that of standard drug mesalazine (Fig. 2a–c).

As the mucus coating over the colonic epithelium serves 
as a protective barrier, the adherent mucus content was 
measured in the colon tissue. Instillation of acetic acid in 
the colon produced a significant reduction in mucus content 
as compared to the normal rats. Treatment of colitic rats with 
roxithromycin (RXM 20) and mesalazine restored the mucus 
content to near normal values. The anti-inflammatory drug 
diclofenac, however, did not produce any change in mucus 
content as compared to the EC group (Fig. 2d).

Effect of roxithromycin on tissue levels of GSH 
and TBARS in colitis model

Instillation of acetic acid in colon significantly decreased 
GSH levels and increased TBARS levels in EC group as 
compared to NC group (p < 0.001). Treatment of colitic 
rats with roxithromycin restored the levels of these markers 
of oxidative stress in a dose-dependent manner. The effect 
of RXM 20 was comparable to that of MSZ 300, while 
diclofenac was found to be ineffective (Fig. 3a, b).

Effect of roxithromycin on tissue levels of TNF‑α, PGE2 
and nitrite in colitis model

As ulcerative colitis is an inflammatory condition, the levels 
of inflammatory markers such as TNF-α, PGE2 and nitrite 
were estimated in the colonic tissue. Induction of colitis 
significantly increased tissue levels of all these markers 

Fig. 1   Effect of roxithromycin on carrageenan-induced paw edema. 
The results given are mean ± SEM (n = 6 per group). #p < 0.001 vs. 
NC and *p < 0.001 vs. EC
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Fig. 2   Effect of roxithromycin on tissue integrity and mucus content. a Macroscopic appearance. b Tissue histology (× 10). c Ulcer score. d 
Adherent mucus content. The results given (c, d) are mean ± SEM (n = 6 per group). #p < 0.001 vs. NC and *p < 0.001 vs. EC

Fig. 3   Effect of roxithromycin on tissue levels of oxidative stress markers. a GSH. b TBARS. The results given are mean ± SEM (n = 6 per 
group). #p < 0.001 vs. NC and *p < 0.001vs. EC
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as compared to NC group. Treatment with roxithromy-
cin produced a dose-dependent reduction in the levels of 
TNF-α, PGE2 and nitrite (p < 0.001). The effect of RXM 
20 was comparable to that of MSZ 300. It was interesting 
to note that diclofenac did not affect TNF-α and nitrite level 
in colonic tissue but significantly decreased PGE2 level 
(Fig. 4a, b).

Effect of roxithromycin on expression of NFκB (p65), 
IL‑1β and COX‑2 in colitis model

Intra-colonic instillation of acetic acid produced an increase 
in tissue expression of NFκB (p65), IL-1β and COX-2 as 
revealed by the IR score in respective EC group as com-
pared to NC group. Treatment with both roxithromycin and 
mesalazine suppressed the expression of all these markers. 
Diclofenac on the other hand produced an effect such as 
mesalazine in suppressing IL-1β and COX-2, while it was 
found to be weak in suppressing NFκB (p65) expression 
(Fig. 5).

Discussion

Roxithromycin, a well-established semi-synthetic mac-
rolide antibiotic possessing a vast antimicrobial spectrum 
is commonly used for respiratory, urinary and soft tissue 
infections [30]. In various in vitro and in vivo studies, it 
has also been shown to exhibit anti-inflammatory, immu-
nomodulatory, anti-arthritic, cardioprotective, and anti-
cancer properties [14–16, 31–33]. In a recent study, it has 
been shown to afford protection against dextran sulfate 
sodium-induced colitis in a murine model by inhibiting 
NFκB signaling and endoplasmic reticulum stress [17]. 

However, its effect on tissue redox status and inflamma-
tion in colitis remains to be explored. In present study, the 
anti-inflammatory dose of roxithromycin was determined 
in the carrageenan-induced paw edema model where a 
dose-dependent inhibitory effect was observed at 5 and 
20 mg/kg doses as also reported by Scaglione and Ros-
soni [14]. These doses were selected for further evalua-
tion of its anti-colitic effect in a rat model where colitis 
was induced by intra-colonic instillation of acetic acid, a 
widely used model that mimics human ulcerative colitis. 
Acetic acid alters the redox status of the intestinal epithe-
lial cells, increases cellular influx and produces inflamma-
tory changes, mucosal and sub-mucosal layer damage and 
epithelial cell necrosis [34, 35]. In colitic rats, mucosal 
ulceration was associated with hemorrhage and edema 
as evident from a significantly high ulcer score which on 
microscopic examination was revealed as crypt distortion, 
epithelial denudation, edema and inflammatory cell influx. 
These changes were associated with a significant reduc-
tion in mucus content that provides a protective layer and 
safeguards the mucosal immune system [36]. Pretreatment 
with roxithromycin produced a dose-dependent reduc-
tion in ulcer score with restoration of mucus content and 
mucosal integrity. The protection afforded by roxithromy-
cin at 20 mg/kg dose was comparable to that of mesala-
zine, a drug effective in the treatment of ulcerative colitis 
and well known to bring about restoration of mucosal bar-
rier by inhibiting TNF-α-mediated goblet cell exfoliation, 
while the anti-inflammatory drug diclofenac was found 
ineffective [37]. Diclofenac, though not effective in colitis, 
was included as a reference drug in view of its comparable 
anti-inflammatory efficacy with that of roxithromycin in 
paw edema model and to compare its protective effect, if 
any, on various oxidative stress and inflammation-related 

Fig. 4   Effect of roxithromycin on tissue levels of inflammatory markers. a TNF-α and PGE2. b Nitrite. The results given are mean ± SEM (n = 6 
per group). #p < 0.001 vs. NC and *p < 0.001 vs. EC
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parameters in colitis. Like other NSAIDs, diclofenac has 
been reported to exacerbate and even induce colitis [38].

