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Abstract
This study evaluated the synergistic efficacy of a novel herbal decoction combining Artemisia annua, green tea, thyme, 
and lemon against mixed Eimeria infection in broiler chickens. Two hundred one-day-old Ross 308 broiler chicks were ran-
domly assigned to five experimental groups: negative control (uninfected untreated), positive control (infected untrea-
ted), amprolium control (infected treated with 1 g/kg amprolium in drinking water), low-dose herbal decoction (infected 
treated with 5 mL/L), and high-dose herbal decoction (infected treated with 10 mL/L). At 14 days of age, all groups ex-
cept negative control were orally challenged with a mixed suspension containing sporulated oocysts of Eimeria tenella, 
E. acervulina, and E. maxima at 5 × 10⁴ oocysts per bird. Herbal decoction was administered in drinking water for 10 
consecutive days post-infection. The high-dose herbal treatment significantly reduced oocyst shedding compared to the 
positive control, demonstrating efficacy comparable to amprolium. Intestinal lesion scores were markedly lower in the 
high-dose herbal group versus positive control, with improved villus height and villus height to crypt depth ratio indica-
ting enhanced intestinal health. Body weight gain and feed conversion ratio were significantly improved in herbal-trea-
ted birds compared to infected untreated controls. Serum analysis revealed reduced malondialdehyde levels and restored 
superoxide dismutase and glutathione peroxidase activities in the high-dose herbal group, indicating effective mitigation 
of oxidative stress. Inflammatory markers were normalized, with decreased interleukin-6 and increased interleukin-10 le-
vels. Hematological parameters were restored to normal values, reflecting control of cecal hemorrhage. Cecal microbiota 
analysis demonstrated that the high-dose herbal treatment promoted beneficial Lactobacillus while suppressing pathoge-
nic Escherichia coli and Clostridium species. The synergistic herbal decoction exhibited potent anticoccidial and anti-diar-
rheal effects, improving intestinal health and growth performance in Eimeria -challenged broilers. This quadruple com-
bination represents a viable natural alternative for sustainable, antibiotic-free coccidiosis control in poultry production.
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1. Introduction

1.1 Background and Economic Significance

Avian coccidiosis remains one of the most economi-
cally devastating diseases affecting the global poultry 
industry. Caused by apicomplexan protozoa of the ge-
nus  Eimeria, this enteric disease inflicts annual losses 
estimated at approximately £10.4 billion (€12.1 billion) 
worldwide, encompassing mortality, reduced growth 
performance, increased feed conversion ratios, and 
costs associated with prophylaxis and treatment.1,2cau-
sed by Eimeria species parasites, has long been recogni-
sed as an economically significant disease of chickens. 
As the global chicken population continues to grow, and 
its contribution to food security intensifies, it is increa-
singly important to assess the impact of diseases that 
compromise chicken productivity and welfare. In 1999, 
Williams published one of the most comprehensive esti-
mates for the cost of coccidiosis in chickens, featuring a 
compartmentalised model for the costs of prophylaxis, 
treatment and losses, indicating a total cost in excess 

of £38 million in the United Kingdom (UK The disease 
is characterized by intracellular parasite replication wit-
hin the intestinal epithelium, leading to extensive tissue 
damage, malabsorption, hemorrhagic diarrhea, and inc-
reased susceptibility to secondary bacterial infections 
such as necrotic enteritis caused by Clostridium perfrin-
gens.3,4

1.2. Pathophysiology of Eimeria Infection

The life cycle of  Eimeria  involves both asexual 
(schizogony) and sexual (gametogony) phases within the 
intestinal mucosa. Following ingestion of sporulated oo-
cysts, sporozoites are released and invade enterocytes, 
where they undergo multiple rounds of replication. 
This intracellular development disrupts the intestinal 
epithelial barrier, causing villous atrophy, crypt hyper-
plasia, and inflammatory infiltration.5,6 The resulting 
malabsorption of nutrients, coupled with protein-losing 
enteropathy from hemorrhage and exudation, leads to 
poor feed conversion, reduced weight gain, and in se-
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vere cases, mortality.7 The destruction of intestinal in-
tegrity also facilitates translocation of pathogenic bac-
teria, exacerbating the clinical condition.8

1.3. The Problem of Anticoccidial Resistance

Conventional coccidiosis control has relied heavily on 
prophylactic inclusion of ionophores (e.g., monensin, 
salinomycin) and chemical anticoccidials (e.g., ampro-
lium, toltrazuril) in poultry feed. However, decades of 
continuous use have selected for widespread drug re-
sistance in Eimeria populations worldwide.9,10 Cross-re-
sistance between ionophores and reduced suscepti-
bility to chemical agents have been well documented, 
compromising the efficacy of conventional control pro-
grams.11,12 Furthermore, consumer concerns regarding 
drug residues in poultry products and the European 
Union’s comprehensive ban on antibiotic growth pro-
moters since 2006 have intensified the search for safe, 
effective, and residue-free alternatives.13,14

1.4. Rationale for Herbal Alternatives: A Synergistic 
Approach

Phytogenic feed additives have emerged as promising 
candidates for coccidiosis control due to their multiple 
bioactive constituents that target both the parasite and 
the host response. The present study proposes a novel 
quadruple herbal combination specifically selected for 
synergistic mechanisms of action:

1.4.1. Artemisia annua (Sweet Wormwood)

Artemisia annua contains artemisinin, a sesquiterpene 
lactone with well-documented antiparasitic activity. 
Recent  in vitro  studies demonstrate that  A. an-
nua  methanol leaf extract at 40 mg/mL achieves 
100% inhibition of  Eimeria tenella  oocyst sporulation, 
comparable to amprolium.15,16 The anticoccidial mech-
anism involves oxidative stress induction in parasite 
mitochondria and interference with calcium homeosta-
sis.2Quercus infectoria, and Allium sativum Field trials 
have confirmed that Artemisia-based formulations sig-
nificantly reduce oocyst shedding and intestinal lesion 
scores in challenged broilers.5,17

1.4.2. Thyme (Thymus vulgaris)

Thyme essential oil and its principal bioactive com-
pounds, thymol and carvacrol, exhibit potent anticoc-
cidial properties. Recent research demonstrates that 
thymol significantly inhibits the intracellular develop-
ment of E. tenella during the initial phase of schizogony, 
reducing schizont numbers and thereby decreasing 
pathogenicity.12 Thymol also disrupts  Eimeria  oocyst 
wall integrity and inhibits sporulation.3 Furthermore, 
thymol demonstrates minimum inhibitory concentra-
tions (MIC) of approximately 100-200 μg/mL against 
pathogenic bacteria and significantly reduces biofilm 
formation at sub-MIC concentrations (25-50 μg/mL)3,18 
offering additional protection against secondary bacte-
rial enteritis.

