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ABSTRACT

Background: Several studies report that ashwagandha, a traditional Ayurvedic supplement, has anti-inflammatory properties. Type 2 (T2) asthma is characterized by
eosinophilic airway inflammation.

Objective: We hypothesized that allergen-induced eosinophilic airway inflammation in mice would be reduced following administration of Withaferin A (WFA), the
primary active phytochemical in Ashwagandha.

Materials and Methods: C57BL/6J mice were given 10 total intra-peritoneal injections of 2 mg/kg WFA or vehicle control, concurrent with 6 total intranasal ad-
ministrations of 50 pug house dust mite extract (HDM) or saline control over 2 weeks.

Results: We observed that treatment with WFA reduced allergen-induced peribronchial inflammation and airway eosinophil counts compared to mice treated with
controls. In addition, we observed that treatment with WFA reduced lung levels of interleukin-25 (IL-25) but increased lung gene expression levels of its co-receptor,
Il17ra, in HDM-challenged mice compared to HDM-challenged mice that received the vehicle control.

Conclusion: This study pinpoints a potential mechanism by which WFA modulates allergen-induced airway eosinophilia via the IL-25 signaling pathway. Future

studies will investigate the effects of WFA administration on lung eosinophilia and IL-25 signaling in the context of chronic allergen-challenge.

1. Introduction

Withania somnifera, commonly known as Ashwagandha, is a woody
shrub from the family Solanaceae [1]. It is traditionally used in Ayur-
vedic medicine for numerous ailments, and most notably has been re-
ported to have neuroprotective, anticancer, and anti-inflammatory
properties [2-4]. The foremost active ingredient of Ashwagandha is
withaferin A (WFA) [2,5].

Asthma is a heterogenous chronic disease characterized by airway
hyperresponsiveness (AHR), inflammation, and remodeling [6]. Allergic
asthma features Type 2 (T2) cytokine-mediated airway inflammation
and chronic airway eosinophilia [7]. Mice exposed to acute or chronic
allergen challenge exhibit elevated eosinophil levels in bronchoalveolar
lavage fluid (BALF) and increased peribronchial eosinophilic inflam-
mation compared to control animals [8]; [9]. Eosinophils are activated
in the airway by T2 cytokines released from allergen-injured airway
epithelium, including interleukin-33 (IL-33) [10] and interleukin-25
(IL-25), which signals through a receptor comprised of the
interleukin-17 receptor A (IL-17RA) and B (IL-17RB) subunits [11].

Withaferin A is a cell-permeable steroidal lactone with potential anti-
inflammatory properties through modification of the expression of pro-
inflammatory cytokines, reduction of oxidative/nitrosative stress and
inhibition of nuclear translocation of signaling molecules involved in
inflammatory pathways [12]. We hypothesized that allergen-induced
lung eosinophilia and release of pro-inflammatory cytokines in the
airway would be reduced following administration of WFA in a model of
acute allergic airways disease in mice. An exploratory study was con-
ducted to develop foundational data to support future larger studies.

2. Materials and methods

Animal experiments were approved by the Duke University Institu-
tional Animal Care and Use Committee under protocol #A041-20-02
(approved 03/06/2020).

Six-week-old male and female C57BL/6J mice (n = 19, Jackson
Laboratories) were treated with intranasal (i.n.) house dust mite (HDM)
extract (Greer Laboratories, #XPB91D3A2.5, Lot 394845) at a dose of
1.25 pg/pL (50 pg/dose), or equivalent volume phosphate-buffered
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saline (PBS) 3 days/week for 2 weeks. This dose of HDM was chosen
based on our previous reports that demonstrated a significant increase in
HDM-induced peribronchial inflammation compared to saline control
Thrie et al., 2022; [14]. Concurrently, a subset of the mice (n = 3-4 per
group) received intraperitoneal (i.p.) injections of 2 mg/kg WFA (Mil-
lipore-Sigma, #681535), or equivalent volume of the vehicle (VC; 5%
tween-80, 2% dimethylsulfoxide [DMSO] in 1x PBS) 5 days/week for 2
weeks. On days with both i.p. and i.n. doses, mice received the i.p. dose
30 min prior to receiving the i.n. dose (see schematic Fig. 1A). The dose
of 2 mg/kg WFA, delivered intraperitoneally, was chosen as it has pre-
viously been shown to significantly reduce concentrations of
pro-inflammatory cytokines, tumor necrosis factor alpha (TNFa) and
interleukin-1 beta (IL-1p), in bleomycin-treated skin tissue homogenates
[15] and Cerulein-treated pancreas tissue [16], as well as markers of
inflammatory cell infiltration of lung and pancreas [16]. Further,
intraperitoneal delivery of this dose of WFA to mice did not demonstrate
any toxic effects to mice fertility [17] and oral delivery of WFA to mice is
safe up to 2000 mg/kg in acute studies and up to 500 mg/kg in repeated
dosing for 28 days [18].

