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Background: Over the last decade, extensive use of coccidiostats to treat and

control Eimeria infection has developed drug resistance, prompting the search

for new alternative therapies. Rhatany is proven to have various

pharmacological properties.

Objective: The present study aimed to in vitro and in vivo evaluate the effect of

Rhatany roots extract (RRE) as an anti-eimerial and anti-apoptotic agent against

murine eimeriosis induced by Eimeria papillata.

Methods: Phytochemical screening by gas chromatography-mass spectrometry

analysis (GC-MS) was used to detect active compounds in RRE. In vitro anti-

eimerial activity of RRE (200, 100, 50 mg/ml), amprolium, phenol, Dettol™, and

formalin were studied after incubation with non-sporulated Eimeria oocysts. For

the in vivo study, twenty-fivemale C57BL/6micewere randomly allocated into five

groups. Animals in the first group were just given distilled H2O, while those in the

second groupwere given 200mg/kg RRE for 5 days. The Eimeria parasite’s oocysts

were infected into the third, fourth, and fifth groups. For treatment, RRE (200 mg/

kg) and amprolium (120 mg/kg) were orally given to the 4th and 5th groups for five

days, respectively. All mice were euthanized, on day 5 post-infection, to collect the

jejunal tissues under study. Investigations were undertaken into the oocyst output

in feces and goblet cells in mice jejuna. Assays for glutathione peroxidase (GPx),

hydrogen peroxide (H2O2), and myeloperoxidase (MPO) were also performed. In

jejunal tissue, cysteine aspartic acid protease-3 (Caspase-3) was counted using

immunohistochemistry, while BCL2-associated X protein (Bax) and B-cell

lymphoma-2 (BCL-2) were assayed using ELISA. In addition, mRNA expression of

the goblet cell response gene (MUC2) was detected using real-time PCR.

Results: Phytochemical screening by GC-MS demonstrated the presence of 22

compounds in the RRE. The in vitro study revealed that RRE significantly

inhabited the oocyst sporulation in a dose-dependent manner. By day 5 after

infection with the Eimeria parasite, the number of oocysts in mice feces was

significantly reduced after RRE treatment (1.308 × 106 ± 1.36 × 105 oocysts/g
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feces) compared to the infected group (5.387 × 106 ± 4.29 × 105 oocysts/g feces).

Moreover, the Eimeria infection reduced the number of goblet cells of mice

jejuna and its specific gene, MUC2. The treatment with RRE increased the

number of goblet cells/villus from 3.45 ± 0.17 to 6.04 ± 0.23, associated with

upregulation for MUC2 from 0.26 to 2.39-fold. Also, the Eimeria experimental

infection lowered the activity of the antioxidant enzyme represented by GPx

(23.99 ± 3.68 mg/g tissue), while increasing the stress parameters of hydrogen

peroxide (0.07 ± 0.01 mM/g) as well as the activity of MPO (66.30 ± 3.74 U/mg).

The production of apoptotic markers including Caspase-3 (68.89 ± 2.67 U/g) and

Bax (159.05 ± 6.50 pg/ml) was significantly elevated while decreasing the anti-

apoptotic marker of BCL2 (0.42 ± 0.07 pg/ml). Our study proved that RRE

significantly reduced oxidative stress, and apoptotic markers as well as the

inflammatory activity of MPO. Also, antioxidant enzyme and anti-apoptotic

activity in the jejunum of E. papillata-infected mice were enhanced after

RRE treatment.

Conclusion: Our study highlights the potential of RRE as a natural solution for

coccidiosis management by modulating apoptosis in E. papillata host cells.

However, further research is needed to fully understand the underlying

mechanisms and enhance our understanding of its therapeutic efficacy.
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Introduction

Coccidiosis continues as one of the most destructive protozoan

diseases of wild and domestic animals worldwide and causing

economic losses (1). The causative agent for this disease is the

host-specific apicomplexan species belonging to the genus Eimeria

(Eucoccidiorida, Eimeriidae) which is transmitted via the fecal-oral

route of oocysts, which release infectious sporozoites in the intestine

(2). Eimeria papillata represents a convenient model for studying

animal coccidiosis through its intracellular development within the

predilection site in the mouse jejunum (3). The mucus layer coating

the gastrointestinal tract is considered the front line of innate host

defense, largely because of the secretory products of intestinal goblet

cells, including the mucin MUC2 (4). Indeed, Eimeria infection has

been associated with an increase in the incidence of pathological

conditions, inflammation, and oxidative stress that affects the

general body performance (1).