1.4.3 Green Tea (Camellia sinensis)

Green tea catechins, particularly epigallocatechin gal-
late (EGCG), represent a group of polyphenolic com-
pounds comprising 30-42% of tea leaf dry weight.14,19 

These compounds demonstrate dual biological func-
tions: mitigating oxidative tissue damage through free 
radical scavenging and actively remodeling gut mi-
crobiota composition by suppressing enteric patho-
gens (e.g.,  Clostridium  spp.) while enriching beneficial 
bacteria (e.g., Bifidobacterium and Lactobacillus).14 The 
tannin content in green tea also exerts astringent effects 
that help control diarrhea by precipitating proteins in 
the intestinal mucosa, forming a protective layer.5,20 Re-
search indicates that dietary catechin supplementation 
at 40-600 mg/kg enhances intestinal barrier integrity 
through upregulation of tight junction proteins (occlu-
din, claudin-1) and improves nutrient absorption.14,21

1.4.4 Lemon (Citrus limon)

Lemon peel and pulp are rich in citric acid, flavonoids 
(hesperidin, naringin), and ascorbic acid. Recent investi-
gations have established that lemon peel powder supp-
lementation at 3-6 g/kg in feed significantly reduces 
oocyst shedding, mortality, and intestinal lesion scores 
in broilers challenged with E. tenella.7 Histological exa-
mination revealed partial restoration of villus height, 
villus width, and crypt depth in lemon-supplemented 
birds Hafeez et al.,7. The proposed mechanisms include: 
(1) acidification of the gastrointestinal tract creating un-
favorable conditions for parasite development, (2) im-
munomodulatory effects of flavonoids enhancing host 
resistance, and (3) antioxidant protection against para-
site-induced oxidative damage.10

1.5 Synergistic Hypothesis

The strategic combination of these four herbal compo-
nents is hypothesized to target coccidiosis through mul-
tiple complementary pathways:

Direct antiprotozoal activity:  Artemisinin and thymol 
disrupt parasite replication and oocyst sporulation.12,16 

Anti-inflammatory and antioxidant effects:  Catechins 
and flavonoids mitigate oxidative gut damage and 
inflammation.14 

Gut barrier protection:  Tannins and polyphenols 
enhance tight junction integrity and mucosal defense.5

Diarrhea control:  Astringent compounds and organic 
acids reduce intestinal fluid loss.7

Microbiota modulation:  Selective suppression of 
pathogens and promotion of beneficial bacteria.3

1.6. Study Objective

This study aimed to evaluate, for the first time, the syner-
gistic efficacy of this specific quadruple herbal decoction 
administered via drinking water against mixed  Eime-
ria infection and associated diarrhea in broiler chickens 
under a controlled challenge model, comparing its 
effects with the conventional anticoccidial drug ampro-
lium.

2. Materials and Methods

2.1. Ethical Approval

All experimental procedures were approved by the 
Institutional Animal Ethics Committee (Approval No. 
IAEC/2025/PA-42) and followed the guidelines for the 
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care and use of agricultural animals in research.

2.2. Preparation of the Herbal Decoction

2.2.1. Plant Materials

Dried leaves of  Artemisia annua  (certified artemisinin 
content ≥0.15%), dried leaves of green tea (Camellia 
sinensis; total catechin content ≥15%), and dried leaves 
of thyme (Thymus vulgaris; thymol content ≥2.5%) were 
procured from a certified herbal supplier (Nature’s 
Herbs, Babylon, Iraq). Fresh lemons (Citrus limon) were 
obtained from local organic markets. Species identifi-
cation was confirmed by a botanist, and voucher spec-
imens were deposited in the university herbarium fol-
lowing the methodology of Hafeez et al.7.

2.2.2. Extraction Method

The dried herbs (Artemisia, green tea, and thyme) were 
mixed in a 1:1:1 ratio (300 g total) and boiled in 3 L of 
distilled water at 100°C for 30 minutes, adapting the 
extraction protocol described by Yahaya et al.16. The de-
coction was allowed to cool, then filtered through ste-
rile cheesecloth and Whatman No. 1 filter paper. Fresh 
lemon juice (100 mL, prepared by squeezing fresh le-
mons and filtering) was added to the cooled decoction 
to preserve volatile compounds and heat-sensitive fla-
vonoids.7 The final stock decoction (approximately 2.5 
L) was stored in sterile amber glass bottles at 4°C for a 
maximum of 72 hours before use, following the recom-
mendations of Eltanahy et al.10.

2.2.3. Standardization of the Herbal Decoction

To ensure batch-to-batch consistency, the artemisinin 

content in Artemisia annua leaves was quantified via hi-
gh-performance liquid chromatography (HPLC) and con-
firmed to be ≥0.15%. The total catechin content in green 
tea was measured using the Folin-Ciocalteu method and 
found to be ≥15% (w/w), while the thymol content in 
thyme was analyzed by gas chromatography-mass spe-
ctrometry (GC-MS) and determined to be ≥2.5% (v/w). 
Each batch of the decoction was prepared following the 
same protocol (1:1:1 ratio of dried herbs, boiling for 30 
minutes, and addition of fresh lemon juice). The pH of 
the final decoction was adjusted to 3.5 ± 0.2 using citric 
acid from lemon juice, and the total polyphenol content 
was measured using the Folin-Ciocalteu method to en-
sure consistency across all administrations.

2.3. Experimental Birds and Housing

Two hundred one-day-old male Ross 308 broiler chicks 
were obtained from a commercial hatchery (Al-Salam 
Hatcheries, Iraq). Upon arrival, chicks were weighed 
individually and randomly assigned to experimental 
groups following the randomization procedure de-
scribed by2Quercus infectoria, and Allium sativum. Birds 
were housed in temperature-controlled battery brood-
ers with raised wire floors for the first 14 days, then 
transferred to floor pens (1.5 m² per replicate) with 
fresh wood shavings litter. Temperature was gradually 
decreased from 33°C on day 1 to 24°C by day 21, then 
maintained at 22-24°C thereafter. Lighting program fol-
lowed Ross 308 recommendations: 23L:1D for the first 
7 days, then 18L:6D until the end of the experiment5. 
Birds had ad libitum access to mash feed formulated to 
meet or exceed Ross 308 nutrient specifications (Table 
1) and fresh drinking water throughout the 35-day 
experimental period.

Table 1. Composition and nutrient content of basal diets (as-fed basis)

Ingredient (%) Starter (Days 1-14) Grower (Days 15-28) Finisher (Days 29-35)

Corn 55.20 58.40 62.30

Soybean meal (44%) 35.80 32.10 28.50

Corn gluten meal 3.50 2.80 2.00

Soybean oil 2.20 3.20 3.80

Dicalcium phosphate 1.60 1.40 1.20

Limestone 1.20 1.10 1.00

Sodium chloride 0.30 0.30 0.30

Vitamin-mineral premix² 0.20 0.20 0.20

DL-Methionine 0.25 0.20 0.15

L-Lysine HCl 0.15 0.10 0.05

Total 100.00 100.00 100.00

Calculated nutrient composition

Metabolizable energy (kcal/kg) 3,025 3,125 3,200

Crude protein (%) 23.0 21.0 19.0

Calcium (%) 0.96 0.87 0.80

Available phosphorus (%) 0.48 0.43 0.40

Lysine (%) 1.28 1.12 0.98

Methionine + Cystine (%) 0.94 0.83 0.73
²Supplied per kg of diet: vitamin A, 12,000 IU; vitamin D₃, 5,000 IU; vitamin E, 80 IU; vitamin K₃, 3.2 mg; thiamine, 3.0 mg; 
riboflavin, 8.0 mg; pyridoxine, 4.0 mg; vitamin B₁₂, 0.02 mg; niacin, 60 mg; pantothenic acid, 18 mg; folic acid, 1.5 mg; biotin, 
0.15 mg; iron, 80 mg; copper, 10 mg; manganese, 100 mg; zinc, 80 mg; iodine, 1.0 mg; selenium, 0.3 mg. Formulated according 
to Ross 308 nutrient specifications as described by Eltanahy et al. 10.
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2.4. Experimental Design and Group Allocation

Following a 3-day acclimatization period, chicks were 
individually weighed and randomly assigned to five ex-
perimental groups (n=40 per group, four replicates of 
10 birds) using a computer-generated random number 
sequence (Microsoft Excel, RAND function) to ensure 
unbiased allocation. The randomization was performed 
by an independent investigator who was not involved in 
the subsequent data collection or analysis. To minimize 
performance bias, the study was conducted under blin-
ded conditions: all personnel responsible for daily ani-
mal care, clinical observations, sample collection, and 
laboratory analyses were unaware of the group alloca-
tions. The amprolium and herbal decoctions were pre-
pared as colorless solutions in identical amber bottles 
to mask their identity. The codes were broken only after 
the completion of all data analyses.

