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Introduction: Haemonchus contortus (H. contortus) infection has a significant 
impact on the health of pregnant ewes and adversely affects fetal development, 
highlighting the critical need for a non-toxic feed additive as an alternative and 
sustainable control strategy. Tannin is a kind of polyphenol compound, which 
has certain antiparasitic. The objective of this study was to evaluate the impact 
of dietary tannin supplementation on fecal egg count (FEC), packed cell volume 
(PCV), complete blood count (CBC), hormone levels, inflammatory markers, 
placental inflammation, and fetal growth and development in pregnant ewes 
infected with H. contortus.

Methods: Hulunbuir ewes were randomly divided into three groups: control 
group (CON), gastrointestinal nematode infection group (GIN), and tannin 
group, which was infected by H. contortus with tannin feeding therapy (TAN). 
After artificial insemination was completed, and the ewes were confirmed for 
pregnancy and infection; stools were collected for FEC, and blood samples 
were collected for PCV and CBC, hormonal, and inflammation levels. The mRNA 
levels of hypothalamic–pituitary–ovarian axis-related hormone receptors and 
placental tissue inflammation genes were detected by quantitative reverse 
transcription polymerase chain reaction (RT-qPCR). Finally, fetal weights were 
measured, and fetal ovarian tissue samples were taken for transcriptomic 
analysis.

Results: The results showed that tannins increased the levels of gonadotropin-
releasing hormone (GnRH), follicle-stimulating hormone (FSH), luteinizing 
hormone (LH), estrogen (E2), progesterone (P4), human chorionic gonadotropin 
(hCG), red blood cell (RBC) counts, packed cell volume (PCV), and mRNA levels 
of gonadotropic axis receptors in pregnant ewes infected with H. contortus 
(p < 0.05). In addition, tannin reduced fecal egg count (FEC), leukocyte counts, 
and mRNA levels of inflammatory markers (p < 0.05). In addition, fetal ovarian 
sequencing further showed that tannin may alleviate the delay in fetal growth 
and development induced by H. contortus infection (p < 0.05).

Conclusion: In summary, tannins have anthelmintic effects, restore reproductive 
hormone levels in pregnant ewes, reduce inflammation levels, and alleviate 
fetal growth retardation caused by H. contortus infection. Therefore, tannin is a 
suitable potential alternative to antibiotics as a feed additive.
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1 Introduction

Ruminants are susceptible to gastrointestinal nematodes (GINs), 
especially Haemonchus contortus (H. contortus) infection (1). 
H. contortus infects ruminants, resulting in a serious decline in the 
level of economic production in the livestock sector and has become 
one of the major obstacles to the development of sheep farming (2). 
H. contortus is a highly pathogenic and voracious blood-feeding 
nematode, a parasite that causes anemia, low productivity, and 
decreased appetite in sheep (3, 4). Although Haemonchus contortus 
(H. contortus) infection causes significant harm to ruminant 
production, its effects during pregnancy remain underexplored 
in research.

Reproductive hormones are known to exert an important role in 
growth and development, pregnancy, and other reproductive activities 
in animals. However, GINs can disrupt with the synthesis and 
secretion of reproductive hormones in female animals (5). For 
example, the levels of serum hormones, such as estrogen (E2), 
testosterone (T), and receptors, associate with their biosynthesis are 
reduced in parasite-infected animals (6). Similarly, it can also lead to 
decreased levels of follicle-stimulating hormone (FSH) and luteinizing 
hormone (LH) (7). At the same time, other studies have shown that 
GINs can use host hormones to promote their own growth. For 
example, some in vitro experiments have shown that adding 80 ng/mL 
growth hormone accelerates H. contortus growth (8).

In addition, GINs also interfere with the female animal 
inflammatory system. According to Gossner et al. (9) and Estrada-
Reyes et al. (10), Teladorsagia circumcincta induces significant changes 
in Type 1 T helper cells (TH1), for example, interleukin-2 (IL-2) and 
interleukin-8 (IL-8), and Type 2 T helper cells (TH2), for example, 
interleukin-4 (IL-4), interleukin-5 (IL-5), interleukin-6 (IL-6), 
interleukin-13 (IL-13), and interleukin-10 (IL-10) cytokine 
production. In addition, H. contortus infection has been shown to 
increase mRNA levels of interleukin-3 (IL-3), IL-6, IL-10, and tumor 
necrosis factor-α (TNF-α) in goats (11). Another study reported that 
the parasite induces an inflammatory response that leads to the 
accumulation of large numbers of neutrophils (NEU), lymphocytes 
(LY), and eosinophils (EOS) (12). Most importantly, infection during 
pregnancy severely affects the fetus, resulting in fetal mortality, 
stillbirth, and reduced litter size (13). For example, parasitic infections 
can impair the development of the fetus by increasing the expression 
of TNF-α in the placenta (14). However, the effects of GINs on 
reproductive performance in ruminants are not sufficiently reported, 
so further research is needed and treatment plans for H. contortus 
infection in pregnant animals are warranted.