Coccidiosis can be treated with a range of medications, but usage

of these medications contributed to multidrug resistance and an

overabundance of parasite infection in tissues. Inappropriately, no

new drugs have been licensed for usage, which has heightened the

desire for innovative anti-eimerial options derived from natural

origin (5). Among, other available options, different compounds

obtained from botanicals have shown excellent and admirable

antieimerial and other therapeutic effects (6). One advantage of

employing natural extracts is that they reduce the possibility of
02
developing resistance; also, the residues of such extracts natural

items in animal products are safe for human consumption and

have no negative health consequences (7). In Saudi Arabia, several

medicinal plant extracts were proven for their anti-eimerial activity

such as Ziziphus spina-christi (8), Glycyrrhiza glabra (9), Salvadora

persica (6), Salvadora persica (10), Astragalus membranaceus (11),

and Azadirachta indica (12).

Rhatany, also known by its Latin nameKrameria lappacea, boasts a

rich history of traditional medicinal use and diverse applications across

industries, captivating researchers and enthusiasts alike (13). The roots

of this plant are utilized as a traditional herbal remedy. Phytochemical

analysis of rhatany has revealed a variety of bioactive compounds

including phenolics, flavonoids, tannins, lignan derivatives, oligomeric

proanthocyanidins, and benzofuran derivatives (14). The medicinal

properties attributed to rhatany include antioxidant (15), anti-

inflammatory (16), antidiabetic (17), anticancer (18), and

antimicrobial (19) activities. Additionally, its constituents are applied

in alternative and modern medicine, for example, for the treatment of

diverse illnesses, among these, infections of the respiratory airways and

gastrointestinal disorders (20).

Our objective was to evaluate the impact of Rhatany roots

extract (RRE) in mitigating oxidative stress induced by Eimeria

papillata. Additionally, we sought to investigate the response of

goblet cells in regulating gene expression and apoptotic markers

both during infection and following the administration of

the extract.
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Materials and methods

Plant collection and extract preparation

Rhatany roots were obtained from the local market in Riyadh,

Saudi Arabia. A taxonomist at the Herbarium of the College of

Science (King Saud University), validated the plant’s botanical

identity. Roots were crushed in an electric blender to obtain a

coarse powder. The 70% rhatany root methanolic extract (RRE) was

prepared using the process cited in Alamari et al. (21).
Gas chromatography-mass
spectrometry analysis

The methanolic rhatany extract was subjected to GC-MS

analysis using a Thermo Scientific ™ Trace GC Ultra and ISQ™

Single Quadruple MS (Thermo Fisher Scientific, Waltham, MA,

USA) (22). Identification of the mass spectrum was conducted

regarding the Wiley/NBS mass spectral library.
Protozoan parasite preparation

To prepare the oocysts for model mice infection, Eimeria

papillata were collected and passaged in laboratory mice (Mus

musculus). The portion of the produced oocysts in faeces was

kept being used in the in vitro study and the other portion was

incubated in 2.5% potassium dichromate (K2Cr2O7) for sporulation

and then used in the in vivo experiment.
In vitro oocyst sporulation

The in vitro oocyst sporulation was carried out in small Petri

dishes. The first group was filled with distilled water, serving as a

negative control. The second group contained K2Cr2O7 (2.5%) and

served as a positive control. Successive groups received escalating

doses of RRE (200, 100, and 50 mg/ml, respectively). Additionally,

one group contained amprolium (8.3 mg/ml), another was filled

with Dettol™ (109 µl), followed by one with phenol (25 µl), and

another with formalin (5%). Each petri dish contained 1×105

unsporulated E. papillata oocysts, which were incubated at 25°C

for 72 and 96 hr. Sporulation of the oocysts was monitored by

examining sporocysts using an Olympus compound microscope

(Olympus Co., Tokyo, Japan). Sporulation and inhibition (%) were

calculated according to Thagfan et al. (23).
In vivo infection and experimental design

Twenty-five male C57BL/6 mice were used (aged 9–10 weeks and

weighted 20–25 g). Mice were used in the experiment following the

institution’s guidelines on the care and use of animals in research
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(approval no. KSU-SE-23–127). Animals were kept at standard

laboratory conditions and allowed food and water ad libitum.