Mice were sacrificed 24 h after last i.n. dose via lethal injection with
1.5 mg/kg urethane (Millipore-Sigma #U2500). Sacrifice was confirmed
via blood draw. BALF was collected via instillation and withdrawal of 1
mL PBS 3 times. The right lung was tied at the bronchus and the medial,
lower, and accessory lobes were snap-frozen in liquid nitrogen, while
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the upper lobe was placed into 1 mL TRI-reagent (Millipore-Sigma,
#T9424). The left lung was inflated with 10% formalin and tied off at
the bronchus, and the bronchial tree, heart, and left lung were excised in
one piece and placed into 5 mL 10% formalin.

Fixed lungs were excised from the bronchus after 24 h and embedded
in paraffin. N = 2 lungs per group were sectioned at 5 pm and mounted
to slides for staining with hematoxylin and eosin (H&E). Histological
scoring was performed as described in Ihrie et al. [13]. Briefly, 10 air-
ways per mouse lung section were assigned a score from 0 to 4 (0 being a
normal airway, 4 being maximal inflammation). Both percentage of
airway circumference surrounded by inflammatory cells and the depth
of inflammatory infiltrate are scored, then the two scores are averaged
together to derive the total peribronchial inflammation score.

Snap-frozen lobes were macerated in 1 mL PBS using a Tissue-Tearor
immersion blender (Biospec Products, Inc., model 985370-395), for 3 s
at 20,000 rpm repeated 3 times. The blender was washed between
samples by running at 25,000 rpm for 10 s in 70% ethanol and then
deionized water before blotting with a paper towel. Samples were
centrifuged at 10,000 rpm for 10 min at 4 °C to remove cell debris. Lobes
in TRI-reagent were similarly macerated and total ribonucleic acid
(RNA) extraction proceeded according to the manufacturer’s protocol.

BALF was centrifuged at 1200 rpm for 10 min at 4 °C. The super-
natant was removed, and the cell pellet was resuspended in 500 pL red
blood cell lysis buffer (Invitrogen, #00430054) and incubated on ice for
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Fig. 1. Airway eosinophilic inflammation is reduced with WFA in HDM-challenged mice. (A) Schematic diagram of the mouse model of acute intranasal house dust
mite allergen (HDM)-induced allergic airways disease combined with intraperitoneal Withaferin A (WFA) or vehicle control (VC) injection. Control mice were
challenged with intranasal phosphate buffered saline (PBS). Bronchoalveolar lavage fluid (BALF) and lung tissue harvest occurred 24 h following the last admin-
istrations of HDM/PBS and WFA/VC. Created with BioRender.com. (B) Representative images of H&E-stained lung sections from all 4 treatment groups. (C) Mean
H&E scores & SEM depicting depth of peribronchial staining for n = 2 mice per treatment group and in untreated mice that received PBS intranasally. *p < 0.05; **p
< 0.01. (D) BALF differential cell counts in HDM-challenged mice treated with VC or WFA (n = 2-4 mice per group). Data are presented as mean percentage of total
BALF cells + SEM. **p < 0.005 for eosinophils in BALF of both treatment groups in HDM-challenged mice.
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5 min. Samples were centrifuged again at the same speed, the buffer was
removed, and the pellet was resuspended in 500 pL PBS. Cells were
counted via Cellometer K2 (Nexcelom Bioscience) and 25,000 cells/
sample were mounted on slides using a Cytospin 4 (ThermoFisher Sci-
entific) at 800 rpm for 3 min. Slides air-dried overnight and then were
stained with EasyllI stain (Azer Scientific, ES904, ES905, ES906). Dif-
ferential cell counts were determined by counting macrophages, eosin-
ophils, lymphocytes, neutrophils, and epithelial cells on cytospin slides
imaged at 10 x magnification. 200-250 cells were scored per slide.