In general, GINs were treated with albendazole or mebendazole, 
but it can lead to severe environmental pollution and chemical 
residues in meat, with serious negative effects (15, 16). Moreover, due 
to GIN high reproductive capacity and high levels of genetic diversity, 
resistance has evolved in several species such as sheep, goats, cattle, 
and horses (17). With the full implementation of the ban on antibiotic 
drugs in China in 2020, more and more research was focusing on the 
use of plant extracts in the treatment of parasites (18). Therefore, this 
has encouraged the search for an alternative drug to control GINs. 

Polyphenols have immune, antioxidant, and anti-
inflammatory properties.

Tannins, which are found in most tanned plants, are a 
polyphenolic compound that has a variety of biological functions and 
can bind to proteins and macromolecular substances (19). Some 
studies have found that tannin-rich plants reduced GIN infection in 
sheep and goats (20), reduced the establishment of third-stage 
nematode larvae (iL3), and reduced the worm fertility and egg output 
(21). In addition, tannins indirectly improve the host’s immunity 
against GIN infection by increasing the proportion of absorbable 
amino acids in the host’s small intestine and can also directly block the 
metabolism and growth of GINs by binding proteins, carbohydrates, 
and esters in GINs (22). However, it has not been proven whether 
tannin has any therapeutic effect on the reproductive performance of 
pregnant animals infected with H. contortus.

This study aimed to investigate the effects of tannins on 
anthelmintic efficacy, inflammation levels, reproductive hormone 
levels, gonadal axis receptor mRNA expression, and placental 
inflammation in pregnant ewes infected with H. contortus and clarify 
that H. contortus infection during pregnancy in ewes can affect 
fetal development.

2 Materials and methods

2.1 H. contortus larvae

H. contortus was kept in the Jilin Provincial Key Laboratory of 
Grassland Farming Laboratory, Institute of Geography and 
Agroecology, Chinese Academy of Sciences, Jilin, and maintained by 
serial passage in helminth-free sheep. Infective L3 larvae (iL3s) were 
obtained by incubating eggs from the feces of sheep for 14 days at 
25–28°C, according to the method of Paveto et al. (23).

2.2 Animals, diets, and experimental design

Thirty Hulunbuir ewes were selected with an average age of 
160 ± 10.5-days and a body weight (BW) of 35 ± 1.2 kg. All ewes were 
individually housed and dewormed to ensure that no GINs were 
present in all lambs before the artificial insemination (AI). To verify a 
zero-egg burden, a fecal egg count (FEC) was done with a McMaster’s 
egg counting plate, and the results were expressed as eggs per gram of 
feces (EPG). The ewes were dewormed using abamectin (0.2 mg/kg 
BW, Novartis Animal Health Co, LTD, Shanghai), levamisole (7.5 mg/
kg BW, Novartis Animal Health Co, LTD, Shanghai) and albendazole 
(5 mg/kg BW, Novartis Animal Health Co, LTD, Shanghai). After 
deworming, all ewes were randomly divided into three groups: control 
(CON) group, uninfected with H. contortus, H. contortus infected 
(GIN) group, orally dosed with L3 H. contortus larvae fluid (~10,000) 
(day of infection = Day 0), and tannin treatment (TAN) group, 
infected with H. contortus and given 4% tannin dosed on total dry 
matter (DM) supplementation (day of infection = Day 47). The 
condensed tannins in this study were supplied by Hunan Tea Group 
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Co., Ltd., Hunan, China, and extracted from green tea leaves (Camellia 
sinensis L.). The chemical composition of the final product was 
determined by high-pressure liquid chromatography (Model Waters 
600, Waters Co., Milford, MA, USA), following the method described 
by Paveto et al. (23). The final product contains condensed tannins 
(69.82%), flavonoids (15.06%), and steroids (15.12%). The condensed 
tannin concentration was determined to be 4% (0.6982 × 0.06 = 0.041) 
tannin dry matter (DM).