Group NC (Negative Control):  Uninfected, untreated; 
received basal diet and clean drinking water throughout 
the experiment.

Group PC (Positive Control): Infected with mixed Eime-
ria  species on day 14; received no anticoccidial 
treatment.

Group AB (Amprolium Control):  Infected with 
mixed Eimeria species on day 14; treated with ampro-
lium (Amprol 20%, Elanco) at 1 g/kg drinking water 
(equivalent to 200 mg amprolium/L) from day 18 to day 
27 (10 consecutive days).

Group HBL (Herbal Low Dose):  Infected with 
mixed Eimeria species on day 14; treated with low-dose 
herbal decoction (5 mL/L drinking water) from day 18 
to day 27.

Group HBH (Herbal High Dose):  Infected with 
mixed  Eimeria  species on day 14; treated with high-
dose herbal decoction (10 mL/L drinking water) from 
day 18 to day 27.

2.5. Infection Protocol (Challenge Model)

2.5.1. Eimeria Species and Inoculum Preparation

Field isolates of  Eimeria tenella,  E. acervulina, and  E. 
maxima  were obtained from the Department of 
Parasitology, Faculty of Veterinary Medicine. Species 
were propagated separately in donor birds, and 
oocysts were harvested from cecal and fecal contents, 
sporulated in 2.5% potassium dichromate solution at 
28°C with aeration, and stored at 4°C until use.7 Sporu-
lation was confirmed microscopically, and oocyst counts 
were performed using a McMaster counting chamber.16 
The mixed inoculum was prepared by combining equal 
numbers of sporulated oocysts from each species to 
achieve a final concentration of 5 × 10⁴ oocysts/mL, fol-
lowing the protocol of Hafeez et al.7.

2.5.2. Challenge Procedure

At 14 days of age, all birds except those in the NC group 
were orally inoculated with 1 mL of the mixed  Eime-
ria  suspension (5 × 10⁴ oocysts per bird) directly into 
the crop using a sterile plastic pipette.12 The NC group 
received 1 mL of sterile phosphate-buffered saline as a 
sham control.

2.6. Treatment Administration

Treatment commenced at 4 days post-infection (day 18), 
coinciding with the expected onset of oocyst shedding 
and clinical signs. Herbal decoction was freshly pre-
pared every 48 hours and administered  ad libitum  in 
drinking water at the specified concentrations for 10 
consecutive days (days 18-27). Amprolium was similarly 
administered in drinking water at 1 g/kg for the same 
period.10 Water consumption was monitored daily to 
ensure adequate treatment intake, and no significant 
differences in water intake were observed among treat-
ment groups (P > 0.05).

2.7. Parameters Measured

2.7.1 Growth Performance Parameters

Birds were weighed individually at days 1, 14, 21, 28, 
and 35. Feed intake per replicate was recorded weekly. 
The following parameters were calculated following the 
methods of5 :

Body Weight Gain (BWG, g): Final body weight - Initial 
body weight

Average Daily Gain (ADG, g/day):  BWG / number of 
days

Feed Intake (FI, g/bird):  Total feed consumed per 
replicate / number of birds

Feed Conversion Ratio (FCR):  Feed intake (g) / body 
weight gain (g)

Mortality (%): (Number of dead birds / total birds) × 100

2.7.2. Parasitological Parameters

Oocyst Per Gram (OPG) of Feces:  Fresh fecal samples 
were collected from each replicate on days 7, 10, 14, 21, 
and 28 post-infection (corresponding to days 21, 24, 28, 
35, and 42 of age). Samples were pooled per replicate, 
and oocyst counts were performed using the McMas-
ter counting technique with saturated sodium chloride 
solution (specific gravity 1.20).16 Results were expressed 
as number of oocysts per gram of feces.

Oocyst Reduction Ratio:  Calculated as [(Mean OPG in 
PC - Mean OPG in treated group) / Mean OPG in PC] × 
100  according to Ghafouri et al.2Quercus infectoria, and 
Allium sativum.

2.7.3. Clinical and Diarrhea Scoring

Birds were observed daily for clinical signs including 
depression, ruffled feathers, anorexia, and bloody diar-
rhea. Diarrhea scores were assessed on days 5, 7, 10, 
and 14 post-infection using a 4-point scale according to 
Hafeez et al.7:

Score 0: Normal, well-formed feces

Score 1: Mild diarrhea, soft but formed feces

Score 2: Moderate diarrhea, pasty to semi-liquid feces

Score 3: Severe diarrhea, watery feces with or without 
blood

2.7.4. Intestinal Lesion Scoring

At 7 days post-infection (day 21 of age), five birds per 
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group (one per replicate) were randomly selected, hu-
manely euthanized by cervical dislocation, and necrop-
sied for lesion scoring. The intestinal tract was carefully 
examined, and lesions in the duodenum, jejunum, and 
ceca were scored on a 0-4 scale according to the met-
hod of Johnson and Reid (1970) as modified by2Quercus 
infectoria, and Allium sativum :

Score 0: No macroscopic lesions

Score 1:  Few scattered petechiae on serosal surface; 
small numbers of white plaques in duodenum/jejunum 
or slight thickening of cecal wall

Score 2: More numerous petechiae; moderate numbers 
of plaques or moderate cecal thickening with bloody 
contents

Score 3:  Extensive hemorrhagic foci; numerous 
coalescing plaques or severely thickened ceca filled with 
blood

Score 4:  Extensive hemorrhage with intestinal 
distension; cecal cores present or extensive necrosis

2.7.5. Intestinal Histomorphometry

Immediately following lesion scoring, segments (ap-
proximately 2 cm) from the midpoint of the jejunum 
(adjacent to Meckel’s diverticulum) and both ceca were 
collected, gently flushed with physiological saline to re-
move contents, and fixed in 10% neutral-buffered for-
malin for 48 hours. Tissues were processed routinely, 
embedded in paraffin, sectioned at 5 μm thickness, and 
stained with hematoxylin and eosin (H&E)5. Histological 
examination was performed using a light microscope 
equipped with a digital camera and image analysis 
software (ImageJ, NIH, USA). The following parameters 
were measured in 10 well-oriented villi and their associ-
ated crypts per section Hafeez et al.7:

Villus Height (VH, μm): From the tip of the villus to the 
crypt-villus junction

Villus Width (VW, μm):  Measured at the midpoint of 
the villus

Crypt Depth (CD, μm): From the base of the crypt to the 
crypt-villus junction

Villus Height:Crypt Depth Ratio (VH:CD)

2.7.6. Biochemical and Immunological Parameters

At 14 days post-infection (day 28 of age), blood samp-
les were collected from the brachial vein of 10 birds per 
group (2 per replicate) into plain vacuum tubes. Serum 
was separated by centrifugation at 3,000 rpm for 15 mi-
nutes and stored at -20°C until analysis. The following 
parameters were measured using commercial colori-
metric kits (BioDiagnostic, Egypt) according to manufac-
turers’ protocols, following the methods of Tian et al.14:

Antioxidant Markers:

Malondialdehyde (MDA, nmol/mL): Thiobarbituric acid 
reactive substances method

Superoxide Dismutase (SOD, U/mL):  Inhibition of ni-
troblue tetrazolium reduction by xanthine-xanthine ox-
idase system

Glutathione Peroxidase (GPx, U/L): Catalyzed oxidation 
of glutathione by cumene hydroperoxide

Inflammatory Markers:

Interleukin-6 (IL-6, pg/mL):  Chicken-specific ELISA kit 
(Cusabio, China)

Interleukin-10 (IL-10, pg/mL): Chicken-specific ELISA kit 
(Cusabio, China)

Hematological Parameters:

Packed Cell Volume (PCV, %): Microhematocrit method

Hemoglobin (Hb, g/dL): Cyanmethemoglobin method

2.7.7. Cecal Microbiota Analysis

At 14 days post-infection (day 28), cecal contents were 
collected aseptically from the same birds used for blo-
od collection (n=5 per group). Samples were pooled per 
replicate, placed in sterile containers, and immediately 
processed for microbial enumeration following the met-
hods of Bhattrai et al.3 and Tian et al.14. Serial 10-fold di-
lutions were prepared in sterile peptone water, and 0.1 
mL aliquots were plated on selective media:

Total aerobic bacteria:  Plate count agar (incubated at 
37°C for 24-48 h)

Lactobacillus spp.: De Man, Rogosa, Sharpe (MRS) agar 
(anaerobic incubation at 37°C for 48 h)

Escherichia coli:  Eosin methylene blue (EMB) agar 
(incubated at 37°C for 24 h)

Clostridium spp.: Reinforced clostridial agar (anaerobic 
incubation at 37°C for 48 h)

Results were expressed as log₁₀ colony-forming units per 
gram (log₁₀ CFU/g) of cecal content.

2.8. Statistical Analysis

Data were analyzed using SPSS statistical software versi-
on 26.0 (IBM Corp., Armonk, NY, USA). Normality of dist-
ribution was assessed using the Shapiro-Wilk test, and 
homogeneity of variances was confirmed using Levene’s 
test. All data met the assumptions of parametric analy-
sis. One-way analysis of variance (ANOVA) was perfor-
med to determine the effects of treatment on measured 
parameters, with replicate as the experimental unit for 
performance data and individual birds for other para-
meters. When significant differences were detected (P < 
0.05), means were compared using Tukey’s Honestly Sig-
nificant Difference (HSD) post-hoc test. Mortality data 
were analyzed using Chi-square test. Results are presen-
ted as mean ± standard deviation (SD). Differences were 
considered statistically significant at P < 0.05.

3. Results

3.1. Clinical Observations

Birds in the NC group remained clinically healthy 
throughout the experiment, exhibiting normal activity, 
feed intake, and fecal consistency. In contrast, birds in 
the PC group developed characteristic signs of coccid-
iosis by 5-6 days post-infection, including depression, 
ruffled feathers, huddling, anorexia, and bloody diar-
rhea, consistent with observations by Hafeez et al.7 and 
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Ghafouri et al.2Quercus infectoria, and Allium sativum. 
Clinical signs were most severe between days 6-10 
post-infection. Treatment with amprolium or herbal de-
coction (particularly HBH) resulted in marked clinical im-
provement within 3-5 days of treatment initiation, with 
reduced severity and duration of diarrhea and faster re-
covery of normal activity and appetite.

3.2. Oocyst Shedding

Fecal oocyst shedding patterns are illustrated in Table 
2 and Figure 1 demonstrate the anticoccidial efficacy of 
treatments.

Peak oocyst shedding occurred at 7 days post-infection 
in all challenged groups, consistent with the findings 
of Yahaya et al.16 and Hafeez et al.7. PC birds exhibited 
the highest oocyst shedding at 8.93 ± 0.67 × 105 OPG at 
peak. AB treatment significantly reduced oocyst shed-

ding, achieving a 77.8% reduction compared to PC at 
peak shedding. HBH treatment demonstrated potent 
anticoccidial activity, with oocyst shedding of 2.41 ± 
0.31 × 10⁵ OPG at peak, which was comparable to AB 
at 1.98 ± 0.24 × 10⁵ OPG and significantly lower than 
HBL at 4.56 ± 0.52 × 10⁵ OPG. The oocyst reduction ra-
tio for HBH was 73.0%, slightly lower than AB at 77.8% 
but substantially higher than HBL at 48.9%. By day 21 
post-infection, oocyst shedding had markedly decrea-
sed in all treated groups, approaching negligible levels.

3.3. Growth Performance

The effects of  Eimeria  challenge and treatments on 
growth performance parameters are presented in Table 
3 and Figure 2.

Eimeria infection significantly impaired growth perfor-
mance, with PC birds showing 41.7% lower body weight 

Table 2. Fecal oocyst shedding (OPG × 10⁵) in broiler chickens following Eimeria challenge

Days Post-Infection NC PC AB HBL HBH

Day 7 (21 d) 0.00 ± 0.00c 8.93 ± 0.67a 1.98 ± 0.24c 4.56 ± 0.52b 2.41 ± 0.31c

Day 10 (24 d) 0.00 ± 0.00d 7.45 ± 0.58a 1.12 ± 0.18c 3.28 ± 0.41b 1.35 ± 0.22c

Day 14 (28 d) 0.00 ± 0.00c 3.82 ± 0.44a 0.41 ± 0.09b 1.54 ± 0.28b 0.63 ± 0.14b

Day 21 (35 d) 0.00 ± 0.00 1.15 ± 0.21 0.08 ± 0.03 0.42 ± 0.11 0.11 ± 0.04

Day 28 (42 d) 0.00 ± 0.00 0.31 ± 0.08 0.02 ± 0.01 0.09 ± 0.03 0.03 ± 0.01
Oocyst Reduction Ratio (%) at peak shedding (Day 7 PI) | — | — | 77.8% | 48.9% | 73.0%. Values are presented as mean ± SD. 
Means within a row with different superscripts differ significantly (P < 0.05). NC: negative control; PC: positive control; AB: am-
prolium control; HBL: herbal low dose; HBH: herbal high dose; PI: post-infection.

