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Objectives: Airway remodeling in asthma involves chronic inflammation associated with 
structural changes, which result in severe airflow limitation and very few therapeutic op-
tions. Thus, the present study was designed to experimentally evaluate the ameliorative 
effects of Withania somnifera  (WS) root extract against Ovalbumin (OVA)-induced airway 
remodeling in a rat model of asthma.
Methods: Wistar rats were immunized (i.p) and challenged (aerosol) with ovalbumin (OVA), 
and the effects of WS extract were investigated on the development and progress of air-
way remodeling by assessing immunological, biochemical, and histological changes in 
these rats. 
Results: OVA-immunization and challenge in rats resulted in significant increases in the 
levels of IL-13, 8-OhdG, TGF-β, hydroxyproline, and periostin in bronchoalveolar lavage fluid 
(BALF) and serum/lung homogenate compared to normal control (saline only) rats, and 
these changes were attenuated after WS extract (200 and 400 mg/kg), as well as dexa-
methasone (DEX, 1 mg/kg) pretreatments. Further, WS extract attenuated histopathologi-
cal changes and maintained lung integrity. In herb-drug interactions, sub-threshold doses 
of WS extract and DEX showed synergistic effects on all parameters studied as compared 
to either form of monotherapy.
Conclusion: These results indicated that WS exerted significant protective effects against 
airway remodeling in the experimental model by modulating inflammatory and fibrotic cy-
tokines, and could have the potential for developing a therapeutic alternative/adjunct for 
the treatment of airway remodeling of bronchial asthma.
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INTRODUCTION

Bronchial asthma, a complex syndrome characterized by 
chronic airway inflammation, presents as several, distinct, 
clinical phenotypes. The inflammatory process in asthma is 
characterized by antigen interaction and inflammatory cell 
infiltration in the airway wall, which subsequently increase the 
synthesis and release of inflammatory mediators and reactive 

oxygen species (ROS) [1]. In allergic asthma, Th2 cells release 
a variety of cytokines, such as IL-4, IL-5, and IL-13, which 
play significant roles in controlling the production of allergen-
specific E, eosinophil recruitment, airway remodeling, and 
airway hyperresponsiveness [2]. Airway wall damage and tissue 
repair lead to structural changes in the airways, such as smooth 
muscle hypertrophy, goblet cell hyperplasia, angiogenesis, and 
increased collagen deposition, which may cause irreversible 
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loss of lung functions. Persistent lung tissue injury, chronic tis-
sue repair, and/or chronic airway inflammation are the main 
factors linked to airway remodeling [3]. Experimental evidence 
has shown that a complex network of Th2 cytokines mediates 
the inflammatory response in the airways. These cytokines, 
released primarily from monocytes and macrophages, recruit 
neutrophils and eosinophils into lung tissues, which, in turn, 
contributes to the development of airway remodeling and lung 
fibrosis [4]. The severe and intractable forms of asthma are 
usually associated with airway remodeling, responding poorly 
to inhaled corticosteroids and bronchodilators, which are the 
cornerstones of pharmacotherapy, and resulting in increased 
morbidity and mortality [5, 6]. In view of the lack of effective 
treatments in contemporary medicine, a potential therapeutic 
strategy to reverse or control the pathological changes in airway 
remodeling is of utmost significance and therefore, an unmet 
need. Medicinal plant-based therapeutic agents have provided 
good leads for respiratory diseases, and several studies are 
under way to assess the potential effects of phytotherapeutic 
agents in the treatment of bronchial asthma and its associ-
ated pathophysiology [7]. Withania somnifera (WS) is a well-
documented medicinal plant in Indian traditional systems of 
medicine with immense potential due to its anti-inflammatory, 
immunomodulatory, and antioxidant effects [8]. However, no 
systematic studies have been conducted to explore the potential 
role of WS in the airway remodeling of asthma and the related 
pathophysiology. Therefore, the present study aims to explore 
the potential effects of WS root extract on OVA-induced ani-
mal model of airway remodeling and elucidate the underlying 
mechanisms.