Whole lung protein concentration was determined via bicinchoninic
acid (BCA) assay (Pierce, #23225), and samples were normalized to 15
pg total protein. IL-33 and IL-25 concentration was determined via
Enzyme-Linked Immunosorbant Assay (ELISA) kit according to manu-
facturer’s protocol (IL-33: R&D Systems, DY362605; IL-25: Invitrogen,
88-7002-22).

Whole lung ribonucleic acid (RNA) concentration was determined
via NanoDrop One (ThermoFisher Scientific). 50 ng/pL complementary
DNA (cDNA) per sample was prepared with a high-capacity reverse
transcriptase cDNA kit (Applied Biosystems, #4368814). 50 ng cDNA/
sample was assayed using a QuantStudio6 Flex (Applied Biosystems)
using TagMan primers specific for murine I117ra (MmO00434214_m1)
and Gapdh (Mm99999915_g1) (ThermoFisher Scientific). Fold change in
lung I117ra expression in HDM-challenged mice was calculated with the
delta Ct method normalizing to PBS as the control treatment and Gapdh
expression.

Statistical analyses were performed in GraphPad Prism 9 or JMP Pro
17 (SAS, Cary, NC). Outliers were tested with the Robust Regression and
Outlier Removal (ROUT) method [19] and removed where appropriate.
The mouse allergen challenge groups were compared using parametric
or non-parametric tests accordingly (one or two-way ANOVA,
Kruskal-Wallis, or t-test), with appropriate post-test, to evaluate signif-
icance. P < 0.050 was considered significant.
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3. Results

Increased inflammation was observed in HDM-challenged mouse
lung sections as compared to PBS-challenged mouse lung sections from
the VC group (Fig. 1B, C left). However, HDM-challenged mice treated
with WFA exhibited a reduction in peribronchial inflammation
compared to HDM-challenged mice treated with vehicle (VC) (Fig. 1B, C
right). No difference was observed in PBS-challenged mice treated with
WFA compared to PBS-challenged mice treated with VC (Fig. 1B, C). In
addition, BALF eosinophil counts are reduced in HDM challenged, WFA-
treated mice compared to HDM-challenged, VC-treated mice (Fig. 1D).
BALF neutrophil counts were not significantly different between WFA-
and VC-treated HDM-challenged mice (p = 0.80). PBS-challenged mice
exhibited only macrophages in BALF and demonstrated no differences
between VC and WFA treatment groups (data not shown).

Lung tissue levels of IL-33 were increased in all HDM-challenged
mice compared to PBS-challenged mice, with no difference observed
between WFA- and VC-treated mice (mean 668.6 + 132.4 pg/mL in
HDM/VC vs 250.5 £+ 43.4 pg/mL in PBS/VC; 573.6 + 72.2 pg/mL in
HDM/WFA vs 277.4 + 44.3 pg/mL in PBS/WFA) (Fig. 2A). However,
lung tissue levels of IL-25 were reduced in HDM-challenged, WFA-
treated mice compared to HDM-challenged, VC-treated mice (Fig. 2B). A
reduction in lung IL-25 levels in HDM-challenged, WFA-treated mice
compared to PBS-challenged, WFA-treated mice was also observed
(Fig. 2C). In addition, Il17ra expression was increased in HDM-
challenged, WFA-treated mice compared to HDM-challenged, VC-
treated mice, but no difference in I117rb expression was observed be-
tween groups (Fig. 2D).