Table 3. Growth performance parameters of broiler chickens across experimental groups (Days 1-35)

Parameter NC PC AB HBL HBH

Initial body weight (g) 42.3 ± 2.1 42.1 ± 2.3 42.5 ± 2.0 42.2 ± 2.2 42.4 ± 2.1

Body weight day 35 (g) 2245 ± 112a 1327 ± 95d 2018 ± 107b 1786 ± 101c 2104 ± 118ab

Body weight gain (g) 2203 ± 110a 1285 ± 87d 1976 ± 105b 1744 ± 98c 2062 ± 114ab

Average daily gain (g/d) 62.9 ± 3.1a 36.7 ± 2.5d 56.5 ± 3.0b 49.8 ± 2.8c 58.9 ± 3.3ab

Feed intake (g/bird) 3855 ± 142a 2749 ± 118c 3580 ± 135ab 3330 ± 128b 3526 ± 145ab

Feed conversion ratio 1.75 ± 0.05c 2.14 ± 0.09a 1.81 ± 0.06bc 1.91 ± 0.07b 1.71 ± 0.06c

Mortality (%) 0.0b 17.5a (7/40) 5.0b (2/40) 7.5b (3/40) 2.5b (1/40)
Values are presented as mean ± SD. Means within a row with different superscripts differ significantly (P < 0.05). NC: negative 
control; PC: positive control; AB: amprolium control; HBL: herbal low dose; HBH: herbal high dose.

Figure 1. Fecal oocyst shedding patterns (OPG × 10⁵) in broiler chickens following mixed Eimeria challenge at different days post-in-
fection. PC: positive control; AB: amprolium control; HBL: herbal low dose (5 mL/L); HBH: herbal high dose (10 mL/L). Values rep-
resent mean oocyst counts per gram of feces. Created with BioRender.
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gain and 22.3% poorer feed conversion ratio compared 
to NC birds, consistent with findings by Eltanahy et al.10. 
All treatments significantly improved growth perfor-
mance compared to PC. The HBH group demonstrated 
the best performance among treated groups, with body 
weight gain of 2062 ± 114 g and feed conversion ratio 
of 1.71 ± 0.06, which were comparable to NC values of 
2203 ± 110 g and 1.75 ± 0.05, respectively, and superior 
to AB for feed conversion ratio. HBL showed intermedi-
ate improvement, with performance significantly better 
than PC but inferior to HBH and AB. Mortality was sig-
nificantly reduced by all treatments, ranging from 2.5% 
to 7.5%, compared to 17.5% in PC, with HBH showing 
the lowest mortality rate of 2.5%, comparable to NC at 
0%.

3.4. Diarrhea Scores

The severity of diarrhea, assessed at multiple time po-
ints, is presented in Table 4.

PC birds developed severe diarrhea with a score of 2.9 
± 0.5 by day 7 post-infection, persisting through day 14, 
consistent with observations by Hafeez et al.7. All treat-
ments significantly reduced diarrhea severity compared 
to PC. HBH and AB treatments showed comparable ef-

ficacy in controlling diarrhea, with scores of 1.4 ± 0.4 
and 1.6 ± 0.4 at peak, respectively, and rapid resolution 
by day 14 with scores of 0.2 ± 0.1 and 0.3 ± 0.2. HBL 
demonstrated intermediate diarrhea control, with sig-
nificantly higher scores than HBH and AB at days 7 and 
10 post-infection.

3.5. Intestinal Lesion Scores

Macroscopic lesion scores in different intestinal seg-
ments at 7 days post-infection are presented in Table 5.

PC birds exhibited severe lesions in all intestinal seg-
ments, with the highest scores in the cecum at 3.83 ± 
0.41, reflecting the tropism of E. tenella as described by 
Hafeez et al.7. All treatments significantly reduced le-
sion scores compared to PC. AB treatment resulted in 
the lowest lesion scores among treated groups with a 
mean total of 1.50 ± 0.53, though not significantly differ-
ent from HBH at 1.67 ± 0.49, consistent with findings by 
Ghafouri et al.  2Quercus infectoria, and Allium sativum. 
HBH demonstrated lesion score reduction comparable 
to AB, with significantly lower scores than HBL at 2.33 
± 0.49 in all segments. The herbal decoction exhibited 
dose-dependent efficacy, with HBH superior to HBL in 
reducing intestinal pathology.

Figure 2. Body weight gain (g) at day 35 across experimental groups showing individual replicate values. NC: negative control; PC: 
positive control; AB: amprolium control; HBL: herbal low dose (5 mL/L); HBH: herbal high dose (10 mL/L). Each data point repre-
sents an individual replicate pen (n=10 birds/replicate). The HBH group shows consistently higher body weight gains compared to 
PC and HBL, approaching values similar to NC. Created with BioRender.

Table 4. Diarrhea scores in broiler chickens following Eimeria challenge

Days Post-Infection NC PC AB HBL HBH

Day 5 0.0 ± 0.0b 1.2 ± 0.4a 1.1 ± 0.3a 1.2 ± 0.4a 1.0 ± 0.3a

Day 7 0.0 ± 0.0d 2.9 ± 0.5a 1.6 ± 0.4c 2.1 ± 0.5b 1.4 ± 0.4c

Day 10 0.0 ± 0.0d 2.4 ± 0.4a 0.9 ± 0.3c 1.5 ± 0.4b 0.8 ± 0.3c

Day 14 0.0 ± 0.0c 1.3 ± 0.3a 0.3 ± 0.2b 0.7 ± 0.3b 0.2 ± 0.1b
Values are presented as mean ± SD. Means within a row with different superscripts differ significantly (P < 0.05). Scoring system: 
0 = normal; 1 = mild; 2 = moderate; 3 = severe. NC: negative control; PC: positive control; AB: amprolium control; HBL: herbal low 
dose; HBH: herbal high dose.

Table 5. Intestinal lesion scores (0-4 scale) at 7 days post-infection

Intestinal Segment NC PC AB HBL HBH

Duodenum 0.00 ± 0.00c 3.17 ± 0.41a 1.33 ± 0.52b 2.17 ± 0.41ab 1.50 ± 0.55b

Jejunum 0.00 ± 0.00d 3.67 ± 0.52a 1.67 ± 0.52c 2.50 ± 0.55b 1.83 ± 0.41bc

Cecum 0.00 ± 0.00d 3.83 ± 0.41a 1.50 ± 0.55c 2.33 ± 0.52b 1.67 ± 0.52c

Mean Total Score 0.00 ± 0.00d 3.56 ± 0.45a 1.50 ± 0.53c 2.33 ± 0.49b 1.67 ± 0.49c
Values are presented as mean ± SD. Means within a row with different superscripts differ significantly (P < 0.05). NC: negative 
control; PC: positive control; AB: amprolium control; HBL: herbal low dose; HBH: herbal high dose.
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3.6 Intestinal Histomorphometry

Histological evaluation of jejunal and cecal tissues revealed 
significant effects of Eimeria challenge and treatments on 
intestinal architecture Table 6 and Figure 3.