The animals were divided into 5 groups, each comprising five mice.

The first group served as the infection-free control group and was

administered distilled water. In contrast, the second group received

daily oral gavage inoculations of 200 mg/kg RRE (24). The third

was considered as an infected group with 103 sporulated oocysts of

E. papillata (11). The fourth and fifth groups were considered as

infected-treated groups as they orally infected with 103 sporulated

oocysts of E. papillata (11). Following infection, the fourth group was

treated with 200 mg/kg RRE for 5 consecutive days, while the fifth

group received a 5-day treatment with 120 mg/kg Amprolium (25).

On the 5th day post-infection (p.i.), oocyst shedding was quantified in

fecal pellets using a McMaster chamber and expressed as the number

of Eimeria oocysts per gram of wet feces. Following that, all mice were

euthanized, and portions of the jejunum were preserved for the

following: (a) formalin buffered phosphate (10%) was utilized for

histological and immunohistochemical analysis. (b) In small tubes

maintained at -80°C to investigate the oxidative status and protein

expression (c) RNA later® (Invitrogen, Carlsbad, CA) was utilized

for molecular analysis and kept at -80°C.
Goblet cell response

Tissue paraffin sections for identification of goblet cells in

jejunum were prepared according to Adam and Caihak (26).

Sections were stained with Alcian blue and countered with eosin

(27). Jejunal sections were examined and photographed by an

Olympus B×61 microscope (Tokyo, Japan). For each mouse, the

number of goblet cells in the jejunum was counted in at least ten

well-oriented villous crypt units (VCUs) and the results were

presented as the mean number.
Immunohistochemical staining of
caspase-3

Detection of cysteine aspartic acid protease-3 (Caspase-3) was

performed according to Dkhil et al. (28). Jejunal sections (5 µm)

were deparaffinized and treated with 3% H2O2 for 10 min. Jejunal

sections were incubated at 4°C with 1:100 dilution of mouse anti-

caspase-3 antibodies (Santa Cruz Biotechnology, CA, USA) in

phosphate-buffered saline (PBS). Following removal of the

primary antibodies and repetitive rinsing in PBS, sections were

incubated with a 1:2.000 dilution of biotin-conjugated secondary

antibody (Santa Cruz Biotechnology). Sections were counterstained

with hematoxylin (Sigma Chemical Co.) and re-incubated for 15

min with streptavidin which was labeled with horseradish

peroxidase. All sections were photographed using an Olympus

B×61 microscope (Tokyo, Japan). For each mouse, the number of

positive cells in the jejunum was counted in at least ten well-

oriented villous crypt units (VCUs) and the results were presented

as the mean number.
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Biochemical analysis

Pieces of jejunum were weighed and then homogenized in an

ice-cold medium with 50 mM Tris-HCl and 300 mM sucrose. After

centrifugation (10 min at 500×g at 4°C), the supernatant was used

for biochemical assays. Using the method of Paglia and Valentine

(29), the concentration of glutathione peroxidase (GPx) was

calculated in the jejunum homogenate. For hydrogen peroxide

(H2O2), Aebi (30) method was performed. Absorbance was

measured with Spectra MAX 190 supported by the software

SoftMax® Pro v.6.3.1.
Myeloperoxidase activity

The activity of myeloperoxidase (MPO) was measured in the

jejunum homogenate following the method of Bradley et al. (31).

One unit of enzyme activity was defined as the amount of MPO that

caused a change in absorbance measured at 460 nm for 3 min.

Absorbance was measured with Spectra MAX 190 supported by the

software SoftMax® Pro v.6.3.1. MPO activity was expressed as U/

mg tissue.
Quantitative real-time polymerase
chain reaction

Total RNA was isolated from the jejunum using Trizol

(Invitrogen). RNA samples were transformed to cDNA using

reverse transcription (Qiagen, Hilden, Germany). The quantitative

real-time PCR (qRT-PCR) was performed using the ABI Prism®

7500HT sequence detection system (Applied Biosystems,

Darmstadt, Germany) with SYBR® green PCR master mix

(Qiagen, Hilden, Germany). Goblet cell response gene (MUC2)

mRNA expression was determined using Qiagen qRT-PCR primers

(Mm_Muc2_2_SG, Cat. No. Mm_Muc2_2_SG). The levels of

mRNA had been normalized to glyceraldehyde-3-phosphate

dehydrogenase (GAPDH) (Mm_Gapdh_3_SG, Cat. No.