MATERIALS AND METHODS

1. Drugs and chemicals

The aqueous root extract of WS was procured from Natural 
Remedies Pvt. Ltd., (Bangalore, India). Ovalbumin (albumin 
from chicken egg white; OVA grade III) was purchased from 
Sigma Aldrich Chemical Co., USA. The specific rat enzyme-
linked immunosorbent assay (ELISA) kits—TGF-β (Elab-
science, USA), 8-hydroxy-2-deoxyguanosine (8-OhdG) and 
periostin (BT Lab, China), hydroxyproline (Kinesis, USA), and 
IL-13 (Krishgen Biosystem, India)—were purchased from Am-
plicon Biotech, India. Dexamethasone was purchased from Ab-
bott Laboratories, India. All the buffers were freshly prepared, 

and all routine drugs/chemicals needed for the various assays 
were of high analytical grade and obtained from SRL Labs, New 
Delhi, India. 

2. Phytochemical evaluation

High performance liquid chromatography (HPLC) was used 
for quantitative analysis of the total withanolide and identifica-
tion of the phytochemical constituents in the plant extract.

3. Animals

Inbred Wistar albino rats of both sexes weighing 200 ± 20 g 
were procured from the central animal house facility of Jamia 
Hamdard, New Delhi, India. The animals were acclimated for 
7 days before experimentation to standard laboratory condi-
tions of the light-dark cycle (12 h light-12 h dark), temperature 
(22 ± 2℃), humidity 45 ± 5%, and had free access to food and 
water. The study was carried out after receiving ethical approval 
from the Institutional Animal Ethics Committee (IAEC). Jamia 
Hamdard (protocol No. 1767).

4. Immunization protocol and sample collection

The immunization of rats with OVA was carried out follow-
ing the protocol described by Rai et al. [9]. Briefly, on day 1, all 
rats, except normal controls, were immunized with OVA (50 
mg per rat, i.p.) emulsified with 100 mg of aluminum hydrox-
ide Al(OH)3, as an adjuvant, in 0.5 mL of NS. From day 15 to 
day 21, the rats were challenged by daily exposure to the OVA 
aerosol (2%) in NS for 30 minutes. In the treatment groups, 
WS extract and DEX treatment were given 30 min before OVA 
exposure. The normal control rats were exposed to nebulized 
NS. The challenge was carried out by exposure of the rats to the 
OVA aerosol in a closed chamber using an ultrasonic nebulizer 
(402B, Yuwell, China) at a flow rate of 3 mL/min. After 24 h of 
the last challenge (day 22), all animals were anesthetized to col-
lect blood and bronchoalveolar lavage fluid (BALF).

After a small incision in the neck, the muscles were retracted 
and the trachea exposed. A midline slit was made on the tra-
chea and it was cannulated by inserting a polyethylene cannula, 
which was sutured and fixed. The bronchi and lungs were la-
vaged three times by injecting with 0.5 mL ice-cold phosphate-
buffered saline (PBS) (total volume 1.5 mL) with gentle cardiac 
massage to increase BALF retrieval. BALF was collected and 
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centrifuged at 1,500 rpm for 10 min. Blood was collected by 
cardiac puncture and then centrifuged at 3,500 rpm for 10 min; 
the supernatant was stored in aliquots at –20℃ for the cytokine 
assay.

5. Experimental design

The rats were divided into six groups (n = 6/group) as fol-
lows: (i) Normal Control (NC): no immunization/challenge; 
rats were given only 0.5 mL intraperitoneal injections (i.p) of 
vehicle (saline); (ii) Disease Control (OVA): rats were immu-
nized and challenged with OVA and treated with vehicle; (iii) 
WS extract (200 mg/kg, p.o.) group: rats were immunized and 
challenged with OVA and treated orally with WS extract 200 
mg/kg; (iv) WS extract (400 mg/kg, p.o.) group: rats were im-
munized and challenged with OVA and treated orally with WS 
extract 400 mg/kg; (v) Dexamethasone (DEX) group: rats were 
immunized and challenged with OVA and treated with DEX 1 
mg/kg i.p.; and (vi) DEX + WS 200 group, a combination treat-
ment group: rats were immunized and challenged with OVA 
and treated with a low dose of combined therapy of WS extract 
(200 mg/kg, orally) plus a low dose of DEX (0.5 mg/kg, i.p). 