Ram semen (Leke Biotechnology Co., Ltd., Inner Mongolia, 
China) was frozen in liquid nitrogen in 0.25 mL straws (Figure 1A, 
Day = −28) and then the frozen semen was removed from liquid 
nitrogen and placed in a 37°C water bath to thaw for 30s. Insemination 
was carried out using an insemination pipette according to the 
method of Pau et al. (24) to allow the semen to enter into the deep 
cervical cavity as far as possible. The insemination dose was 0.5 mL 
per ewe. After 28 days (Figure 1A, Day = 0), pregnancy diagnosis was 
conducted using a B ultrasonic instrument (XuZhou Electronic 
Equipment, China). Finally, three pregnant ewes with a high infection 
course, same litter size, and obvious pregnancy were selected in each 
group (B-ultrasonography and infection degree of other pregnant 
ewes were not significant and were not selected). After the pregnant 
ewes were infected with GIN, feeding trials were continued for 98 days 
(Figure 1A).

During post-infection rearing, each gestation was kept in a 
separate enclosure with free access to fresh water. All pregnant ewes 

were fed the same diet (Table 1) twice daily at 06:00 and 18:00. When 
the fecal worm egg count of pregnant ewes in the infected and tannin 
groups reached its peak, the tannin group diet was supplemented 
with given 4% of DM intake on 42 day of L3 infection (infected group 
and tannin treatment group), according to the method of Xiang et al. 
(25). Each feeding, according to the different feed intake of each 
pregnant ewe during the adaptation period, provides enough rations 
to ensure that the daily remaining feed of each pregnant ewe was the 
total feed.

2.3 Sampling and analytical procedures

On 0, 28, 42, 47, 63, and 98 days, first, 2 g crushed fecal samples 
of pregnant ewes were collected and mixed with 5 mL of water; then, 
saturated salt water was added to 28 mL and then filtered through a 
copper screen; the fecal fluid was injected into the McMaster’s egg 
count plate, and then left for 5 minutes to determine the FEC and 
expressed as EPG.

On 0, 28, 47, 63, and 98 days, pregnant ewes jugular vein blood 
samples were collected using vacuum aseptic sampling vessels without 
anticoagulant. Pregnant ewes jugular vein blood was extracted from 
different groups, and serum samples were collected and centrifuged at 
1,000 rpm, 5 min, and 4°C, and the supernatant was preserved at 
−80°C. The concentrations of gonadotropin-releasing hormone (GnRH) 

FIGURE 1

Effects of H. contortus and tannin on FEC, PCV, and CBC. (A) Experimental design of H. contortus infection in pregnant ewes and tannin treatment. 
(B) FEC of pregnant ewes infected with H. contortus. (C) PCV of pregnant ewes infected with H. contortus. Values were shown as means ± SEMs. 
*means p < 0.05; **means p < 0.01 vs. CON group. #means p < 0.05 vs. GIN group.
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TABLE 2 Primers used for qRT-PCR analysis.

Gene Primer sequence (5′-3′) Annealing 
temp. (°C)