QT01658692). The Ct method (2−DDCT) was described by Livak

and Schmittgen (32) to evaluate the fold change in

mRNA expression.
Sandwich enzyme-linked
immunosorbent assay

Using mouse ELISA kits (MyBioSource, USA), the level of

apoptotic markers including BCL2-associated X protein (Bax) and

B-cell lymphoma-2 (BCL-2) were investigated following the

protocol instructions. Caspase-3 was assessed using a colorimetric

test kit (Sigma-Aldrich, USA). Optical densities (OD) of outcomes

from the jejunal samples were measured using the Bio-Rad IMark

Microplate Reader SW 1.04.02.E. Based on a standard curve, OD

values were converted to concentrations and presented as U/g (for

caspase-3) and pg/ml (for Bax and BCL2).
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Statistical analysis

One-way ANOVA in SigmaPlot® version 11.0 (Systat Software,

Inc., Chicago, IL, USA) was used to analyze data. Group-wise

comparisons were performed using Duncan’s test. Values were

presented as mean ± standard deviation (SD). p-value ≤ 0.05 was

indicated statistical significance.
Results

The results of GC-MS for RRE at different peak areas and

retention times are presented in Supplementary Figure S1 and

Table 1 showing 22 active phytochemical components. The major

compounds identified in RRE were 1,2-benzenedicarboxylic acid,

bis(2-methylpropyl) ester; hexadecanoic acid, methyl ester; 9,12-

octadecadienoyl chloride; oleic acid; 9,12-octadecadienoic acid;

arnebin 7; 2-(pentamethylbenzoyl) thiophene; estr-4-en-3-one;

prasterone; diisooctyl phthalate; methyl abietate; g-sitosterol;
stigmasta-3,5-diene; and b-sitosterol (Table 1).

At 72 and 96 hrs, oocyst incubation with K2Cr2O7 (2.5%), RRE

(200, 100, and 50 mg/ml), amprolium, phenol, and Dettol™

showed different levels of sporulation (Figure 1). After incubation

with formalin, the unsporulated E. papillata oocysts showed no rate

of sporulation. Incubation with RRE (200 mg/ml) for 72 to 96 hrs

inhibited oocyst sporulation by 65.23% and 50.01%, respectively

(Figure 2). RRE (100 and 50 mg/ml), amprolium, Dettol™, and

phenol induced variable inhibition levels at 96 hr of 19.33%,

10.33%, 73.18%, 84.16%, and 90.47%, respectively.

The shedding of the Eimeria oocysts started from three days of

infection and reached its highest peak on the 5th day p.i. RRE

decreased the number of oocysts released in feces from 5.387 × 106

± 4.29 × 105 to 1.308 × 106 ± 1.36 × 105 oocysts/g feces (Figure 3).

RRE had a maximum anti-eimerial effect as it gave the best efficacy

superior to amprolium (1.850 × 106 ± 6.04 × 105 oocysts/g

feces) (Figure 3).

In Alcian blue stained sections of the mice jejunum (Figure 4),

the number of goblet cells reduced significantly after Eimeria

infection (3.45 ± 0.17/VCU) but increased after RRE treatment to

6.04 ± 0.23/VCU more than those treated with amprolium (5.37 ±

0.20/VCU) (Figure 5). Similarly, a significant downregulation in the

mRNA expression of the MUC2 gene that was secreted from goblet

cells in the mice jejunum due to Eimeria infection (Figure 6). Upon

treatment, RRE was able to significantly upregulate the MUC2 gene

expression from 0.26 to 2.39-fold associated with the number of

goblet cells in the intestinal villi. Moreover, MPO which is

considered a marker for neutrophil infiltration into the jejunal

tissue was significantly increased during the Eimeria infection

(66.30 ± 3.74 U/mg) and decreased after RRE treatment (27.71 ±

2.64 U/mg) (Figure 7).

Jejunal sections from different experimental groups were

stained for immunohistochemical investigation of caspase-3

expression which is considered a key player for apoptosis

(Figures 8, 9). It showed that the Eimeria infection induced an

elevation of the caspase-3 expression level which was encoded by
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the caspase-3 gene with a number of positive cells reaching 8.66 ±

