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Abstract 

The development of alternative therapies to treat chicken coccidiosis has become a hot topic because of the wide-
spread use of conventional medicines. This study aimed to investigate the effectiveness of eugenol in treating Eimeria 
tenella infection in broilers. Broiers, at the age of 14 d, were orally infected with sporulated Eimeria tenella oocysts, 
and then, eugenol essential oil was added to chicken feed at three different dosages (0.1, 0.2 or 0.4 g/kg). The anticoc-
cidial effects of eugenol essential oil were assessed using the anticoccidial index (ACI). As a result, eugenol exhibited 
a moderate anticoccidial effect, with an ACI of 167.37 at 0.2 g/kg. After eugenol treatment, the expression of occlu-
din in the epithelial cells of the chicken cecum was significantly greater (P < 0.05) than that in the epithelial cells 
of the nontreated control (IC) group. The proportion of intestinal Lactobacillus_agilli increased. Eugenol therapy dra-
matically increased the activity of superoxide dismutase. After high-dose treatment, the expression of the proinflam-
matory factors IL-1β and IL-6 significantly decreased, while the expression of the cytokines IL-4 and IFN-γ significantly 
increased. The safety of eugenol essential oil was evaluated at the 1, 3 or 6 recommended doses. Overall, no signifi-
cant differences were detected in the blood tests or serum biochemistry of the chickens between the treatment 
groups and the control group. As a result, eugenol essential oil can cure chicken coccidiosis by improving the intesti-
nal microbial structure in the chicken cecum and decreasing the cecum’s inflammatory reactions, thus strengthening 
immune function and eventually demonstrating anticoccidial properties.
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Introduction
Chicken coccidiosis is a common parasitic disease caused 
by numerous Eimeria pathogens, the most virulent of 
which is Eimeria tenella (E. tenella) (Gaboriaud et  al. 
2021); as a result, E. tenella is frequently employed as a 

model for chicken coccidiosis research. More than £10 
billion is spent on the prevention and control of chicken 
coccidiosis annually (Zhang et  al. 2022). Currently, 
anticoccidials are commonly added to poultry feed (Xu 
et al. 2022); however, this leads to medication resistance 
in chickens. To address drug resistance, some research-
ers have proposed a scheme for rotating drugs. Subse-
quently, the rotating drug scheme is combined with the 
coccidiosis vaccine at three-month intervals (Chapman 
and Jeffers 2014). Additionally, veterinary drug residues 
present a difficulty. As a result, other treatments must be 
explored to address the developing issues of drug resist-
ance and residues.
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Natural solutions are viable alternatives to chemical 
medications for treating Eimeria tenella infections. Com-
pared with chemical drugs, natural products exhibit mul-
tiple advantages, such as minimal environmental impact, 
ease of access, and enhanced safety (Huang et al. 2021). 
Because of their long-term interactions and coevolution 
with other plants and species in their environment, some 
plants have developed the ability to produce a diverse 
range of secondary metabolites with distinct ecological 
roles. This capacity is essential for their survival (Mahi-
zan et  al. 2019). Terpenes, aldehydes, and esters con-
stitute the majority of the secondary metabolites that 
make up essential oils (EOs) (Swamy et al.2016). As small 
hydrophobic molecules, these secondary metabolites 
can traverse biological barriers and biofilms (Costa et al. 
2018); prevent infections, inflammation, and spasms; 
combat bacteria and viruses (Gucwa et al. 2018); and pro-
mote cell metabolism and regeneration. Notably, certain 
components of essential oils possess antiparasitic effects.

Eugenol is a natural essential oil obtained from plants 
that has antiparasitic effects. Many studies have shown 
the efficacy of eugenol against parasites such as Trypa-
nosoma cruzi, Giardia lamblia, and Leishmania dono-
vani, with a significant impact on their morphology and 
growth. Eugenol has the potential to be a more effective 
antiparasitic agent than other chemotherapeutic medi-
cines for the treatment of various parasitic disorders. 
Moreover, eugenol has been reported to have antileish-
manial, antimalarial and anthelmintic effects. In an 
in vivo investigation with mouse models, eugenol showed 
a synergistic impact with conventional medications, 
resulting in a considerable reduction (19.2%) in the per-
centage of drug-resistant Schistosoma mansoni parasites 
(Nisar et al. 2021).

Furthermore, a 60-min application of eugenol essen-
tial oil resulted in complete eradication (100%) of L. 
amazonensis parasites, which might be mainly attrib-
uted to the elevated levels of eugenol-induced nitric 
oxide (NO), which acts as an antileishmanial oxidant, 
thus contributing to the annihilation of Leishmania 
species (Ueda-Nakamura et al. 2006). Eugenol has dem-
onstrated analgesic, anti-inflammatory, antibacterial 
and local anesthetic effects (Hosny et  al., 2020). The 
characteristics of eugenol are beneficial for promoting 
intestinal health, increasing resistance to infections, 
and improving mucosal immunity, all of which improve 
host health. It has also been reported that eugenol 
essential oil is nonmutagenic and noncarcinogenic, 
according to the US Food and Drug Administration 
(FDA) (S Bendre and D Rajput 2016). These reports 
indicate the high safety profile of eugenol essential oil. 
In conclusion, eugenol essential oil is characterized by 
its antiprotozoal effects, such as antimalarial effects, 

and high host safety; however, there are no reports on 
the anticoccidial activity of eugenol essential oil against 
Eimeria tenella related to Eimeria tenella; thus, the 
anticoccidial activity of eugenol essential oil against 
Eimeria tenella has been investigated.