GnRH
F: CGATCAGCCAGTAGAACCTAAGTGC

62
R: CCTCTGCCCAGTTTCCTCTTCAATC

RFRP
F: CTGCTGCTGGAGATGCTGGATG

62
R: GCTGGCTCTGATTCACGTCTTCC

RFRPR
F: GTCAGGCTGGCATGGTTCTTGG

62
R: CTCTGGCTTAGGGCTTGGCTTTC

GnRHR
F: GCTGCCTCTTCATCATCCCTCTTC

62
R: CCTCAGCCGAGCTTGTGGTATATTG

FSH-R
F: CTTCAAGGAGCTGGTGTACGAGAC

60
R: TTGCCGCAGTGACATTCAGTGG

ESR-1
F: GACTGCTGCTGTGGCTGCTG

60
R: TGCTGGTGGTGAAAGTGATACAGAC

LH-R
F: ATCACACTGGAAAGATGGCACACC

60
R: GAGGCAACATGGCGATGAGAGTAG

PRLR
F: AGAACTTGTTCATCACACTCCACTG

62
R: CAGGCAGAAGAGATCATCGGAATG

IL-4
F: CAGCAGTGTTTGTGGTGAAGAATGG

62
R: TGGTCAGGAAGGTGGCAGAGAAG

IL-2
F: AACCCTTGTCTTGCATTGCACTAAC

62
R: CTTTCATTGTGTTCCCCGTAGAGC

TNF-α
F: AACGGCGTGGAGCTGAAAGAC

62
R: CTGAAGAGGACCTGCGAGTAGATG

IFN-γ
F: AGTTCTTGAACGGCAGCTCTGAG

62
R: ATTTTGGCGACAGGTCATTCATCAC

IL-10
F: CCGTGCTCTGTTGCCTGGTC

62
R: GCTGGCTGGGAAGTGGGTAC

TGF-β
F: GCGGAGCGACGAGGAATACTAC

62
R: ACTGAGCCAGAGGGTGTTGTAAC

β-actin
F: CGTGTTGGCGTAGAGGTCCTTG

54–64
R: CCATCGGCAATGAGCGGTTCC

(1.0 pg./mL, ml669855, Enzyme-linked Biotechnology Co., Ltd. 
Shanghai, China), LH (1.0 pg./mL, ml061712, Enzyme-linked 
Biotechnology Co., Ltd. Shanghai, China), FSH (1.0 mIU/mL, ml031713, 
Enzyme-linked Biotechnology Co., Ltd. Shanghai, China), E2 
(1.0 pmol/L, ml490366, Enzyme-linked Biotechnology Co., Ltd. 
Shanghai, China), progesterone (P4) (1.0 pmol/L, ml036688, Enzyme-
linked Biotechnology Co., Ltd. Shanghai, China), human chorionic 
gonadotropin (hCG) (0.1 mIU/mL, ml803396, Enzyme-linked 
Biotechnology Co., Ltd. Shanghai, China), IL-2 (0.75 pg./mL, 
JL22270-48 T, Jianglai Biotechnology Co., Ltd. Shanghai, China), IL-4 
(0.1 pg./mL, CB10012-Sp, COIBO Co., Ltd. Shanghai, China), IL-10 
(0.78–50 pg./mL, JHN99005, Jianglai Biotechnology Co., Ltd. Shanghai, 
China), and TNF-α (1 pg./mL, CB10066-Sp, COIBO Co., Ltd. Shanghai, 
China) were detected with ELISA kits, with optical density of the samples 
at 450 nm measured using a Thermomax microplate reader (BioTek 
Instruments, Winooski, VT, United States) following the manufacturer’s 
instructions. Blood samples from pregnant ewes on day 47 were shipped 
within 24 h to LABTARI (Beijing, China) for CBC. The PCV was 
determined by a hemocytometer (Sysmex XE-2100, Shanghai, China).

On 98 day, all pregnant ewes were fasted for 12 h and electrically 
stunned and slaughtered by exsanguination under commercial 
conditions. Hypothalamus, pituitary gland, ovary, placenta, and fetal 
ovary tissues were taken from pregnant ewes, placed in sterile 10 mL 
centrifuge tubes and labeled with serial numbers. All tissue samples 
were quickly snap-frozen in liquid nitrogen and stored at −80°C. To 
avoid the influence of different litter sizes on birth weight, ewes with 

the same multiple (two fetus) were selected, and the weight of the 
twins was weighed by an electronic scale.

2.4 RNA extraction and quantitative 
real-time polymerase chain reaction 
analysis

Hypothalamic, pituitary, ovarian, and placenta tissue samples 
were collected from three groups of pregnant ewes, and the tissues 
were stored in liquid nitrogen for follow-up tests. Total RNA from the 
hypothalamic, pituitary, ovarian, and placenta tissue RNA was treated 
with TRIzol (Takara, Tokyo, Japan). For cDNA synthesis, the Prime 
Script™ RT reagent kit (Takara, Tokyo, Japan) was used. The real-time 
PCR was performed in a Thermal SYBR® Premix Ex Taq™ II (Takara, 
Tokyo, Japan) with specific primers designed (Table 2). Finally, 2−∆∆Ct 
method was used to analyze the changes of hormone receptor levels 
and levels of indicators of inflammation between different groups.

TABLE 1 Ingredients and chemical composition of the basal experimental 
diet.