1.15 in the infected group compared to the normal status in the

control group 3.66 ± 0.57 (Figure 9). This elevation may activate the

cell death mechanisms in the infected group by intrinsic apoptotic

genes. Upon treatment, caspase-3 expression significantly changed

to decrease the immunoreactivity in the jejuna of mice in contrast to

the infected group to be 4.66 ± 0.57 in the infected-treated RRE

group and 4.33 ± 0.57 in the infected-treated AMP group. Similarly,

a significant upregulation in the level of caspase-3 that was secreted

in the mice jejunum due to Eimeria infection (Figure 9). Upon

treatment, RRE was able to significantly downregulate the caspase-3

level from 68.89 ± 2.67 U/g to 21.72 ± 2.30 U/g in the intestinal villi.

Our findings further investigated the role of RRE in infection-

induced apoptosis, by evaluating the level of Bax using ELISA

(Figure 10). Eimeria infection induced a highly significant

increase in the Bax level (159.05 ± 6.50 pg/ml) in comparison to

the control group. RRE treatment, however, significantly lowered

the E. papillata-induced increase in Bax level (83.68 ± 3.24 pg/ml)

compared to the infected group. While BCL2 was found to be
Frontiers in Immunology 05
significantly decreased after Eimeria infection (0.42 ± 0.07 pg/ml)

but significantly increased again upon treatment with RRE (2.49 ±

0.17 pg/ml) (Figure 11).

The Eimeria infection caused an unbalance in the oxidative

status in the jejunum of mice. This was demonstrated by the

estimation of GPx and H2O2 levels (Figure 12). There was a

significant reduction in GPx from 23.99 ± 3.68 mg/g tissue in the

control group to 7.53 ± 1.45 mg/g tissue in the infected group.

However, infection with E. papillata induced cellular damage with a

significant elevation in the reactive oxygen species concentration of

H2O2 (0.07 ± 0.01 mM/g). RRE caused clear amelioration in the

level of GPx (16.21 ± 1.48 mg/g tissue) and H2O2 (0.043 ± 0.007

mM/g) in the jejunal tissue compared to the infected group.
Discussion

Coccidiosis is caused by Eimeria protozoan parasites and affects

wild and domestic animals. Antieimerial agents from plant sources

are currently used to control coccidiosis because of drug resistance

(33). In this study, the pharmacological activities of rhatany root

extract were investigated against E. papillata via in vitro and in vivo

examinations. RRE possessed many active phytochemical

compounds by GC-MS analysis such as oleic acid, b- and g-
sitosterol, which are well known for their medicinal activities such

as anti-inflammatory (34, 35), anti-apoptotic (36, 37), antiparasitic

(38), and antioxidant (35, 39) activities.

This study showed that RRE has a dose-dependent in vitro anti-

eimerial effect on the Eimeria oocyst sporulation. RRE (200 mg/ml)

has more than 50% significant values for inhibiting oocyst

sporulation at different intervals, in comparison to other

inhibitors. These results might be due to active compounds of

RRE which impaired the oocyst wall functions leading to leakage of

cellular constituents, which agreed with data obtained by Alamari

et al. (21). Similarly, de Oliveira et al. (38) mentioned that oleic acid

interacts with parasitic protozoa lipid membranes and deranges the

electron transport chain and oxidative phosphorylation, as a result,

it could be used as a complementary therapy for the treatment of

various infectious diseases. During experimental Eimeria infection,

the shedding rate of oocysts reached its peak at the 5th day p.i. Upon

treatment, RRE plays a vital role in the reduction of the oocysts

number in mice faeces by containing some active ingredients that

disrupt the cell membrane of parasitic Eimeria stages leading to

impairing the ability to invade, replication, and development within

the mice jejunal tissue. Abdel-Gaber et al. (14) and Alamari et al.

(21) reported the antieimerial efficacy of rhatany root extract

against E. papillata-induced experimental infection in mice.

Moreover, the reduction in the oocyst output in the mice faeces,

after treatment with roots obtained from natural plant sources, has

been investigated in a previous study by Thagfan et al. (6) using

Salvadora persica roots extract as an anti-eimerial agent.

One of the cellular immune responses in the intestine is the

goblet cell response (40). During the Eimeria infection, the

reduction in the number of goblet cells was observed herein,

which agreed with Yunus et al. (41) reported that this reduction

might be due to parasite damage to the stem cell population at the
TABLE 1 Identification of phytochemical compounds by GC-Mass
in RRE.