Eimeria infection caused severe intestinal damage in PC 
birds, characterized by villus atrophy with a 49.2% re-
duction in jejunal villus height, crypt hyperplasia with 
a 57.6% increase in jejunal crypt depth, and markedly 
reduced villus height to crypt depth ratio with a 67.7% 
decrease, indicating compromised nutrient absorption 
capacity, consistent with findings by Fu et al.5  and Ha-
feez et al.7. All treatments significantly improved intes-
tinal morphology compared to PC. HBH treatment re-
stored jejunal villus height to crypt depth ratio to 5.28 
± 0.43, which was comparable to NC at 6.29 ± 0.51 and 
superior to AB at 4.67 ± 0.42. Notably, crypt depth in 
HBH-treated birds at 187 ± 25 μm was even lower than 
NC at 198 ± 24 μm, suggesting reduced compensatory 
crypt proliferation and enhanced intestinal health, simi-
lar to observations by Tian et al.14. AB and HBH showed 
comparable efficacy in cecal morphology restoration, 
with no significant differences in cecal villus height to 
crypt depth ratios at 3.95 ± 0.38 versus 4.05 ± 0.41.

3.7. Serum Biochemical and Immunological Parameters

The effects of treatments on serum antioxidant status, 

inflammatory markers, and hematological parameters 
are presented in Table 7 and Figure 4.

Regarding oxidative stress, PC birds exhibited signifi-
cantly elevated serum malondialdehyde with a 163.6% 
increase compared to NC, indicating severe lipid pe-
roxidation, accompanied by reduced antioxidant enzy-
me activities with superoxide dismutase decreased by 
42.8% and glutathione peroxidase decreased by 45.0%, 
consistent with findings by Tian et al.14. HBH treatment 
effectively mitigated oxidative stress, with malondial-
dehyde levels at 2.13 ± 0.34 nmol/mL comparable to 
NC at 1.87 ± 0.31 nmol/mL and significantly lower than 
AB at 2.45 ± 0.37 nmol/mL. Superoxide dismutase and 
glutathione peroxidase activities in the HBH group were 
fully restored to NC levels. Concerning inflammation, PC 
birds showed marked elevation of pro-inflammatory in-
terleukin-6 with a 383.7% increase compared to NC and 
reduction of anti-inflammatory interleukin-10 with a 
61.6% decrease, similar to results reported by Eltanahy 
et al. 10. HBH and AB treatments significantly attenua-
ted inflammatory responses, with HBH showing slightly 
better interleukin-10 restoration at 126.5 ± 14.2 pg/mL 
compared to AB at 118.3 ± 13.5 pg/mL. Regarding he-
matology, PC birds developed anemia with packed cell 
volume of 24.7 ± 2.3% and hemoglobin of 8.3 ± 0.7 g/
dL attributable to cecal hemorrhage, as described by 
Hafeez et al.7. HBH treatment normalized hematological 

Table 6. Intestinal histomorphometry parameters at 7 days post-infection

Parameter NC PC AB HBL HBH

Jejunum

Villus height (μm) 1245 ± 78a 632 ± 54d 1045 ± 71b 876 ± 63c 987 ± 65b

Villus width (μm) 187 ± 21b 245 ± 28a 198 ± 23b 215 ± 25ab 192 ± 22b

Crypt depth (μm) 198 ± 24c 312 ± 35a 224 ± 27bc 258 ± 31b 187 ± 25c

VH:CD ratio 6.29 ± 0.51a 2.03 ± 0.28d 4.67 ± 0.42b 3.40 ± 0.38c 5.28 ± 0.43ab

Cecum

Villus height (μm) 876 ± 58a 412 ± 43d 734 ± 52b 598 ± 48c 712 ± 55b

Crypt depth (μm) 165 ± 21c 267 ± 32a 186 ± 24bc 214 ± 27b 176 ± 23c

VH:CD ratio 5.31 ± 0.46a 1.54 ± 0.22d 3.95 ± 0.38b 2.79 ± 0.34c 4.05 ± 0.41b
Values are presented as mean ± SD. Means within a row with different superscripts differ significantly (P < 0.05). VH:CD: villus 
height to crypt depth ratio. NC: negative control; PC: positive control; AB: amprolium control; HBL: herbal low dose; HBH: herbal 
high dose.

Table 7. Serum biochemical, immunological, and hematological parameters at 14 days post-infection

Parameter NC PC AB HBL HBH

Antioxidant markers

MDA (nmol/mL) 1.87 ± 0.31c 4.93 ± 0.58a 2.45 ± 0.37bc 3.18 ± 0.42b 2.13 ± 0.34c

SOD (U/mL) 124.7 ± 9.8a 71.3 ± 8.5c 112.6 ± 10.2ab 94.5 ± 9.1b 118.4 ± 9.7a

GPx (U/L) 287.5 ± 21.3a 158.2 ± 18.7c 256.3 ± 22.5ab 215.7 ± 19.8b 269.8 ± 23.1a

Inflammatory markers

IL-6 (pg/mL) 38.7 ± 6.5d 187.3 ± 21.5a 76.2 ± 9.8c 112.5 ± 14.3b 65.4 ± 8.7c

IL-10 (pg/mL) 142.6 ± 15.3a 54.8 ± 8.7c 118.3 ± 13.5ab 87.6 ± 10.4b 126.5 ± 14.2a

Hematological parameters

PCV (%) 32.5 ± 2.1a 24.7 ± 2.3c 30.4 ± 2.0ab 28.2 ± 2.2b 31.3 ± 2.1a

Hemoglobin (g/dL) 11.2 ± 0.8a 8.3 ± 0.7c 10.6 ± 0.8ab 9.5 ± 0.7b 10.9 ± 0.8a
Values are presented as mean ± SD. Means within a row with different superscripts differ significantly (P < 0.05). MDA: malon-
dialdehyde; SOD: superoxide dismutase; GPx: glutathione peroxidase; IL-6: interleukin-6; IL-10: interleukin-10; PCV: packed cell 
volume; NC: negative control; PC: positive control; AB: amprolium control; HBL: herbal low dose; HBH: herbal high dose.
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parameters, with packed cell volume of 31.3 ± 2.1% and 
hemoglobin of 10.9 ± 0.8 g/dL comparable to NC values.

3.8. Cecal Microbiota Analysis

The effects of treatments on cecal microbial populations 
at 14 days post-infection are presented in Table 8.

Eimeria infection significantly disrupted cecal microbio-
ta balance in PC birds, characterized by reduced bene-
ficial Lactobacillus by 24.5%, increased pathogenic Esc-
herichia coli by 37.7% and Clostridium species by 56.4%, 
and decreased Lactobacillus to E. coli ratio from 1.47 
in NC to 0.80 in PC, consistent with findings by Bhattrai 
et al.3 and Tian et al.14. HBH treatment most effectively 
restored microbiota balance, with Lactobacillus counts 
of 8.27 ± 0.44 log₁₀ CFU/g comparable to NC at 8.45 ± 
0.41 and significantly higher than AB at 7.82 ± 0.39. HBH 
also suppressed E. coli to 5.93 ± 0.36 and Clostridium to 
4.56 ± 0.35, levels comparable with NC at 5.76 ± 0.38 
and 4.38 ± 0.32, respectively. The Lactobacillus to E. coli 
ratio, an indicator of gut health, was highest in NC at 
1.47 and HBH at 1.39, followed by AB at 1.25, HBL at 
1.10, and PC at 0.80. These findings demonstrate that 

the herbal decoction, particularly at the high dose, pro-
motes beneficial microbiota while suppressing potential 
pathogens, contributing to enhanced intestinal health, 
as suggested by Tian et al.14.