6. Preparation of lung tissue homogenate

After the collection of blood and BALF, the animals were 
sacrificed and the lungs were thoroughly perfused using PBS, 
then excised, rinsed, weighed, and homogenized as described 
earlier [10]. The homogenate was centrifuged at 10,000 rpm for 
15 min and the supernatant was divided into aliquots, stored at 
–20℃ and used to determine the levels of cytokines. 

7. Histopathological study of lung tissue 

The rats were sacrificed by cervical dislocation, and im-
mediately the lungs were removed, cleaned with 0.9% saline, 
and fixed in 10% neutral formalin (v/v). Sections of the lungs 
were prepared and stained with hematoxylin and eosin (H&E) 
for histopathological examination as described earlier [11]. 
The histopathological changes in the lungs were examined and 
compared across the various treatment groups by a qualified 
pathologist.

8. Measurement of cytokine levels using ELISA

The levels of 8-OhdG, IL-13, TGF-β, hydroxyproline, and 
periostin were quantified by using commercially available ELI-
SA kits according to the manufacturer’s instructions. 

9. Statistical analysis

The statistical analysis was carried out using the Graph Pad 
Prism® software, version 8.3.0, San Diego, USA. The results 
were expressed as mean ± SEM. The data were analyzed using 
one-way analysis of variance (ANOVA), followed by post-hoc 
Tukey’s Multiple Comparison Test. p < 0.05 was considered sta-
tistically significant. 

RESULTS

1. Quantification of bioactive compounds of WS by HPLC 
analysis 

HPLC was used for the quantitative analysis of the total 
withanolide content and to investigate the presence of the phy-
toconstituents in the aqueous extract of WS roots. The extract 
content of the total withanolide was 2% (w/w), which complied 
with the specifications (≥ 1.5% of total withanolides). The re-
tention times of the peaks of the reference compounds, witha-
nolide A and withanoside IV, in the HPLC chromatogram, were 
similar to the retention times of the peaks in the sample extract. 
The HPLC chromatograms of WS extract and the reference 
marker compounds are shown in Fig. 1.

2. Effect of WS extract on OVA-induced biomarkers of airway 
inflammation and oxidative stress in lung tissue and 
BALF 

Rats immunized and challenged with OVA showed signifi-
cant increases in the biomarkers of airway inflammation and 
oxidative stress as compared to normal controls. Specifically, 
OVA immunization and challenge resulted in significantly 
increased levels of IL-13 in the lung homogenate and BALF 
compared to the corresponding values of the normal control 
group (OVA-26.56 pg/mL vs. NC-15.28 pg/mL, p < 0.01, in 
lung; and OVA-163.70 pg/mL vs. NC-86.48 pg/mL, p < 0.01, in 
BALF). Pretreatments with both doses of the WS extract at 200 
and 400 mg/kg induced dose-dependent reductions in the IL-
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13 levels in the lung homogenates (reduction of 68% in lung 
homogenate and 40% in BALF). The lower dose of the extract 
(200 mg/kg) significantly reduced IL-13 levels in only BALF (p 
< 0.05). These WS-induced lowering of IL-13 levels were com-
parable with the decrease seen with the comparator drug, DEX 
(1 mg/kg). A combination treatment of DEX (0.5 mg/kg) + WS 
(200 mg/kg) also induced marked reductions in IL-13 levels in 
both the BALF and lung homogenates (p < 0.01) compared to 
the OVA group. These results are summarized in Fig. 2. 

Similarly, the levels of 8-OHdG, a marker for oxidative DNA 
damage, were significantly increased in lung homogenates and 
BALF by 41% and 63%, respectively (p < 0.05, for both), after 
sensitization and challenge with OVA when compared with the 
normal control group. Pretreatment with the higher dose of WS 
extract (400 mg/kg) and DEX resulted in a significant reduction 
of 8-OHdG levels in the lung tissue and BALF (p < 0.05 in all 
cases). In addition, the combination treatment of lower doses 
of DEX 0.5 mg/kg + WS extract 200 mg/kg markedly attenu-
ated oxidative DNA damage by lowering 8-OHdG levels in lung 

Figure 1. HPLC chromatogram of aqueous WS root extract. The chromatogram of the sample solution shows similar peaks at retention times 
of Withania somnifera withanolides corresponding to the peaks of standard withanolide A and withanoside IV.