In this study, the anticoccidial index (ACI) was used 
to calculate the recommended anticoccidial dose of 
eugenol essential oil, and the safe dose was evaluated 
using a gradient safety dose evaluation test of euge-
nol essential oil based on 1, 3 and 6 times the recom-
mended amount. This study also investigated the effects 
of oral administration of eugenol essential oil (at dos-
ages of 100, 200 and 400  mg/kg) on intestinal barrier 
function in broilers. We examined physical barrier 
functions in broilers by determining the expression of 
tight junction proteins; chemical barrier functions by 
serum malondialdehyde (MDA), superoxide dismutase 
(SOD), glutathione peroxidase (GSH-Px), and catalase 
(CAT) indicators; microbiological barrier functions by 
the effect of eugenol essential oil on the cecal micro-
biota; and immunological barrier functions by the gene 
expression of cytokines in cecal tissues. This study indi-
cates for the first time the anti-E. tenella action of euge-
nol essential oil, providing a potential chemical therapy 
for treating chicken coccidiosis.

Results
Anti‑coccidia test
Anti-Eimeria tenella test in broilers showed that only one 
broiler died in each of the infected control (IC) and low-
dose (LD) groups, while no broilers died in other treat-
ment groups during the whole animal experiment. The 
ACI of the DC group was 189.77, which indicated that 
its anticoccidial effect reached an efficient level, and the 
greater ACI than 180 was mainly due to the oocyst out-
put of 0 in the DC group. The ACI for the LD group was 
136.34, indicating that LD had the lowest anticoccidial 
impact on the therapy groups.

The results of the study showed that the body weight 
gain (BWG) of the medium-dose (MD) group reached 
99.87, and all chickens in the MD group survived, with a 
survival rate of 100%. The cecal lesion score in this group 
was 22.50, indicating that eugenol essential oil effectively 
improved cecal lesions. The oocyst index (OI) of this 
group was measured and was 10.00 after oocyst ratio 
conversion. Based on these four indicators, the ACI was 
167.37, indicating that the medium-dose group achieved 
a moderate anti-Eimeria tenella effect. The results men-
tioned above demonstrated that the intermediate dose 
(200 mg/kg) enhanced weight gain in broilers and had a 
better anti-Eimeria tenella effect. Thus, it should be uti-
lized as the suggested dose.
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Histopathological observation of the cecum
Hematoxylin and eosin (H&E) staining were used  to 
assess pathological damage to the cecum in each of the 
treatment groups. The results of cecal histopathological 
sections at 7 d postinfection (dpi) showed slight patho-
logical changes in the cecum of the MD groups, but the 
swelling and thickening of the cecum were more obvious 
in the IC and LD groups (Fig. 1A, B). The IC group exhib-
ited severe histopathological changes (Fig. 1F), including 
extensive necrosis of the lamina propria of intestinal villi 
and degeneration of intestinal epithelial cells. These find-
ings indicate that MD therapy effectively reduced cecal 
lesion damage following Eimeria tenella infection.

Immunohistochemistry
To assess the expression level of the tight junction pro-
tein Occludin in the cecum, MOD (mean optical den-
sity) were calculated for each treatment group 7 dpi with 
Eimeria tenella by immunohistochemistry. The relevant 
statistical results of the immunohistochemical analy-
sis are shown in Fig.  2A. The MOD of occludin in the 
MD and HD groups was significantly greater than that 
in the IC group (P < 0.01). The MOD of HD group were 
also slightly greater than those in the IC group. These 
results indicate that the addition of eugenol essential oil 
for 7 d was effective at increasing the expression level of 
occludin.

Relative changes in cytokine expression in cecal tissue
To assess the expression levels of cytokines in the cecum 
of each treatment group 7 dpi with Eimeia tenella, 

real-time fluorescence quantification PCR were used  to 
detect mRNA expression of cytokines in each treatment 
group. Figure 2B-E shows the quantitative expression of 
IL-1β,  IL-4, IL-6 and IFN-γ genes in cecal tissue. Com-
pared with those in the IC group, expression levels of 
IL-1β and IL-6 in the LD, MD and HD groups were sig-
nificantly lower (P < 0.0001). This finding suggested that 
the cecal cells in the eugenol essential oil-treated groups 
(LD, MD and HD) exhibited reduced expression of pro-
inflammatory factors (IL-1β and IL-6), thereby attenuat-
ing the inflammatory response. IFN-γ expression in the 
HD groups was significantly upregulated (P < 0.05); IL-4 
expression in the HD and MD groups was significantly 
upregulated (P < 0.05). These findings show that 400 mg/
kg of eugenol essential oil (HD group) can promote Th1 
and Th2 cellular immunological responses in broilers.

Serum MDA, SOD, GSH‑Px and CAT concentrations
To detect changes of oxidative stress factors in each treat-
ment group 7 dpi with Eimeria tenella, concentrations 
of MDA, SOD, GSH-Px and CAT in the serum  were 
detected. (Fig. 2F-I). Compared with that in the IC group, 
MDA concentration in the LD, MD and HD groups 
was significantly lower (P < 0.05), suggesting that the 
addition of eugenol essential oil ameliorates lipid per-
oxidation in  vivo and indirectly mitigates the degree 
of cellular damage. SOD concentration significantly 
increased (P < 0.01), suggesting that eugenol essential 
oil is effective at reducing the degree of oxidative stress 
damage. However, contents of GSH-Px and CAT were 
not significantly different.