Items Content

Ingredients

Rape straw 20

Wheat straw 15

Soybean pod skin 25

Ground corn 20.35

Soybean meal 7.76

Wheat bran 7.00

Urea 1.50

NaCl 0.80

Limestone 0.49

Premixa 2.01

Total 100

Nutrient levels (n = 6)b

DM 89.45

OM 91.23

CP 12.36

NDF 43.51

ADF 24.62

EE 3.25

ME/(MJ/kg) 10.38

CON and GIN, basal diet, TAN, basal diet plus 4% tannin DM ingredients.
aThe premix provides the following ingredients per kilogram of diet: Ca 11.5 g, P 7.1 g, VA 
30000 IU, VD 10000 IU, VE 120 mg, Na 3.5 g, Cu 12.5 mg, Fe 100 mg, Zn 80 mg, I 0.6 mg, Se 
0.3 mg, Co 0.5 mg.
bME are calculated values, and other nutrient levels are measured values.
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2.5 RNA extraction of fetus ovary tissue

Fetal ovarian tissue RNA was extracted from different groups, 
according to the manufacturer’s protocol (Magen), using TRIzol 
reagent. RNA quality was determined using the NanoDrop ND-2000 
system (Thermo Scientific, United States). The integrity of the RNA 
values (RIN) by biological analyzer Agilent 4150 is used in the analysis 
system (Agilent Technologies, CA, United States).

2.5.1 Library preparation and sequencing
Samples were processed following the manufacturer’s protocol for 

an ABclonal mRNA-seq Lib Prep Kit (ABclonal, China). This step was 
followed by first-strand cDNA synthesis using reverse transcriptase 
(RNase H). The second-strand cDNA was done using the synthesis of 
DNA polymerase I, RNAseH, buffer, and dNTPs. Second, the PCR 
products were purified by the AMPure XP system. The library size and 
mass were assessed by analysis in Agilent Bioanalyzer 4150 system. 
Finally, library preparations were sequenced using the reagents 
provided in the Illumina NovaSeq 6000.

2.5.2 Data analysis and differential expression 
analysis

The raw data obtained by RNA-seq sequencing were used to 
remove low-quality reads and reads with N ratios greater than 5% 
using the Illumina platform. HISAT2 software1 was used to determine 
DEGs |log2FC| > 1  in the three groups and that (p ≤ 0.05) as 
significantly differentially expressed genes.

2.5.3 Enrichment analysis of GO and KEGG
The GO function analysis of DEGs was conducted using cluster 

Profiler R software, with overrepresented functions filtered at a 
threshold of p ≤ 0.05. Finally, KEGG enrichment analysis identified 
significantly enriched pathways for DEGs under the threshold of 
p ≤ 0.05.

2.6 Statistical analysis

Three replications of each experiment were performed. Sigma Plot 
is used for statistical analyses, and Prism 5.0 was used for drafting. 
Student’s t-test was used for the statistical analysis of two groups. 
Statistical analyses of more than two groups were performed using 
analysis of variance (ANOVA). When p < 0.05, the statistics 
were significant.

3 Results

3.1 Effects of H. contortus and tannin on 
FEC, PCV, and CBC

It can be  seen from Figure  1 that there were no significant 
differences in FEC and PCV among the three groups on day 0 
(p > 0.05). As for FEC, from days 28 to 42, compared with the CON 

1 http://daehwankimlab.github.io/hisat2/

group, the FEC of the GIN and TAN groups increased significantly 
(Figure 1B, p < 0.05) and reached the peak on day 42. On day 47, 
compared with the GIN group, the FEC of the TAN group decreased 
significantly (Figure 1B, p < 0.05).

As for PCV, compared with the CON group, the PCV of the GIN 
and TAN groups decreased significantly on day 28 (Figure  1C, 
p < 0.05). On day 47, compared with the GIN group, the PCV of the 
TAN group increased significantly (Figure 1C, p < 0.05). On days 
63–98, there were no significant differences in FEC and PCV among 
the three groups (Figures 1B,C).

The effects of tannins on CBC in pregnant ewes infected with 
H. contortus on day 47 were presented (Table 3). Compared to the 
CON group, LY%, MONO%, EOS%, NEU%, and PLT of the GIN 
group were significantly increased, and RBC was significantly 
decreased (p < 0.05). Furthermore, tannin supplementation was 
effective in restoring these blood parameters (p < 0.05). However, 
there were no significant changes in MCH, MCV, MCHC, RDW, MPV, 
PDW, and P-LCR% (p > 0.05).