Figure 2. Effects of WS extract (200 and 400 mg/kg) on OVA-induced 
IL-13 levels in the (a) lung tissue and (b) BALF in rats. All data are 
expressed as mean ± SEM (n = 6/group); NC, normal controls; OVA, 
Ovalbumin; DEX, dexamethasone; **p < 0.01 vs NC; #p < 0.05, ##p < 
0.01 vs OVA.

Figure 3. Effects of WS extract (200 and 400 mg/kg) on OVA-
induced 8-OHdG levels in the (a) lung tissue and (b) BALF in rats. All 
data are expressed as mean ± SEM (n = 6/group); NC, normal con-
trols; OVA, Ovalbumin; DEX, dexamethasone; **p < 0.01 vs NC; #p < 
0.05, ##p < 0.01 vs OVA.
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tissues (p < 0.01) and BALF (p < 0.05) compared to the OVA 
group (Fig. 3). 

3. Effect of WS extract on OVA-induced biomarkers of airway 
remodeling in lung tissue and BALF 

OVA sensitization + challenge significantly increased TGF-β 
expression in both lung homogenates and BALF by 69% and 
75%, respectively, as compared to the normal control group (p 
< 0.01 in both cases). Pretreatment with WS extract (200 and 
400 mg/kg) significantly reduced the OVA-induced elevations 
in TGF-β levels in the lung homogenate and BALF in a dose-
dependent manner. The reduction in TGF-β levels was signifi-
cant at the higher dose of WS extract and was comparable with 

the decrease observed in the DEX and the combination treat-
ment groups (p < 0.05) (Fig. 4). 

Hydroxyproline is a marker of tissue collagen deposition. 
The present study showed that OVA-induced asthma in rats 
was associated with significant increases in lung and BALF 
hydroxyproline content (p < 0.01, p < 0.001, respectively) as 
compared with normal control rats. In contrast, OVA-immu-
nized rats pretreated with WS extract showed a reduction in 
hydroxyproline levels with marked effects seen with the higher 
dose of the extract (400 mg/kg). The hydroxyproline levels were 
reduced by 31.7% and 62.8% in lung homogenates and BALF, 
respectively, as compared with the OVA group (p < 0.05, in 
both cases), and these changes were similar to those seen with 
the standard drug, DEX. Further, the combination treatment 
of DEX + WS (200 mg/kg) caused synergistic reductions in 
hydroxyproline levels when compared with those observed in 
DEX monotherapy (Fig. 5).

Similarly, OVA immunization + challenge dramatically 
increased the expression of periostin, a matrix and fibrotic 
marker, in blood and BALF (p < 0.01 for both) as compared to 
the normal control. Pretreatment with WS extract significantly 
decreased OVA-induced periostin levels in both the serum 
and BALF of asthmatic rats, and the effects were more marked 
with the higher dose (400 mg/kg) of WS extract (p < 0.05 and 
p < 0.01, respectively). Moreover, the combination therapy of 
low-dose WS + DEX showed significant reductions in perios-
tin levels in blood and BALF, which were comparable with the 
decrease observed for DEX (1 mg/kg). The low dose of the WS 
extract (200 mg/kg) also lowered periostin levels in both body 

Figure 4. Effects of WS extract (WS 200 and 400 mg/kg) on OVA-
induced TGF-β levels in the (a) lung tissue and (b) BALF in rats. All 
data are expressed as mean ± SEM (n=6/group); NC, normal con-
trols; OVA, Ovalbumin; DEX, dexamethasone; **p < 0.01 vs NC; #p < 
0.05, ##p < 0.01 vs OVA.

Figure 5. Effects of WS extract (200 and 400 mg/kg) on OVA-
induced hydroxyproline levels in the (a) lung tissue and (b) BALF 
in rats. All data are expressed as mean ± SEM (n = 6/group); NC, 
normal controls; OVA, Ovalbumin; DEX, dexamethasone; **p < 0.01, 
***p < 0.001 vs NC; #p < 0.05, ##p < 0.01, ###p < 0.001 vs OVA.