Fig. 1 Histopathological changes in cecal tissues from chickens. Typical histopathological changes in the ceca, including severe damage 
to intestinal villi and intestinal glands in the lamina propria, were observed in the IC control (F) and LD groups (C). The HC group (D) and the DC 
group (E) showed no obvious histopathological changes. The histopathological changes in the HD group (A) and the MD group (B) were 
not as severe as those in the IC group (F). Mucosal integrity can be found in the B and D sections. Arrow shows intestinal villi and intestinal 
glands. Scale bar = 100 µm



Page 4 of 15Geng et al. Animal Diseases            (2024) 4:12 

Effect of eugenol essential oil on the cecal microbiota
To assess the structure in the intestinal flora of the cecum 
in each treatment group at 7 dpi, the cecal contents were 
collected for sequencing of the intestinal flora 16S rDNA 
amplicons. In this study, relative abundance histograms 
of the  highest top 10 species at phylum level in each 
group were plotted (Fig. 3A). The relative abundances of 
the LD, MD, HD, IC, DC and HC groups at 7 dpi were 
14.72%, 14.69%, 17.10%, 2.03%, 9.93% and 2.59%, respec-
tively. In addition, common and unique feature sequences 
in different groups were analyzed, and the numbers of 
feature sequences in the LD, MD, HD, IC, DC and HC 

groups at 7 dpi were 2,048, 3,013, 2,555, 232, 1,913 and 
252, respectively (Fig. 3B). The Chao1 index values of the 
LD, MD and HD groups were greater than those of the 
HC and IC groups, indicating that eugenol essential oil 
increased the richness of the microbiota in the cecum 
(Fig.  3C). Principal coordinate analysis (PCoA) showed 
that there was a large difference between the IC group 
and the eugenol essential oil treatment groups (LD, MD 
and HD groups), indicating a great difference in intestinal 
microbial composition between them (Fig. 3D). UPGMA 
cluster analysis revealed high similarity in microbial 
relative abundance at the phylum level among samples 

Fig. 2 Mean optical density of the occludin protein in cecum determined by immunohistochemistry. A MOD = IOD/Area. MOD, mean optical 
density; IOD, integrated optical density, which is the cumulative optical density in positively stained areas. The area in the formula MOD = IOD/Area 
refers to the mucosal layer pixel area. mRNA levels of cytokines in cecal tissue. At 7 dpi, the mRNA levels of IL-1β (B), IL-6 (C), IL-4 (D), and IFN-γ (E) 
in the cecal tissues of chickens (n = 3) in each group were quantified by qRT‒PCR. GAPDH was used as a reference gene. The data are expressed 
as the means ± SDs (n = 3). *, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, no significant difference. Effects of eugenol essential oil on serum MDA, SOD, 
CAT, and GSH-Px concentrations in broilers. Note: (F): Serum MDA activity in each group; (G): Serum SOD level in each group; (H): Serum CAT 
activity in each group; (I): Serum GSH-Px level in each group. *, P < 0.05; **, P < 0.01; *** P < 0.001; ns, no significant difference. HD, high dose 
of eugenol essential oil; MD, medium dose of eugenol essential oil; LD, low dose of eugenol essential oil; HC, healthy control group (nontreated 
and noninfected); DC, decoxyquinate treatment control; IC, infected control group (untreated and infected with E. tenella)
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within a group (Fig. 3E). As shown in Fig. 4A and B, Lac-
tobacillus  at the order  level and Lactobacillus agillis at 
the species  level had  LDA  scores > 4.0  in  the  LD  group, 
and Lactobacillus at the family level and Lactobacillus 
at the genus level had LDA scores > 4.0 in the HD group. 
The use of eugenol essential oil increased the percentage 
of probiotics in the broiler cecum, improving the struc-
ture of the cecum intestinal flora.

Dose safety test
The dose safety test revealed no aberrant behavior or 
death in the chickens. No obvious drug toxicity to the 
heart, liver, spleen, lungs or kidneys was detected on 
7 and 14 d  after eugenol essential oil treatment (Fig.  5, 
Fig.  S1). Histopathological tests revealed no abnormal 
pathological changes in the liver or kidneys of any of the 
groups on 7 or 14 d after eugenol essential oil treatment 
(Fig. 6).

On d 7 post-eugenol essential oil treatment, G3a (with 
eugenol essential oil at a concentration of 1.2  g/kg) 
exhibited the lowest feed conversion rate (FCR = 1.790) 
(Table  1). On d 7 and 14 after eugenol essential oil 

treatment, there was no significant difference in the rela-
tive organ weight (ROW) between treated groups and the 
G4a or G4b group (Fig. 5, Fig. S1). On d 7 and 14 after 
eugenol essential oil treatment, except for P < 0.05, no sig-
nificant differences in routine blood or serum biochemi-
cal indicators were detected between G4a and G1a, G2a 
or G3a (Figs. 7 and 8) or between G4b and G1b, G2bor 
G3b  (Fig.  S2), except that the TBIL of G3a was signifi-
cantly different from that of G4a (Figs. 7 and 8).