3.2 Effects of H. contortus and tannin on 
inflammation levels

As shown in Figure 2, from days 0 to 28, IL-10 and IL-4 were 
significantly decreased, and IL-2 and TNF-α were significantly 
increased in the GIN and TAN groups compared to the CON group 
(Figures 2A–D, p < 0.05). From days 47 to 63, there was significant 
increase in IL-10 and IL-4 and decrease in IL-2 and TNF-α in the TAN 
group compared to the GIN group (Figures  2A–D, p < 0.05). In 

TABLE 3 Routine blood test in pregnant ewes on day 47.

Complete 
blood 
count

Groups

CON GIN TAN

LY% 61.42 ± 1.21a 79.80 ± 1.35b 69.37 ± 1.17a

NEU% 28.82 ± 2.65a 44.58 ± 2.34b 35.86 ± 2.03a

EOS% 0.35 ± 0.02a 0.54 ± 0.04b 0.45 ± 0.06a

BAS% 0.24 ± 0.13 0.31 ± 0.15 0.27 ± 0.44

MONO% 5.62 ± 1.84a 7.58 ± 1.98b 6.22 ± 1.78a

RBC (1012/L) 11.9 ± 1.21a 8.0 ± 1.63b 9.6 ± 1.74a

MCH (pg) 34.95 ± 0.48 34.40 ± 0.70 35.89 ± 0.61

MCHC (g/dL) 386.96 ± 16.34 380.70 ± 17.60 385.73 ± 16.38

MCV (fL) 9.86 ± 0.15 9.52 ± 0.2 9.85 ± 0.17

RDW (CV%) 8.96 ± 0.02 8.95 ± 0.01 8.94 ± 0.05

PLT (109/L) 240.56 ± 28.95a 311.51 ± 35.36b 254.45 ± 39.27a

MPV (fL) 9.58 ± 0.28 9.56 ± 0.35 9.85 ± 0.47

PDW (CV%) 8.96 ± 0.075 8.86 ± 0.06 8.93 ± 0.048

P-LCR% 13.59 ± 0.18 13.26 ± 0.25 13.25 ± 0.34

Means (±SD) of lymphocyte (LY%), eosinophil (EOS%), neutrophil% (NEU%), basophil% 
(BAS%), monocyte%(MONO%), red blood cell (RBC), mean corpuscular hemoglobin 
(MCH), mean corpuscular volume (MCV), mean corpuscular hemoglobin concentration 
(MCHC), red cell distribution width (RDW), blood platelet (PLT), mean platelet volume 
(MPV), platelet distribution width (PDW), and platelet-larger cell% (P-LCR%) in the among 
groups: infected with H. contortus and non-infected without tannins (GIN and TAN groups, 
respectively). a, b, c Different superscripts indicate significant differences among the three 
groups (p < 0.05).
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addition, on day 98, there were no significant differences among the 
three groups (Figures 2A–D, p > 0.05).

3.3 Effects of H. contortus and tannin on 
mRNA expressions of hormones and 
receptors in hypothalamus–pituitary–
gonadal axis

The results showed that the mRNA levels of the GnRH and RFRP 
of the hypothalamic, GnRHR and RFRPR of the pituitary, and the 
FSH-R, LH-R, ESR-1, and PRLR of ovarian in the GIN group were 
significantly decreased than the CON group (Figures 3A–C, p < 0.05). 
The abnormal expressions of these genes were recovered in the TAN 
group (p < 0.05).

3.4 Effects of H. contortus and tannin on 
sex hormone levels

To further investigate the effects of infection with GINs on the 
reproductive performance of pregnant ewes, we examined changes in 
hormone levels in pregnant ewes. As illustrated in Figure 4, on day 0, 
no significant differences in the levels of six hormones were observed 
among the three groups (Figures 4A–F, p > 0.05). From days 28 to 63, 
GnRH, FSH, LH, E2, P4, and hCG levels in both the GIN and TAN 
groups were significantly lower than those in the CON group 
(Figures 4A–F, p < 0.05). From days 47 to 63, however, these hormone 

levels (GnRH, FSH, LH, E2, P4, and hCG) significantly increased in the 
TAN group than the GIN group (Figures 4A–F, p < 0.05).