RT
(min)

Proposed compound MW
Peak
area %

Formula

7.50
4H-Pyran-4-one, 2,3-dihydro-

3,5-dihydroxy-6-methyl-
144 0.69 C6H8O4

7.60 N-Formyl-valine 145 0.73 C6H11NO3

8.91 5-Hydroxymethylfurfural 126 18.54 C6H6O3

11.14 1-Tetradecene 196 0.34 C14H28

11.52 4-Methylphthalaldehyde 148 0.64 C9H8O2

12.80 2,4-Di-tert-butylphenol 206 0.58 C14H22O

12.89 2-Acetylhydroquinone 152 0.90 C8H8O3

13.75 2-Dodecanol 186 0.46 C12H26O

16.95
1,2-Benzenedicarboxylic acid,
bis(2-methylpropyl) ester

278 1.74 C16H22O4

17.51 Hexadecanoic acid, methyl ester 270 1.87 C17H34O2

19.21 9,12-Octadecadienoyl chloride 298 1.65 C18H31ClO

19.28 Oleic Acid 282 5.80 C18H34O2

19.60 9,12-Octadecadienoic acid 280 1.65 C18H32O2

20.19 Arnebin 7 272 20.29 C16H16O4

20.35
2-

(Pentamethylbenzoyl)thiophene
258 12.87 C16H18OS

21.02 Estr-4-en-3-one 258 3.27 C18H26O

22.70 Prasterone 288 1.43 C19H28O2

23.24 Diisooctyl phthalate 390 4.67 C24H38O4

23.92 Methyl abietate 316 3.92 C21H32O2

25.27 g-Sitosterol 414 13.88 C29H50O

28.07 Stigmasta-3,5-diene 396 1.31 C29H48

31.40 b-Sitosterol 414 2.77 C29H50O
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base of the intestinal crypts. Cheng and Leblond (42) stated that

muco-secretory cells (goblet cells) arise by mitosis from pluripotent

stem cells at the jejunal crypt. Linh et al. (43), reported that these

stem cells, during the Eimeria infection, are parasitized and become

unable to produce goblet cells, which could explain the significant
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reduction in their numbers in the infected group. Upon RRE

treatment, the number of goblet cells was elevated which affected

the infected mice’s susceptibility to opportunistic Eimeria’s ability

to interact with or penetrate the target epithelium, resulting in

depletion in the number of oocysts in mice feces. The possible
FIGURE 1

Sporulation percentage at 72 and 96 hrs for different treatments. * Significance change (p ≤ 0.05) at 72 hr concerning those treated with K2Cr2O7,
#

Significance change (p ≤ 0.05) at 96 hr concerning those treated with K2Cr2O7.
FIGURE 2

Inhibition percentage at 72 and 96 hrs for different treatments. * Significance change (p ≤ 0.05) at 72 hr concerning those treated with K2Cr2O7,
#

Significance change (p ≤ 0.05) at 96 hr concerning those treated with K2Cr2O7.
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hypothesis for the restoration of the number of goblet cells, after

Eimeria infection, is the presence of active phytochemical

compounds in RRE. This in line with Carrillo et al. (44)

confirmed that oleic acid represents a major supplier for the full
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reconversion of cancerous/infected cells into healthy intestinal cells

in restoration of goblet cells. Improvements in the induced

hypoplasia of goblet cells due to infection with Eimeria parasite

have been investigated using several medicinal plants such as
FIGURE 3

Oocyst output in mice infected with Eimeria papillata and for infected-treated groups with 200 mg/kg RRE and 120 mg/kg AMP. * significance (p ≤ 0.05)
between infected and treated groups.
B C

D E

A

FIGURE 4

Jejunal sections stained with alcian blue and countered with eosin to identify the goblet cells in (A) control group, (B) non-infected-treated group
with 200 mg/kg RRE, (C) infected group with E. papillata, (D) infected-treated group with 200 mg/kg RRE, and (E) infected-treated group with 120
mg/kg AMP. Goblet cells were counted in 10 well-oriented villus-crypt units (VCU). Scale bar = 100µm.
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Azadirachta indica (27), Ziziphus spina-christi (8), Salvadora

persica (6), Astragalus membranaceus (11), and Zingiber

officinale (7).