Discussion
Good anticoccidial effect and high safety
Eugenol has powerful antioxidative, anti-inflammatory, 
antibacterial, antiparasitic and anticancer activities 
(Das et  al. 2016) with low toxicity (Nisar et  al. 2021). 
To date, no studies have investigated the impact of 
eugenol on Eimeria tenella (E. tenella). Therefore, this 
research systematically assessed the anticoccidial effi-
cacy and safety profile of eugenol essential oil through 
anticoccidial tests and dose safety evaluations. The 
results showed that the ACI in the medium-dose group 
(MD) exceeded 160, indicating moderate anticoccidial 

Fig. 3 Differences in intestinal microbial composition among the different groups. A Differences in the relative abundance of the microbial 
community at the phylum level. B Venn diagram of the unique and shared amplicon sequence variants (ASVs) in the intestinal microbiota 
among different groups. In the Venn diagram, one petal represents one group, the numbers in the core of the petals represent feature sequences 
shared by all groups, and the numbers on the petals represent feature sequences unique to each group. C Cecal microbial α diversity of broilers 
reflected by the Chao1 index. D Principal coordinate analysis (PCoA) of unweighted UniFrac calculated based on the relative abundance of OTUs. 
The data are expressed as the means ± SDs of three replicates. E UPGMA clustering tree based on weighted UniFrac distances
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action (Table  2). The ACI is a comprehensive stand-
ard for evaluating the anticoccidial effect in chickens. 
In this study, the ACI was calculated by combining 
four indices, namely, the rBWG, survival rate, cecum 
lesion score, and oocyst ratio, and it was found that, as 
a control of chemical drugs, the ACI of the DC group 
reached 189.77, which was close to the excellent antico-
ccidial effect, while the ACI of the essential oil group 
was 167.37, which was smaller than that of the DC 

group but still achieved a good anticoccidial effect; the 
anticoccidial effect is still considerable.

Furthermore, when comparing the results of the pre-
sent study to those of Wang’s evaluation of the anticoccid-
ial effect of artemisinin, it was discovered that eugenol 
essential oil had greater relative weight gain than arte-
misinin, which was more advantageous in terms of the 
economic benefits of broiler meat production (Wang 
et al. 2021). Our dose safety test indicated that no obvious 

Fig. 4 Linear discriminant analysis effect size (LEfSe) among different groups. A LDA value distribution histogram. Only the phylotypes with LDA 
values > 4 are shown. B Evolution cladogram of intestinal microorganisms with LDA > 4
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abnormalities in the heart, liver, spleen, kidneys or lungs 
were observed in the eugenol essential oil-treated groups. 
Pathology of liver and kidney sections showed that the 
tissue structure of the liver and kidney in each eugenol 
essential oil-treated group was intact, with no obvious 
histopathological changes. Routine blood and serum bio-
chemical tests revealed that eugenol essential oil admin-
istration had no harmful effects on the chickens. These 
findings suggest that eugenol essential oil is safe for broilers.

Physical, chemical, immune and microbial barriers
The possible anticoccidial effect of eugenol may be 
explained by its role in gut health. It is widely recognized 
that intestinal health is crucial for the well-being of broil-
ers, as the intestine not only facilitates nutrient absorp-
tion but also serves as a natural barrier to maintaining 
internal equilibrium. The intricate intestinal barrier com-
prises four key components: physical, chemical, immune 
and microbial barriers. In light of this, the current study 

Fig. 5 Effect of eugenol essential oil on the relative organ weight (ROW) of chickens after 7 d of eugenol essential oil treatment (n = 6). A Heart. B 
Liver. C Spleen. D Lung. E Kidney

Fig. 6 Histopathological analysis of organs (livers and kidney) in the control group (G4a) and three eugenol essential oil-treated groups (G1a, G2a 
and G3a) after 7 d of administration by H&E staining. Histopathological analysis of organs (livers and kidneys) in the control group (G4b) and three 
eugenol essential oil-treated groups (G1b, G2b and G3b) after 14 d of administration. Scale bar = 50 µm
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examined the mechanisms behind the anticoccidial 
properties of eugenol essential oil from four different 
perspectives.

Physical barrier functions of broiler chicken intes-
tines  were assessed by  immunohistochemistry to detect 
the protein expression of occludin in the cecum. Occlu-
din is a cellular tight junction protein that helps establish 
the intestinal mechanical barrier (Deng et al. 2022). This 
research showed that after infection with Eimeria tenella, 
the expression of occludin decreased, and occludin 
expression increased in the LD, MD and HD groups. Our 
findings indicate that eugenol essential oil can increase 
the expression of occludin, reducing mechanical damage 
to the intestinal wall caused by coccidial infection.

MDA is a major byproduct of lipid peroxidation. The 
concentration of serum MDA indirectly reflects the 
degree of cellular lipid peroxidation and the accumula-
tion of reactive oxygen species (ROS) (Li et  al. 2020). 
Our findings indicated that eugenol essential oil therapy 
might greatly boost SOD activity (Fig. 2G).

Cytokines are a group of proteins synthesized and 
secreted by immune cells and nonimmune cells after 
stimulation, and they have important biological func-
tions.  CD4+ T lymphocytes are divided into Th1-type T 
lymphocytes and Th2-type T lymphocytes (Khramtsov 
et  al. 2021). Th1  T lymphocytes secrete IFN-γ, which is 
related to the cellular immune response, and Th2 lym-
phocytes secrete IL-4 to regulate antibody production 
(Zhao et al. 2020; Zhang et al. 2016; Fatoba et al. 2022). 
Gene expression levels of IFN-γ and IL-4 were sig-
nificantly greater in the HD group than in the IC group 
(P < 0.05) (Fig. 2D and E), suggesting that eugenol essen-
tial oil treatment could effectively activate Th1- and Th2-
type cellular immune responses in chickens. Eugenol 
essential oil therapy reduced the gene expression of the 
proinflammatory factors IL-1β and IL-6, indicating its 
effectiveness in reducing inflammation.