4. Discussion

As an alarmin, IL-25 is pivotal in transducing inflammatory re-
sponses to airway epithelial injury. Upon exposure to airborne allergens,
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Fig. 2. In lung tissue of HDM-challenged mice, WFA reduces IL-25 and increases lung Il17ra mRNA expression. (A) IL-33 was measured in whole lung homogenates
using ELISA. Data are presented as mean pg/mL IL-33 + SEM. (n = 3 mice per group). *p < 0.050 in HDM-challenged mice compared to saline-challenged mice for
both VC and WFA treatment groups. (B) IL-25 was measured in whole lung homogenates using ELISA. Data are presented as mean pg/mL IL-25 + SEM. *p < 0.050 in
VC-treated vs WFA-treated HDM-challenged mice (n = 3 mice per group). *p < 0.050 in WFA-treated mice comparing saline-challenge to HDM-challenge. (C and D)
I117ra and I117rb mRNA expression was measured in whole lung RNA using RT-PCR. Data are presented as fold change in I117ra (C) or I117rb (D) mRNA expression +
SEM relative to Gapdh mRNA expression and to the mean of the saline-challenged VC-treated mice. (n = 2-3 mice per group). *p < 0.050 Il17ra mRNA expression in

WFA-treated vs VC-treated HDM-challenged mice.
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airway epithelial cells release IL-25, which induces production of T2
cytokines IL-13, IL-4, IL-5 and IL-9 as well as the eosinophil chemo-
attractant eotaxin-1 (CCL11). These cytokines and chemokines act to
recruit eosinophils and other immune cells to the site of allergen-
induced injury (reviewed in Ref. [20]). IL-25 initiates signaling
through a receptor heterodimer comprised of the IL-17RA and IL-17RB
receptor subunits [21]. Eosinophils express the IL-25 receptor [22];
thus, IL-25 can activate eosinophils directly or through T2 cytoki-
ne/chemokine production by other airway immune cells. IL-33 is
another alarmin secreted by airway epithelial cells following allergen
exposure. IL-33 interacts with basophils, natural killer cells, and innate
lymphoid cells to induce secretion of T2 cytokines, resulting in
recruitment of eosinophils (reviewed in Ref. [20]). Our data show that,
in mice challenged with HDM, WFA reduced airway eosinophilia and
inhibited production of lung IL-25 but had no effect on lung IL-33 pro-
duction. These data suggest a specific effect of WFA on the IL-25
pathway.

Previous studies have demonstrated reduced airway eosinophils with
WFA treatment in rodent models of allergic airways disease using
ovalbumin [23-25]. Our study extends the findings of these reports by
demonstrating the effect of WFA on airway eosinophilia in a mouse
model of acute exposure to the clinically relevant aeroallergen house
dust mite, along with reduction of a key T2 cytokine (IL-25) for acti-
vating and recruiting eosinophils in human asthma [22].

IL-25 signaling occurs through a heterodimer of IL-17RA and IL-
17RB subunits, with IL-25 binding directly to IL-17RB, then recruiting
IL-17RA to act as a co-receptor. Willis et al. [26] reported progressive
downregulation of lung Il17Ra mRNA expression over time in mice
challenged with either ovalbumin or cockroach allergen compared to
naive mice. In contrast, we observed that HDM-induced I117ra mRNA
expression in lung tissue was increased following WFA administration
compared to HDM-challenged mice treated with VC, and we observed no
change in I117rb mRNA expression in response to HDM or withaferin
treatments. Thus, WFA appears to reverse the effect of allergen exposure
on Il17ra gene expression in the mouse lung. Further investigation is
warranted to determine the effect of WFA on allergen-induced IL-25
pathway signaling downstream of the receptor in lung tissue.

Our study had several limitations, including the small cohort of mice
and limited scope of cytokine profiling. Additional work is needed to
repeat this study with a larger cohort, as well as to perform lung me-
chanics measurements of airway response to a methacholine challenge.
Future studies will explore the specific effects of WFA on IL-25 signaling
in lung cells and the impact of WFA on airway physiology and AHR in
the context of allergic airway disease.
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