Our findings indicated that the expression of the goblet cell MUC2

gene was downregulated during Eimeria infection which is widely

expressed in the goblet cells of the small intestine, which agreed

with Forder et al. (45), Kim and Khan (46), and Yang and Yu (47).

Larsson et al. (48) and Boltin et al. (49) stated that the MUC2 gene is

the first line of innate host defense and is responsible for the regulation

of mucin secretion and immune/inflammatory response against
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pathogen-induced injury. Herein, it has shown that RRE treatment

interferes with the Eimeria parasite development in the jejunum and

consequently upregulates both the number of goblet cells and the

expression of its specific gene (MUC2) which helps to improve

the inflammatory response to infectious diseases, which is consistent

with Larsson et al. (48), Gum et al. (50), and Dkhil et al. (27).

Moreover, there was a significant elevation of MPO level which

is a marker for a neutrophil’s alteration due to infection with the

highly pathogenic E. papillata. This may relate to the critical role of

neutrophils in host immunity during intestinal epithelium invasion
FIGURE 5

Changes in the number of jejunal goblet cells in villi of the control group, treated group with 200 mg/kg RRE, infected group with E. papillata, and
infected-treated groups with 200 mg/kg RRE and 120 mg/kg AMP. Values are means ± SD. * significant change (p ≤ 0.05) concerning the control
group, # significance change (p ≤ 0.05) concerning the infected group with E. papillata.
FIGURE 6

mRNA expression of MUC2 in the jejunal samples from the different experimental groups. The expression values obtained by RT-PCR analysis were
normalized to the reference gene GAPDH mRNA level and are shown as fold induction (in log 2 scale) relative to the mRNA level in the control. * significant
change (p ≤ 0.05) concerning the control group, # significance change (p ≤ 0.05) concerning the infected group with E. papillata.
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FIGURE 7

MPO activity in the jejunal samples from the different experimental groups. * significant change (p ≤ 0.05) concerning the control group, # significance
change (p ≤ 0.05) concerning the infected group with E. papillata.
B C

D E

A

FIGURE 8

Immunohistochemical localization of caspase-3 in the jejuna of the different experimental groups. (A) control non-infected jejunum. (B) non-infected-treated
group with 200 mg/kg RRE. (C) E. papillata infected jejunum with an increased number of caspase-3 positive cells. (D, E) infected-treated mice groups
(200 mg/kg RRE and 120 mg/kg AMP, respectively) with a decreased number of caspase-3 positive cells. Scale bar = 50µm.
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by the developmental Eimeria stages. After treatment, the RRE

attenuates the inflammatory response, since it suppresses the release

of the infection-induced MPO level nearly to the normal status of

the control group. Al-Quraishy et al. (51), Amer et al. (52), and

Abbas et al. (53) reported that medicinal plants rich in antioxidant

compounds have also shown remarkable immunomodulatory

effects. This is in line with Yu et al. (54) reported that oleic acid

shows anti-inflammatory activity toward activated neutrophils

which confirms the role of RRE during eimerian infections.

Similarly, the results of Naikwadi et al. (34) and Zhang et al. (35)

demonstrate the antioxidative and anti-inflammatory activities of

b- and g- sitosterol and suggest that it may be useful for the

treatment of various inflammatory diseases.
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Lüder et al. (55) and Balamurugan et al. (56) reported that the

host’s response against intracellular parasitic diseases may be

controlled via different apoptotic pathways which aid in the

removal of infected cells. Moreover, Liu et al. (57) reported that

the phases of gamogony and sporogony induced pro-apoptotic

markers and downregulated the anti-apoptotic marker. In this

study, the pro-apoptotic markers caspase-3 and Bax significantly

elevated, indicating the death of jejunal cells after Eimeria infection.

These results agreed with previous studies by Dkhil et al. (27),

Metwaly et al. (58), and Alkhudhayri et al. (59) stated that apoptotic

cells in the mice jejuna were elevated after infection with E.

papillata. Rossé et al. (60) reported that Bax is responsible for

inducing cytochrome c release and caspase activation, which in
B

A

FIGURE 9

Caspase-3 in the jejunal samples from the different experimental groups. (A) Positive caspase-3 cell number. (B) Caspase-3 level. * significant change
(p ≤ 0.05) concerning the control group, # significance change (p ≤ 0.05) concerning the infected group with E. papillata.
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turn, leads to cell death. Treatment with RRE induced apoptotic

alterations in jejunal cells by the reduction of the pro-apoptotic

markers which states the anti-apoptotic activity of this extract, this

data is similar to that reported by Abdel-Gaber et al. (12) when

using biosynthesized selenium nanoparticles using Azadirachta

indica leaves extract as an anti-eimerial and anti-apoptotic agent

after E. papillata infection.