Intestinal health is directly related to interactions 
between the microbiota and the host (He et  al. 2021). 
The intestinal microbiota directly affects intestinal 

Table 1 Effect of eugenol essential oil on the growth performance of chickens (n = 10)

a, bValues with different superscripts in the same column differ significantly (P < 0.0001). FCR feed conversion rate. BWG Body weight gain

Groups Initial group 
weight (g)

Final group 
weight (g)

Initial average weight (g) Average final weight (g) Weight gain (g) Intake (g) FCR BWG (%)

G1a 1,501 3,081 150.10 ± 11.15a 308.10 ± 44.46a 1,580 2,883 1.825 103.26

G2a 1,496 3,036 149.60 ± 10.44a 303.60 ± 39.30a 1,540 2,780 1.805 100.65

G3a 1,496 3,103 149.60 ± 10.37a 310.30 ± 38.66a 1,607 2,877 1.790 105.03

G4a 1,503 3,033 150.30 ± 11.72a 303.30 ± 58.21a 1,530 2,820 1.843 100.00

G1b 1,498 5,354 149.80 ± 10.92a 535.40 ± 73.65b 3,856 7,534 1.954 99.51

G2b 1,497 5,319 149.70 ± 10.46a 531.90 ± 84.32b 3,822 7,710 2.017 98.63

G3b 1,494 5,004 149.40 ± 10.72a 500.40 ± 72.59b 3,510 7,031 2.003 90.58

G4b 1,502 5,377 150.20 ± 11.29a 537.70 ± 72.77b 3,875 7,440 1.920 100.00

Fig. 7 Effects of eugenol essential oil on hematological indicators in chickens (n = 6). The WBC (A), RBC (B), HGB (C), HCT (D), and MCHC (E) were 
assessed after 7 d of eugenol essential oil treatment. WBC White blood cells, RBC Red blood cells, HGB Hemoglobin concentration 
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absorption efficiency, antagonizes pathogenic bacteria, 
and enhances intestinal immunity (Zhen et  al. 2022). 
Therefore, a normal intestinal microbiota is very impor-
tant to the intestine. To evaluate the possible effects of 
eugenol essential oil on intestinal bacteria, the cecal 
microbial community in each group was investigated. 
At the genus level, compared with that in the IC group, 
the relative abundance of Faecalibacterium in the euge-
nol essential oil-treated groups was reduced, but that of 
Lactobacillus was increased (Fig.  3A), and the relative 
abundance of Lactobacillus in the HD group increased 
by 72.37%. Lactobacillus is known to be a beneficial 
bacterial genus that helps repair the intestinal immune 
barrier, thereby improving intestinal immunity in 
chickens (Wen et al. 2022). These findings suggest that 
eugenol essential oil enhances host health, possibly 
by increasing the number of beneficial bacteria while 
decreasing the proportion of opportunistic pathogenic 
bacteria.

Since eugenol essential oil can regulate the intesti-
nal microbiota, we further studied the effect of eugenol 
essential oil on cecal dysbacteriosis caused by Eimeria 
tenella infection. The abundance and diversity of the 
cecal microbiota were assessed using alpha diversity 
(Chao1 index) and beta diversity analysis (PCoA). The 
higher the α-diversity index is, the greater the diversity 
of the microbiota and the more even the distribution of 
species (Liu et  al. 2022). Beta diversity is a comparative 
analysis of the microbial community composition of dif-
ferent samples to discover differences between groups 
(Wang et  al. 2022). Figure  3C shows that the IC group 
had a considerably greater Chao1 index than did the HC 
group (p < 0.05), indicating increased microbial richness. 
The PCoA results showed that the microbial composition 
of IC was greatly different from that of HC (Fig. 3D), indi-
cating that the coccidiosis model was successfully estab-
lished. Furthermore, the LEfSe (LDA effect size) analysis 
tool was used to analyze the changing characteristics of 

Fig. 8 Effects of eugenol essential oil on the serum biochemical indicators of chickens (n = 6). Detection of serum biochemical indices, 
including ALT (A), AST (B), TBIL (C), BUN (D), CREA (E), and TP (F), 7 d after eugenol essential oil treatment. Detection of serum biochemical indices, 
including ALT (G), AST (H), TBIL (I), BUN (J), CREA (K), and TP (L), 14 d after eugenol essential oil treatment. *, P < 0.05
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the cecal microbiota in different treatment groups (Wu 
et al. 2022). The results of LEfSe analysis showed that at 
the species level, the microbiota of the LD group was rich 
in Lactobacillus_agilli (LDA > 4), and at the genus level, 
the microbiota of the HD group was rich in Lactobacil-
lus (LDA > 4) (Fig. 4A and B). These findings suggest that 
eugenol essential oil may influence the intestinal micro-
biota by increasing the proportion of the beneficial bac-
teria Lactobacillus, thereby mitigating the effects of cecal 
dysbiosis induced by Eimeria tenella infection.

These results showed that eugenol essential oil has 
good anticoccidioidal effects and improves the function-
ing of physical, chemical, immunological, and microbial 
barriers in the chicken cecum, resulting in anticoccidial 
effects. Among these four barriers, the intestinal micro-
bial barrier may play a key role in the occurrence and 
development of coccidiosis. As a result, modulating the 
intestinal microbiota may be a new approach for prevent-
ing and treating coccidiosis, opening up new avenues for 
coccidiosis management in chickens.