Figure 6. Effects of WS extract (200 and 400 mg/kg) on OVA-
induced periostin expression in the (a) serum and (b) BALF in rats. 
All data are expressed as mean ± SEM (n = 6/group); NC, normal 
controls; OVA, Ovalbumin; DEX, dexamethasone; **p < 0.01 vs NC; 
#p < 0.05, ##p < 0.01 vs OVA.
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fluids, but these changes were not statistically significant (Fig. 6).

4. Effect of WS extract treatment on OVA-induced 
histopathological changes in lungs

Lung tissue sections from normal rats revealed that bron-
chioles and lung parenchyma appeared normal; alveolar septae 
were normal in thickness; and peribronchial inflammatory cell 
infiltration was not seen. In contrast, OVA-sensitization and 
challenge induced marked histopathological changes in the 
lungs, such as the accumulation of intraalveolar fluid, goblet 
cell hyperplasia, increased alveolar septal thickness, increased 
subepithelial collagen deposition, and severe peribronchial 
inflammatory cell infiltration. OVA-immunized rats that were 
pretreated with WS extract showed mild to moderate inflam-
matory cell infiltration and marked, dose-dependent reduc-
tions in goblet cell hyperplasia, alveolar septae thickness, and 
interstitial fibrosis. The effects of the higher dose were similar 
to those seen in the DEX group, while a slight insignificant at-
tenuation in the above histopathological changes was reported 
in asthmatic rats pretreated with the lower dose of WS extract 

(200 mg/kg). In addition, the combination therapy of the lower 
doses of DEX + WS extract showed synergistically increased ef-
ficacy in suppressing these changes in lung sections (Fig. 7). 

DISCUSSION

Airway remodeling of bronchial asthma results from dysreg-
ulated tissue repair after tissue injury and leads to irreversible 
loss of lung function and refractoriness to pharmacotherapy 
[12]. Current therapeutic strategies to prevent/treat airway re-
modeling of asthma are not only far from satisfactory but are 
also poorly sustainable and compromise patient safety. In the 
present study, we show that the standardized root extract of the 
Indian traditional medicinal plant, Withania somnifera (WS), 
protected against the immunological, biochemical, and histo-
pathological changes seen in the experimental model of airway 
remodeling of asthma. Further, these ameliorating effects of WS 
were comparable with those seen after the comparator drug, 
dexamethasone. 

Inflammatory cells and structural cells in the bronchial air-
ways secrete several important mediators such as IL-13, IL-5, 

Figure 7. Effects of WS extract on OVA-induced changes in lung histology of rats. Hematoxylin and eosin (H&E, 10×.), stained lung tissue sec-
tions from rats in the normal control group show normal lung structures. In contrast, Ovalbumin (OVA) group showed more inflammatory cell 
infiltrate, increased alveolar septae thickness, and goblet cell hyperplasia. Considerable restoration of the lung architecture and modulation 
of inflammatory responses were observed after treatment with WS extract and DEX. OVA.

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7717771/
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and TGF-β, which regulate the process of airway inflamma-
tion and remodeling [13]. Yang et al. [14] demonstrated that 
the administration of an anti-IL-13 monoclonal antibody ef-
fectively inhibited airway hyperresponsiveness, inflammatory 
cell infiltration, and airway remodeling. An earlier study had 
also revealed that the number of eosinophils in blood smears 
and BALF was significantly decreased after treatment with WS 
extract as compared to asthmatic (OVA) mice [15]. Zhao et al. 
[16] showed that pretreatment with Withaferin A (a bioactive 
glycowithanolide in WS extract) inhibited OVA-induced lung 
injury and fibrosis progression in mice through the inhibition 
of inflammatory cell infiltration and the decrease in pro-inflam-
matory and profibrotic cytokine expression in BALF and lung 
tissue specimens. In another study, histopathological changes in 
the lung tissue were less marked in wild-type animals compared 
with animals immunized and challenged with aeroallergen and 
lacking either IL-5 or IL-13 [17]. In consonance with these data, 
our results showed that WS extract significantly decreased such 
raised IL-13 levels in the lung homogenate and BALF in OVA-
induced asthmatic rats in a dose-dependent manner as com-
pared to the controls. The fact that WS was able to reduce the 
IL-13 levels in both lung tissue and BALF strongly suggests a 
pharmacological rationale for the use of this medicinal plant in 
both airway inflammation and airway remodeling in this aller-
gic model of asthma. TGF-β has been implicated in enhancing 
fibroblast and smooth muscle proliferation, angiogenesis, and 
inflammatory and profibrotic cytokine expression [18]. Our re-
sults further showed that in the OVA model for airway remod-
eling, pretreatment with WS extract attenuated the increased 
expression of TGF-β (a pro-fibrotic biomarker) in lung homog-
enates in a dose-dependent manner. Comparable results were 
also seen in the DEX and DEX + WS treatment groups. Attenu-
ations by WS of this fibrotic biomarker further substantiate the 
protective effects of this plant extract against airway remodeling 
of asthma. Chronic airway inflammation in asthma is associat-
ed with oxidative DNA damage and lipid peroxidation, which is 
exacerbated by deficient antioxidant defenses in the airways. In 
a recent clinical study, oral treatment with 250 mg of WS root 
capsules for 12 weeks in COPD patients significantly decreased 
systemic inflammation and oxidative stress and improved lung 
functioning, quality of life, and exercise tolerance as compared 
with the placebo group [19]. In line with this result, our study 
findings showed that pretreatment with WS extract protected 
against oxidative stress-induced DNA damage in the lung tissue 
as evidenced by lowered 8-OHdG levels (a marker of oxida-