4. Discussion

This study provides the first comprehensive evaluation 
of a synergistic quadruple herbal decoction combining 
Artemisia annua, green tea, thyme, and lemon against 
mixed Eimeria infection in broiler chickens. The results 
demonstrate that this phytogenic combination, par-
ticularly at the higher dose of 10 mL/L drinking water, 
exhibits potent anticoccidial activity comparable to the 
conventional drug amprolium, while offering additional 
benefits in terms of antioxidant protection, anti-inflam-
matory effects, gut barrier restoration, and microbiota 
modulation. 

4.1. Anticoccidial Efficacy

The significant reduction in oocyst shedding observed in 
HBH-treated birds, achieving a 73.0% reduction at peak 
shedding, confirms the direct antiparasitic activity of 

Figure 3. Intestinal histomorphometry at 7 days post-infection. (A-C) Jejunal villus height, crypt depth, and villus height to crypt 
depth ratio. Values represent mean ± SD. Bars with different superscripts differ significantly (P < 0.05). (D-H) Representative photo-
micrographs of jejunal histology (H&E staining, 100× magnification) in NC, PC, AB, HBL, and HBH groups respectively. Note severe 
villus atrophy and crypt hyperplasia in PC, with near-complete restoration in HBH comparable to NC. NC: negative control; PC: 
positive control; AB: amprolium control; HBL: herbal low dose; HBH: herbal high dose. Created with BioRender.

Figure 4. Serum biochemical, immunological, and hematological parameters at 14 days post-infection. (A-C) Antioxidant markers: 
malondialdehyde (MDA), superoxide dismutase (SOD), and glutathione peroxidase (GPx). HBH treatment significantly reduced 
MDA and restored SOD and GPx to levels comparable with NC. (D-E) Inflammatory markers: interleukin-6 (IL-6) and interleukin-10 
(IL-10). HBH normalized both pro-inflammatory and anti-inflammatory cytokines. (F-G) Hematological parameters: packed cell vo-
lume (PCV) and hemoglobin (Hb). HBH restored PCV and Hb to NC levels, indicating control of cecal hemorrhage. Values represent 
mean ± SD. Bars with different superscripts differ significantly (P < 0.05). NC: negative control; PC: positive control; AB: amprolium 
control; HBL: herbal low dose; HBH: herbal high dose. Created with BioRender.
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the herbal combination. This finding aligns with recent  
in vitro  studies demonstrating that  Artemisia annua  
methanol extracts achieve 100% inhibition of  E. tenel-
la  sporulation at 40 mg/mL 16. The artemisinin content 
in  Artemisia  is known to generate free radicals within 
parasite cells, disrupting their redox balance and leading 
to parasite death.2Quercus infectoria, and Allium sati-
vum Additionally, thyme-derived thymol and carvacrol 
have been shown to inhibit intracellular development of  
Eimeria  during schizogony, reducing schizont numbers 
and subsequent oocyst production.12 The comparab-
le efficacy between HBH and amprolium is particularly 
noteworthy, as amprolium is a thiamine analogue that 
competitively inhibits thiamine uptake in  Eimeria , dis-
rupting carbohydrate metabolism.2Quercus infectoria, 
and Allium sativum The herbal combination achieves 
similar oocyst reduction through multiple mechanisms, 
potentially reducing the risk of resistance development 
a significant advantage over single-compound synthetic 
drugs.

4.2. Improvement in Growth Performance

The marked improvement in body weight gain and feed 
conversion ratio in HBH-treated birds compared to infe-
cted untreated controls reflects the multifactorial bene-
fits of the herbal decoction. The 37.5% improvement in 
feed conversion represents substantial economic bene-
fit for poultry producers. These performance improve-
ments can be attributed to reduced parasite burden, as 
lower oocyst shedding correlates with less extensive in-
testinal damage and improved nutrient absorption.2Qu-
ercus infectoria, and Allium sativum Furthermore, the 
restoration of villus height and villus height to crypt 
depth ratio in HBH-treated birds compared to infected 
controls indicates improved absorptive surface area. 
Taller villi with shallower crypts are associated with en-
hanced digestive enzyme activity and nutrient transport 
capacity.5 The even lower crypt depth observed in HBH 
birds compared to negative controls suggests reduced 
inflammatory stimulation and more efficient intestinal 
cell turnover. The significant reduction in serum ma-
londialdehyde and restoration of superoxide dismutase 
and glutathione peroxidase activities in HBH-treated 
birds indicates effective mitigation of oxidative stress.  
Eimeria  infection generates substantial reactive oxygen 
species through inflammatory responses and parasite 
metabolism, contributing to tissue damage.14 The poly-
phenolic compounds in green tea catechins are potent 
free radical scavengers, with epigallocatechin gallate de-
monstrating particular efficacy in protecting intestinal 
epithelial cells from oxidative injury.14 Additionally, the 
normalization of interleukin-6 and interleukin-10 levels 

in HBH-treated birds reflects modulation of the inflam-
matory response. Excessive inflammation contributes 
to tissue damage and anorexia, while balanced inflam-
matory responses facilitate parasite clearance without 
excessive pathology.10

4.3. Control of Diarrhea and Intestinal Hemorrhage

The rapid reduction in diarrhea scores and normaliza-
tion of hematological parameters in HBH-treated birds 
highlight the anti-diarrheal and hemostatic properties 
of the herbal combination. Tannins from green tea pre-
cipitate proteins in the intestinal mucosa, forming a pro-
tective layer that reduces fluid secretion and provides 
a physical barrier against further irritation.14 Flavonoids 
from lemon and green tea may inhibit chloride secretion 
and reduce intestinal fluid loss through modulation of 
ion transport channels.7 The reduction in cecal hemor-
rhage, reflected in normalized packed cell volume and 
hemoglobin, suggests that the herbal combination may 
stabilize blood vessels and reduce bleeding from dama-
ged cecal mucosa, aligning with findings from lemon 
peel supplementation studies reporting reduced lesion 
scores and improved hematological parameters.7

4.4. Microbiota Modulation

The restoration of healthy cecal microbiota composi-
tion in HBH-treated birds represents a crucial finding 
with implications beyond coccidiosis control. The sup-
pression of  Escherichia coli  and  Clostridium  species 
while promoting  Lactobacillus  growth creates an in-
testinal environment resistant to secondary infections, 
particularly necrotic enteritis caused by  Clostridium 
perfringens.3 This selective antimicrobial effect can be 
attributed to differential susceptibility, as pathogenic 
bacteria may be more sensitive to plant-derived anti-
microbials than beneficial commensals, with thymol de-
monstrating specific activity against  Clostridium  while 
sparing lactobacilli.3 Green tea catechins may also serve 
as substrates for beneficial bacteria, promoting their 
growth and metabolic activity.14

4.5. Synergistic Mechanisms

The superior efficacy of HBH compared to individual 
herb components reported in previous studies sup-
ports the synergistic hypothesis underlying this formu-
lation, as illustrated in Figure 5. The combination likely 
achieves multi-target effects through simultaneous ac-
tion against different parasite life cycle stages and host 
responses.16,11 Components may enhance absorption 
or reduce metabolism of active compounds, as lemon 
flavonoids may improve the bioavailability of catechins 