Conclusions
In this study, a medium dose (0.2 g/kg) of eugenol essen-
tial oil had a desirable anticoccidial effect (ACI = 167.37), 
alleviated cecal lesions, and reduced the output of 
oocysts, indicating that this dosage could be used for 
coccidiosis prevention in chickens. All of the chicks 

survived and exhibited no evidence of toxicity or deform-
ities, indicating that eugenol essential oil was a safe feed 
supplement. The addition of eugenol essential oil to 
feed upregulated the expression of occludin in the cecal 
mucosa of chickens, suggesting a positive effect of euge-
nol essential oil on the intestinal physical barrier. Follow-
ing treatment with eugenol essential oil, the serum MDA 
concentration decreased while the SOD enzyme activity 
increased, indicating that eugenol essential oil may have a 
favorable effect on the chemical barrier. Eugenol essential 
oil increased the proportion of beneficial bacteria (such 
as Lactobacillus_agilli) in the cecum, thereby positively 
affecting the intestinal microbial barrier. Eugenol essen-
tial oil treatment downregulated the gene expression of 
the proinflammatory factors IL-1β and IL-6 but upregu-
lated the gene expression of the cytokines IL-4 and IFN-γ 
in the high-dose eugenol essential oil group, indicating 
that eugenol essential oil could reduce inflammatory 
responses and enhance host immunity. In summary, 
eugenol essential oil possesses strong anticoccidial prop-
erties, is exceedingly safe, and improves broiler growth 
performance and intestinal barrier function. This study 
provides feed manufacturers with an option for replacing 
anticoccidials with essential oils.

Methods
Drugs and essential oils
Eugenol essential oil was purchased from Shanchuan 
Biotechnology (Wuhan, China) Co., Ltd. Decoxyquinate 
solution was used as the positive control drug (batch 
number: 20210826, Shandong Luxi Veterinary Drug Co., 
Ltd., China).

Study design
The oocyst was isolated from chicken feces from Xiantao 
city, Hubei Province, by single oocyst isolation technol-
ogy. The isolated oocysts were microscopically examined 
and identified as Eimeria tenella by sequencing rRNA in 
the internal transcription spacer. The isolated strain was 
preserved at the State Key Laboratory of Agricultural 
Microbiology, Huazhong Agricultural University. Oocyst 
passage was performed by oral administration to 9-d-old 
chicks every three months. The CM was collected at 6, 7 
and 8 d postinfection, and oocysts were isolated from the 
obtained manure and subsequently stored in 2.5% potas-
sium dichromate solution at 4°C.

Broilers
One-day-old Arbor Acre broilers (number = 200) were 
purchased from Zhengkang Livestock and Poultry Co., 
Ltd. (Jingzhou City, China). All the chickens were raised 
in cages (0.7 × 0.7 × 0.4  m3) in a chicken coccidia-free 

Table 2 Effects of eugenol essential oil on the relative BWG, 
lesion score, and ACI of chickens (n = 12)

HD High dose of eugenol essential oil, MD Medium dose of eugenol essential oil, 
LD Low dose of eugenol essential oil, HC Healthy control group (nontreated and 
noninfected), DC Decoxyquinate treatment control, IC Infected control group 
(untreated and infected with E. tenella), rBWG relative body weight gain
A rBWG = (BWG of the infected/unmedicated control or drug-treated 
group ÷ BWG of healthy control) × 100
B Survival rate (%) = (number of surviving chickens in each group ÷ number of 
initial chickens in each group) × 100
C The lesion index (LI) of the cecum was examined on PI d 8
D Oocyst index (OI) of each group at 8 d postinfection (dpi). Oocyst index 
value = 0 (an oocyst ratio of 0–1%); oocyst index value = 5 (an oocyst ratio of 
1–25%); oocyst index value = 10 (an oocyst ratio of 26–50%); oocyst index 
value = 20 (an oocyst ratio of 51–75%); oocyst index value = 40 (an oocyst 
ratio of 76–100%); oocyst ratio = (OPG in healthy control or drug-treated 
group) ÷ (OPG in infected/unmedicated control group) × 100%; OPG, oocyst per 
gram
E Anticoccidial index (ACI) of each group. ACI = (rBWG + survival rate) × 100 – 
(lesion score + oocyst index value)

Groups rBWG A S% B LI C OI D ACI E

HD 94.32 100.00 20.83 20.00 153.49

MD 99.87 100.00 22.50 10.00 167.37

LD 93.00 91.67 38.33 10.00 136.34

HC 100.00 100.00 0.00 0.00 200.00

DC 99.77 100.00 10.00 0.00 189.77

IC 79.84 91.67 39.17 40.00 92.34
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environment with free access to feed and drink at 
25 ± 2°C and 55 ± 15% humidity.

Anticoccidial test
A total of 72 14-d-old broiler chickens were randomly 
assigned to six groups, with 12 chickens per group. 
Group 1 was the healthy control group (HC group), 
which was not infected with eugenol essential oil or drug 
application. Group 2 was the infected control group 
(IC group), which was infected but not administered 
drugs or eugenol essential oil. Group 3 was the decox-
yquinate drug treatment control group (DC, 1.00 mL of 
decoxyquinate/L water). Group 4 was the low-dose euge-
nol essential oil treatment group (LD, 0.10 g of eugenol 
essential oil/kg feed). Group 5 was the middle-dose euge-
nol essential oil treatment group (MD, 0.20 g of eugenol 
essential oil/kg feed). Group 6 was the high-dose euge-
nol essential oil treatment group (HD, 0.40 g/kg feed). To 
test the dose‒response relationship, we used a twofold 
dose increment of the eugenol essential oil. Each chicken 
in each group (except the healthy control group) was 
then orally administered 5 ×  104 oocysts. The 22-d-old 
chickens were weighed one by one and then euthanized. 
Their cecal lesions were scored by a previously reported 
method (Johnson and Reid 1970). During the duration 
of the experiment, we diligently documented the occur-
rence of bloody diarrhea and the mortality rate of all the 
chicks on a daily basis.