tive stress-induced DNA damage) in lung tissues and BALF in 
OVA-asthmatic animals. Further, the effects of the combina-
tion treatment (DEX + WS) were greater than those with DEX 
monotherapy alone, indicating the complementary effects of 
WS extract against oxidative stress-induced DNA damage in 
the lungs during airway remodeling. 

Collagen is one of the important hallmarks of subepithelial 
fibrosis and airway remodeling in patients with chronic asthma 
[20]. Previous reports demonstrated higher levels of hydroxy-
proline in blood and BALF samples in OVA-induced asthma in 
rats [9, 21]. Similarly, serum periostin is considered one of the 
novel biomarkers of asthma, especially of the Th2-driven dis-
ease phenotype [22]. A study showed that periostin levels were 
the best predictor for patients who derived maximum benefit 
after lebrikizumab (a humanized monoclonal antibody) treat-
ment when compared to other inflammatory markers in asthma 
[23]. In agreement with these observations, our results showed 
that the increased levels of hydroxyproline and periostin in the 
blood, BALF, and/or lung tissue seen in the disease control rats 
were markedly and dose-dependently attenuated after WS ad-
ministration. Furthermore, when compared with monotherapy, 
the combination treatment (DEX + WS) showed greater effi-
cacy in reducing these biomarker levels. These results indicated 
the therapeutic potential of WS in airway remodeling and af-
firmed the validity of using periostin as an effective biomarker 
for asthma pathology. In addition, this suggests that WS was 
also effective in exerting a steroid-sparing effect while prevent-
ing airway remodeling. Our histopathological findings showed 
that WS extract effectively reduced peribronchial inflammatory 
cell infiltrates, goblet cell hyperplasia, alveolar septae thickness, 
and subepithelial fibrosis and maintained the structural integ-
rity of the airways. Thus, the immunological and biochemical 
data of airway remodeling and its modulations by WS and DEX 
in the literature correlated well with the histopathological data 
of our experiments.

CONCLUSION

The present study shows that the WS extract induced reduc-
tions in IL-13, TGF-β, hydroxyproline, periostin, and 8-OHdG 
levels in the blood and BALF of OVA-induced airway remodel-
ing in rats. These changes in biomarkers by WS extract were 
supported by the histopathological findings, which showed re-
duced inflammatory cells in the airways, goblet cell hyperplasia, 
and subepithelial fibrosis. The dose-dependent nature of the 
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WS effect and its comparability with the standard drug DEX 
validates the pharmacological significance of this finding. The 
synergy between WS and DEX with respect to various biomark-
ers and histopathological changes also indicates the possibility 
of herb-drug interactions and a complementary role of WS if 
added to standard treatment. These results are of translational 
significance, as in addition to the proven safety of this medici-
nal plant extract, they demonstrate that WS could be consid-
ered a potential therapeutic agent and/or an effective adjunct to 
conventional pharmacotherapy in bronchial asthma.
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