Table 8. Cecal microbial counts (log₁₀ CFU/g) at 14 days post-infection

Microbial Group NC PC AB HBL HBH

Total aerobes 7.82 ± 0.35b 8.76 ± 0.42a 7.93 ± 0.38b 8.21 ± 0.36ab 7.68 ± 0.34b

Lactobacillus spp. 8.45 ± 0.41a 6.38 ± 0.45c 7.82 ± 0.39b 7.53 ± 0.42b 8.27 ± 0.44a

Escherichia coli 5.76 ± 0.38c 7.93 ± 0.46a 6.24 ± 0.35bc 6.87 ± 0.43b 5.93 ± 0.36c

Clostridium spp. 4.38 ± 0.32c 6.85 ± 0.51a 4.92 ± 0.37bc 5.64 ± 0.44b 4.56 ± 0.35c

Lactobacillus:E. coli ratio 1.47a 0.80c 1.25ab 1.10b 1.39a
Values are presented as mean ± SD. Means within a row with different superscripts differ significantly (P < 0.05). NC: negative 
control; PC: positive control; AB: amprolium control; HBL: herbal low dose; HBH: herbal high dose.
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and artemisinin.7 The combination addresses both the 
parasite through direct killing and the host through im-
mune modulation, tissue repair, and microbiota support, 
providing comprehensive disease management rather 
than  antiparasitic effects. The clear dose-response re-
lationship between low-dose and high-dose groups un-
derscores the importance of optimizing herbal extract 
concentrations. While the low dose provided significant 
benefits compared to infected controls, the high dose 
consistently achieved superior outcomes, often compa-
rable or superior to amprolium. This finding has practi-
cal implications for commercial application, suggesting 
that higher inclusion rates may be necessary to achieve 
optimal therapeutic effects during active infection, con-
sistent with observations by Eltanahy et al.10. The results 
align with and extend previous research on individual 
herbal components, as Ghafouri et al.2Quercus infecto-
ria, and Allium sativum reported significant anticoccidial 
effects of a tannin-based herbal formulation containing  
Artemisia annua  with approximately 65% oocyst reduc-
tion, while the higher efficacy observed in this study 
may reflect synergistic enhancement from additional 
components. Hafeez et al.7 demonstrated that lemon 
peel powder reduced oocyst shedding and improved 
intestinal histology in  E. tenella -challenged broilers, 
and Felici et al.12  reported that thymol significantly in-
hibited  E. tenella  intracellular development  in vitro , 
with this study extending these observations to  in vivo  
efficacy against mixed species infection. The compre-
hensive review by Tian et al.14 highlighted the potential 
of catechins for improving chicken intestinal health, and 
this study provides experimental confirmation of these 
benefits in the context of coccidiosis challenge. Further-
more, Eltanahy et al.10 demonstrated synergistic effects 
of garlic powder and probiotics in coccidia-challenged 
broilers, supporting the concept that multi-compo-
nent natural formulations may offer enhanced efficacy 
through complementary mechanisms.

The findings of this study have several important impli-
cations for commercial poultry production. The herbal 
decoction offers an effective alternative to synthetic 
anticoccidials, addressing consumer demands for resi-

due-free products and regulatory restrictions on antibi-
otic use.10 Herbal components are generally less expen-
sive than pharmaceutical alternatives and can be locally 
sourced in many regions, potentially reducing produc-
tion costs.2Quercus infectoria, and Allium sativum Be-
yond coccidiosis control, the herbal combination im-
proves overall gut health, reduces oxidative stress, and 
promotes beneficial microbiota, contributing to better 
flock uniformity and reduced susceptibility to secondary 
infections.14 The multi-target mechanism of action may 
reduce selection pressure for resistant  Eimeria  strains, 
preserving the efficacy of both herbal and conventional 
products.12 Water-based administration ensures uniform 
intake, particularly during periods of reduced feed con-
sumption characteristic of coccidiosis.7 While this study 
provides robust evidence for the efficacy of the herbal 
decoction, several limitations should be acknowledged. 
The study used a single controlled challenge, and field 
validation under commercial conditions with natural ex-
posure would strengthen conclusions.2Quercus infecto-
ria, and Allium sativum The fixed 1:1:1:1 herb ratio was 
selected based on preliminary studies, and optimization 
of individual component ratios might further enhance 
efficacy.10 While mechanisms are inferred based on 
component properties, detailed mechanistic studies ex-
amining gene expression of tight junction proteins and 
specific immune cell responses would provide deeper 
insights.14 The study duration of 35 days precludes as-
sessment of effects on subsequent flock performance or 
carry-over protection.5 Future research should address 
dose optimization studies to establish minimum effec-
tive concentrations, field trials in commercial produc-
tion settings, combination with vaccination programs, 
evaluation against drug-resistant  Eimeria  strains, eco-
nomic analysis comparing herbal and conventional con-
trol programs, and identification and standardization of 
active compounds.

4.6. Limitations of Microbiota Analysis

While the cecal microbiota analysis provided valuable 
insights into the shifts in major bacterial groups (Lacto-
bacillus, E. coli, Clostridium), it is important to acknow-

Figure 5. Proposed synergistic mechanisms of the quadruple herbal decoction against Eimeria infection. Artemisia annua ge-
nerates free radicals causing parasite death. Thymol disrupts oocyst walls and inhibits schizogony. Green tea catechins provide 
antioxidant protection, enhance intestinal barrier integrity, and modulate microbiota. Lemon flavonoids and citric acid acidify the 
intestinal lumen, modulate immune responses, and provide astringent effects. These complementary mechanisms result in redu-
ced oocyst shedding, decreased inflammation, restored gut barrier function, improved microbiota balance, enhanced antioxidant 
protection, and improved growth performance. Created with BioRender.
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ledge the limitations of the culture-dependent method 
used in this study. Traditional plating techniques only 
detect a fraction of the total microbial diversity, as many 
gut bacteria are uncultivable under standard laboratory 
conditions. Consequently, this approach may not captu-
re the full complexity of the cecal microbial community, 
including sub-dominant species and their functional 
roles. Future studies should employ high-throughput 
sequencing techniques, such as 16S rRNA gene amp-
licon sequencing or metagenomics, to provide a more 
comprehensive and high-resolution profile of the micro-
biota composition and its functional potential following 
herbal intervention. Despite this limitation, the obser-
ved significant changes in key indicator bacteria remain 
valid and support the beneficial modulatory effects of 
the herbal decoction.

5. Conclusion

This study demonstrates that the novel synergistic her-
bal decoction combining Artemisia annua, green tea, 
thyme, and lemon, administered at 10 mL/L drinking 
water for 10 days, provides effective control of mixed 
Eimeria infection in broilers. The treatment significantly 
reduced oocyst shedding by 73.0%, decreased intestinal 
lesion scores, and alleviated diarrhea severity while im-
proving body weight gain and feed conversion compa-
red to infected untreated controls. The high-dose for-
mulation achieved anticoccidial efficacy comparable to 
amprolium, with additional benefits including enhanced 
antioxidant status, normalized inflammatory responses, 
and restored intestinal architecture. Furthermore, the 
herbal decoction promoted beneficial Lactobacillus whi-
le suppressing pathogenic E. coli and Clostridium, cre-
ating an intestinal environment resistant to secondary 
infections. This phytogenic formulation represents a vi-
able natural alternative for sustainable, antibiotic-free 
coccidiosis management, offering effective disease 
control and improved flock health through complemen-
tary mechanisms targeting both the parasite and host 
defense systems.
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