The number of oocysts per gram of feces (OPG), sur-
vival rate (%), relative weight gain rate (%), cecum lesion 
score, oocyst count, and oocyst ratio were calculated and 
the oocyst ratio was calculated according to the methods 
reported by Wang et  al. (Wang et  al. 2021). The ACI is 
an index used to determine the anticoccidial effect, and 
this index combines several parameters, such as survival 
rate, weight gain, lesions, and fecal oocyst output. In this 
study, ACI = (relative weight gain rate + survival rate)—
(cecal lesion score + oocyst ratio value) was used. An 
ACI > 180 indicated good protection; 160 < ACI < 179 rep-
resented moderate protection; 120 < ACI < 159 denoted 
limited protection; and an ACI < 120 indicated no protec-
tion (Chang et al. 2021).

Determination of serum MDA, SOD, GSH‑Px, and CAT 
Serum malondialdehyde (MDA) and SOD levels were 
measured using an MDA assay kit (A001-1, Nanjing 
Jiancheng Bioengineering Institute, Nanjing, China) 
and a SOD assay kit (A003-1, Nanjing Jiancheng Bioen-
gineering Institute, Nanjing, China), following manual 
guidelines. Additionally, the serum levels of glutathione 
peroxidase (GSH-Px) and catalase (CAT) were deter-
mined by utilizing a GSH-Px assay kit (A001-1, Nanjing 
Jiancheng Bioengineering Institute, Nanjing, China) and 

a CAT assay kit (A007-1, Nanjing Jiancheng Bioengineer-
ing Institute, Nanjing, China), respectively, following the 
manufacturer’s instructions (Gu et al. 2022).

Quantification of cytokines by qRT‒PCR
One week after the addition of eugenol essential oil, 
three chickens were randomly chosen from each group 
and euthanized. After being sampled, the cecal tissues 
were snap-frozen in liquid nitrogen and kept at -80°C for 
additional examination. A three-dimensional cryomill 
(Item No.: KZ-5F-3D, Wuhan Servicebio Technology 
Co., Ltd., China) was used to homogenize the cecal tis-
sues. Total RNA was extracted from the tissue homoge-
nates using a procedure supplied by Wuhan Servicebio 
Technology Co., Ltd., China. The levels of chicken inter-
leukin 1β (IL-1β) (accession NO. NM_015297469.1), IL-4 
(accession NO. NM_001007079.2), IL-6 (accession NO. 
NM_204628.2), and chicken interferon (IFN-γ) (acces-
sion NO. NM_205149.2) were among the cytokines 
whose levels were ascertained via real-time PCR (qRT‒
PCR). The endogenous reference gene GAPDH (acces-
sion no. NM_001289745.3) was used. Table  3 contains 
a list of primers used for qPCR quantification. The data 
were normalized using the 2 −ΔΔCT method (Livak et al. 
2001).

Cecal pathological changes and immunohistochemistry
Hematoxylin/eosin (HE) staining of cecum samples was 
performed following standard procedures (Xiang et  al. 
2022). The obtained samples were adequately fixed using 
4% paraformaldehyde to ensure that the samples were in 
a proper fixation state. Subsequently, the samples were 
trimmed, dehydrated, embedded, sectioned, stained, 
sealed, and finally subjected to microscopic observa-
tion following the standard protocols set by the pathol-
ogy laboratory. The prepared tissue sections were heated 
at 60°C for 20  min, dewaxed with xylene and gradient 
alcohol, soaked in 98°C sodium citrate buffer for 15 min, 
cooled to room temperature naturally, incubated with 3% 
deionized water for 10  min, and rinsed with PBS three 
times. Normal goat serum was added dropwise to the tis-
sue sections and incubated at 37°C for 30 min. After the 
serum was removed, the tissue sections were incubated 
with appropriately diluted primary antibodies (Occludin 
1:150), incubated overnight at 4°C, rinsed with PBS three 
times, incubated with secondary antibody dropwise, 
incubated again at 37°C for 30 min, and rinsed with PBS 
three times. The tissue sections were subjected to color 
development with DAB solution for 5 min for subsequent 
immunohistochemistry analysis. The sections were dehy-
drated, sealed with neutral gum, and photographed with 
a microscope. Instead of a primary antibody, 0.01 mol/L 
PBS solution was used as a negative control. The sections 
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in the negative control group were subjected to the 
abovementioned treatment steps. The intensity of DAB 
staining was analyzed by Image-Pro Plus (6.0) software, 
and the final results are expressed as the mean optical 
density (MOD) (MOD = IOD/area, IOD = integral opti-
cal density, area = positive optical density) (Zhang et  al. 
2015).

DNA extraction, PCR amplification, and 16S rRNA 
sequencing
DNA was extracted from the fecal and intestinal con-
tent samples utilizing the Magnetic Soil and Stool DNA 
Kit (TianGen, China, Catalog #: DP712). The 16SV3-
V4 regions of the 16S rRNA genes were amplified using 
specific primers containing unique barcodes (Mei et  al. 
2021). The PCR system included 15 µL of Phusion® High-
Fidelity PCR Master Mix (New England Biolabs), 0.2 µM 
forward 515F (5′GTG CCA GCMGCC GGT AA-3′), 
0.2  µM reverse primer 806R (5′GGA CTA CHVGGG 
TWT CTAAT-3′), and approximately 10  ng of template 
DNA. The PCR thermal cycling process involved an ini-
tial denaturation step at 98°C for 1  min, followed by 30 
cycles of denaturation at 98°C for 10 s, annealing at 50°C 
for 30  s, and elongation at 72°C for 30  s. Finally, a final 
elongation step was performed at 72°C for 5  min. The 
PCR products and 1 × loading buffer containing SYB 
green were thoroughly mixed. The mixture was sub-
jected to electrophoresis on a 2% agarose gel. and then 
purified using the Universal DNA Purification Kit from 
TianGen (China, Catalog #: DP214). Sequencing libraries 
were constructed using the NEBNext® Ultra™ II FS DNA 
PCR-free Library Prep Kit (New England Biolabs, USA, 
Catalog #: E7430L) following the manufacturer’s instruc-
tions. The constructed libraries were quantified using 
a Qubit instrument, and real-time PCR and size distri-
bution detection were performed using a bioanalyzer. 