Oxidative stress is one of the major contributors to the 
pathogenesis of UC. Inflammatory cell accumulation by 
acetic acid, as observed in the present study, is associated 
with generation of free radicals. Enhanced production of 
ROS, RNS and unstable byproducts of electron transfer 
reaction bring about lipid peroxidation and macromolecu-
lar damage in the colonic mucosa [39]. Increased level 
of free radicals has also been reported in the colonic tis-
sue of ulcerative colitis patients [40]. Besides generation 
of highly reactive species, altered redox modulation as a 
result of insufficient antioxidant mechanisms also play a 
critical role in the pathophysiology of UC. Glutathione is 
a non-enzymatic antioxidant that inhibits oxidative stress 
via its sulfhydryl group and is considered a first line of 
defense against free radicals. In the present study, instilla-
tion of acetic acid in colon produced oxidative damage that 
was evident from reduced tissue level of GSH and elevated 

levels of TBARS as also reported earlier [22]. Nitric oxide 
produced by iNOS under pathological conditions produces 
peroxynitrite by interacting with superoxide anions and 
leads to free radical generation and brings about nitrosa-
tive and oxidative stress and initiates a cascade of inflam-
matory reactions. It also plays an important role in main-
tenance of inflammation in UC [41]. In a previous study, 
it has been suggested that direct or indirect inhibition of 
NOS and resultant reduction in NO generation could be an 
important targeted approach for the treatment of intestinal 
inflammatory changes [42]. It is interesting to note that 
treatment with roxithromycin and mesalazine maintained 
oxidative homeostasis as evident from the normalized lev-
els of these markers while diclofenac failed to do so. Drug 
therapies effective in UC have been shown to interfere with 
free radical generation and cytokine production. Further, 
compounds possessing antioxidant activity have also been 
reported to ameliorate colonic inflammation in this condi-
tion [39, 43].
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Along with inflammatory cell infiltration, free radical 
mediated generation of pro-inflammatory cytokines such as 
TNF-α, IL-6 and IL-1β and nuclear translocation of tran-
scription factor NFκB play a pivotal role in modulating 
mucosal immune system and disrupting epithelial integrity 
in UC and its progression to cancer [40, 44]. TNF-α is a 
cardinal pro-inflammatory cytokine and its levels in colonic 
mucosa and serum correlate with disease activity in UC 
[45]. In addition, endogenously produced prostaglandins 
also exert predominant pro-inflammatory effect by promot-
ing vasodilation, leukocyte recruitment and augmentation 
of action of other inflammatory cytokines [46]. They have 
also been reported to induce epithelial cell chloride secretion 
that may lead to diarrhea as observed in inflammatory bowel 
disease. In a clinical study, the levels of both TNF-α and 
PGE2 were found to be elevated in biopsy samples obtained 
from patients with active disease as compared to the levels in 
patients in remission [8]. This is also supported by enhanced 
expression of COX-2, an enzyme involved in PGE2 synthe-
sis, in epithelial cells of inflamed colon [47]. The elevated 
tissue levels of TNF-α and PGE2 as observed in colitic rats 
in the present study were significantly reduced by both rox-
ithromycin and mesalazine. Elevated levels of TNF-α and 
IL-1β are well known to regulate COX-2 expression through 
NFκB, a redox-sensitive transcription factor. In an inactive 
state, NFκB is bound to its inhibitor IκB and gets activated 
in response to binding of cytokines to their receptors and 
to various oxidants. The activation of NFκB, by phospho-
rylation, ubiquitination and subsequent degradation of IκB 
by proteasome pathway involving IκB kinase, is followed 
by its translocation into the nucleus where it binds to the 
promoter region of multiple pro-inflammatory genes, initi-
ates transcription and accelerates a cascade of inflammation. 
One of the subunits of NFκB, namely p65 plays a significant 
role in inflammation and immunomodulation [48, 49]. In 
the present study, tissue expression of NFκB (p65), IL-1β 
and COX-2 was found to be elevated in colitic rats and was 
markedly suppressed by treatment with roxithromycin and 
mesalazine, while the anti-inflammatory drug diclofenac pri-
marily suppressed IL-1β and COX-2 expression. Recently, 
roxithromycin has been shown to attenuate NFκB DNA 
binding activity, IκB degradation and endoplasmic reticulum 
stress in colitis model [17]. Together, these findings suggest 
that inhibition of oxidative stress and TNF-α generation cou-
pled with inhibition of NFκB-mediated pro-inflammatory 
signaling is the mechanism by which roxithromycin affords 
protection in colitis. Various clinical and preclinical studies 
have shown that drugs inhibiting TNF-α and NFκB signaling 
produce beneficial effects in colitis [11, 17, 50].

In conclusion, the present study demonstrates that rox-
ithromycin affords protection in acetic acid-induced colitis 
by inhibiting inflammation, maintaining oxidative homeosta-
sis and preserving colonic mucosal integrity. Its protective 

effect is mediated through attenuation of NFκB-mediated 
pro-inflammatory signaling. In view of the findings of the 
present study, roxithromycin appears to be a promising ther-
apeutic option for ulcerative colitis.
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