Furthermore, Del Cacho et al. (61) reported that the Eimeria

parasite could protect infected host cells from apoptosis by

promoting the expression of the anti-apoptotic protein BCL2

during the process of the maturation of schizonts at the initial
Frontiers in Immunology 11
stage of the infection, while Jiao et al. (62) stated that, at late stages

of infection, BCL2 expression was significantly reduced to enable the

escape of the merozoites. This study revealed that on day 5 p.i.,

Eimeria infection suppressed the expression of BCL2. Similarly,

Abdel-Tawab et al. (11) reported that the expression of BCL2

protein, in E. papillata parasitized tissue, was significantly reduced

on day 5 after infection. Rasul et al. (63) mentioned that the reduction

in the expression of anti-apoptotic proteins BCL-2 and BCL-XL

accelerates host-cell apoptosis. In our study, oral treatment with

RRE significantly increased the level of BCL2. This may be due to the

role of oleic acid and b-Sitosterol that restores the cell from apoptosis
FIGURE 10

Bax level in the jejunal samples from the different experimental mice groups. * significant change (p ≤ 0.05) concerning the control group, # significance
change (p ≤ 0.05) concerning the infected group with E. papillata.
FIGURE 11

BCL2 level in the jejunal samples from the different experimental mice groups. * significant change (p ≤ 0.05) concerning the control group, # significance
change (p ≤ 0.05) concerning the infected group with E. papillata.
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toward survival by attenuating the disturbance in the balance of anti-

apoptotic (BCL-2) and pro-apoptotic (Bax) as well as the activation of

caspase-3, as stated with Ahn et al. (36) and Vundru et al. (37).

In this study, the oxidant/antioxidant status was also investigated

during murine coccidiosis. In the present study, the infection with E.

papillata induces oxidative stress by decreasing the activity of GPx,

while increasing the level of H2O2. Similarly, Abdel-Tawab et al. (11),

Abdel-Gaber et al. (12), Esch and Petersen (64), Masood et al. (65),

Dkhil et al. (66), and El-Ghareeb et al. (67) clarified that the

antioxidant defense system’s imbalance due to Eimeria infection

contributes to adverse cellular effects. Administration of RRE

ameliorates the oxidative injury caused by the Eimeria parasite in

the mice jejunum by normalizing the values of GPx and H2O2. This is
Frontiers in Immunology 12
in line with previous research that has ascribed the pronounced

potential effects of RRE to the antioxidant activity of the biologically

active ingredients, with special reference to oleic acid and b-Sitosterol,
of this root extract, which might have beneficial effects in the

treatment of various infectious diseases (14, 16, 18, 21, 35, 39).
Conclusion

Collectively, rhatany root extract exhibits significant anti-

eimerial, antioxidant, anti-apoptotic, and anti-inflammatory

activities serving to protect the host tissue from injuries induced

by E. papillata and it is, therefore, highly recommended for use as
B

A

FIGURE 12

Levels of (A) glutathione peroxidase and (B) hydrogen peroxide in the different experimental mice groups. * significant change (p ≤ 0.05) concerning
the control group, # significance change (p ≤ 0.05) concerning the infected group with E. papillata.
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an alternative to the anti-eimerial drugs against murine coccidiosis.

The limitations of our study lie in the scope of mechanistic

elucidation. While we have shown the significant impact of RRE

on regulating apoptosis in Eimeria papillata host cells, our

investigation offers preliminary insight. We acknowledge that our

study does not comprehensively dissect the underlying mechanisms

through which RRE exerts its effects. Further research endeavors are

warranted to delve deeper into these mechanisms, facilitating a

more thorough understanding of the therapeutic potential of RRE

in combating coccidiosis. Such studies would contribute to a

broader comprehension and validation of RRE’s efficacy and

safety profile, thereby enhancing its feasibility as a natural

product for coccidiosis control measures.
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