After quantification, the libraries were pooled and then 
sequenced on Illumina platforms based on the desired 
effective library concentration and data volume (Martins 
et al. 2022).

Bioinformatics analysis
DADA2 (the Divisive Amplicon Denoising Algorithm) in 
the QIME2 software (Quantitative Insights into Micro-
bial Ecology 2, Version QIIME2-202006) was used for 
denoising, and the sequences with an abundance < 5 
were filtered to obtain the final amplicon sequence vari-
ants (ASVs) with sequence identity ≥ 97% (de Bruijn et al. 
2020). Additionally, species annotation and rapid multi-
ple sequence alignment were performed using QIIME2 
software for subsequent construction of the phylogenetic 
tree. The number of OTUs and the Shannon, Simpson, 
Chao1, Good’s coverage, dominance, and Pielou’s even-
ness indices were calculated using QIIME2 software. 
In addition, principal coordinate analysis (PCoA) was 
conducted based on the weighted UniFrac distance and 
unweighted UniFrac distance, and the principal coordi-
nate combination with the largest contribution rate was 
selected for diagram plotting. In addition, we performed 
an intergroup significant differential species analysis 
using linear effect size (LEfSe) software, with the default 
linear discriminant analysis (LDA) threshold set to 4 (Lu 
et al. 2020).

Dose safety test
The dose safety test was performed according to the Tar-
get Animal Safety Tests of Veterinary Traditional Chi-
nese Medicines and Natural Medicines published by the 
Center for Veterinary Drug Evaluation (CVDE, China) 
in 2012. A total of 80 0-d-old Arbor Acre broiler chick-
ens were used for the dose safety test. The chickens were 
then randomly divided into four groups. Each group had 

Table 3 Primer sequences for qRT‒PCR quantification

Gene name Accession No Primer pair Primer sequences (5′–3′) Length 
of PCR 
products

GAPDH NM_001289745.3 GAPDH/F GTG AAA GTC GGA GTC AAC GG 184

GAPDH/R CGT TCT CAG CCT TGA CAG TG

IL-1β NM_015297469.1 IL-1β/F GCA TCA AGG GCT ACA AGC TC 134

IL-1β/R GTC CAG GCG GTA GAA GAT GA

IL-4 NM_001007079.2 IL-4/F CCA GCA CTG CCA CAA GAA CC 163

IL-4/R AGC TAG TTG GTG GAA GAA GGT ACG 

IL-6 NM_204628.2 IL-6/F AGA TGC TCG TCC GGA ACA AC 130

IL-6/R AGG TAG GTC TGA AAG GCG AACA 

IFN-γ NM_205149.2 IFNγ/F AAG CTC CCG ATG AAC GAC TTG 125

IFNγ/R TTG CAT CTC CTC TGA GAC TGGC 
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almost the same average weight. The grouping was as fol-
lows. Group 1 (G1) was the eugenol essential oil group 
with 1 dose added (1 × RD), in which chickens were fed 
a basal diet containing 0.2  g/kg of eugenol essential oil; 
group 2 (G2) was the eugenol essential oil group with 3 
doses (3 × RD), in which chickens were fed a basal diet 
containing 0.6 g/kg of eugenol essential oil; group 3 (G3) 
was the eugenol essential oil group with 6 doses (6 × RD), 
in which chickens were fed a basal diet containing 1.2 g/
kg of eugenol essential oil; and group 4 (G4) was the con-
trol group, in which chickens were fed a basal diet. Each 
group was further divided into two subgroups, a and b 
(namely, G1a and G1b, G2a and G2b, G3a and G3b, and 
G4a and G4b), with 10 chickens per subgroup. Chickens 
in G1a, G2a, G3a, and G4a were euthanized at the age 
of 21 d, and chickens in G1b, G2b, G3b, and G4b were 
euthanized at the age of 28 d. The chickens’ clinical signs 
and mortality were observed and recorded every day. The 
body weight gain (BWG) of the chickens was calculated 
as the difference between the mean initial body weight 
(on d 14) and the mean final body weight (on d 21 and 
d 28). The feed conversion ratio (FCR) was calculated as 
the ratio of feed consumption to BWG.

Relative organ weight (ROW), white blood cell (WBC) 
counts, red blood cell (RBC) counts, hemoglobin concen-
tration (HGB), hematocrit (HCT, %), mean corpuscular 
hemoglobin concentration (MCHC), alanine aminotrans-
ferase (ALT), aspartate aminotransferase (AST), total 
protein (TP), total bilirubin (TB), and total blood cell 
(WBC) counts were obtained. Bilirubin (TBIL), blood 
urea nitrogen (BUN), and creatinine (CREA) levels were 
measured and calculated according to the methods of 
Wang et al. (Wang et al. 2021).

Statistical analysis and data availability statement
Statistical differences among groups were analyzed using 
one-way ANOVA and Duncan’s multiple range test with 
GraphPad Prism 8.0 (Software Inc., La Jolla, CA, USA). 
The raw whole-genome resequencing data were submit-
ted to the Sequence Read Archive database under the 
data certification number PRJNA1035248.
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