3.5 Effects of H. contortus and tannin on 
mRNA expressions of placental 
inflammation indicators

It is hypothesized that the damage caused by H. contortus 
infection may impair fetal development through placental pathways. 
We further analyzed placental inflammatory responses. Compared 
with the CON group, the mRNA levels of anti-inflammatory 
cytokines TGF-β, IL-4, and IL-10 were significantly increased 
(Figures 5A–C, p < 0.05), as well as pro-inflammatory cytokines 
IL-2, TNF-α, and IFN-γ were significantly elevated in the GIN 
group (Figures 5D–F, p < 0.05). By contrary, in the TAN group, the 
levels of pro-inflammatory and anti-inflammatory factors were 
restored (Figures 5A–F, p < 0.05).

3.6 Effects of H. contortus and tannin on 
fetus weight and transcriptomic analysis of 
fetus ovary

Fetus weight in the GIN group was significantly reduced 
compared to the CON group (p < 0.05) but significantly increased 
after tannin supplementation (Figure  6A). To determine whether 
reproductive dysfunction induced by H. contortus was heritable and 

FIGURE 2

Effects of H. contortus and tannin on inflammation levels. (A) Effect on serum IL-10 concentration in pregnant ewes. (B) Effect on serum IL-4 
concentration in pregnant ewes. (C) Effect on serum IL-2 concentration in pregnant ewes. (D) Effect on serum TNF-α concentration in pregnant ewes. 
*means p < 0.05; **means p < 0.01 vs. CON group. # means p < 0.05 vs. GIN group.
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explore the potential ameliorative effects of tannin, the functions and 
biological changes in fetal ovaries were systematically analyzed 
through transcriptomics. Principal component analysis (PCA) 
revealed a clear separation between the three sample groups 
(Figure 6B). H. contortus alter the expression of 942 genes, with 636 
upregulation and 306 downregulation, while tannins affected 1,464 
genes, with 541 upregulation and 923 downregulation (Figures 6C,D, 
p < 0.05).

Based on Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathway enrichment analysis, compared with the CON group, the 
enriched pathways of the upregulated genes in the GIN group were 
mainly concentrated in the TH1 and TH2 cell differentiation, TH17 
cell differentiation, and intestinal immune network for IgA production 
signaling pathway. Compared with the CON group,the enriched 
pathways of downregulated genes in the GIN group were mainly 
concentrated in Gap junction, FoxO signaling pathway, and Estrogen 
signaling pathway (Figures 6E,F, p < 0.05).

Compared with the GIN group, the enriched pathways of 
upregulated genes in the TAN group were mainly concentrated in the 
TH1 and TH2 cell differentiation, inflammatory bowel disease, and 
intestinal immune network for IgA production signaling pathways. 
The enriched pathways of the downregulated genes in the TAN group 
were mainly concentrated in Gap junction, TH17 cell differentiation, 
and intestinal immune network for IgA production signaling pathway 
(Figures 6G–H, p < 0.05).

4 Discussion

It is well known that tannin affects the reproductive performance 
of animals (26), but little is known about their therapeutic effect 
H. contortus infection in pregnant ewes. This study assessed the 
impact of tannin on the reproductive performance of pregnant ewes 
following H. contortus infection, focusing on its effects on deworming 

FIGURE 3

Effects of H. contortus and tannin on mRNA expressions of hormones and receptors in hypothalamus–pituitary–gonadal axis. (A) Relative expression 
levels of GnRH and RFRP in the hypothalamus of pregnant ewes. (B) Relative expression levels of GnRHR and RFRPR in the pituitary of pregnant ewes. 
(C) Relative expression levels of LH-R, FSH-R, ESR-1, and PRLR in the ovary of pregnant ewes. Values were shown as means ± SEMs. *means p < 0.05; 
**means p < 0.01.
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ability, reproductive hormone levels, gonadal axis receptor levels, 
inflammatory markers, and fetal development. We  reported that 
tannin exhibited significant deworming effects and mitigated 
H. contortus infection’s impact on the growth and development of 
both pregnant ewes and their fetuses.

FEC, commonly used to indicate GIN infection in ruminants, is 
closely related to worm load and is the best phenotypic marker of GIN 
infection (27). The results of this study showed that tannin could 
reduce FEC in pregnant ewes, and this effect increased with the 
extension of feeding time. It is consistent with the results of previous 
reports that tannins inhibit parasitic infection (28). The reduction in 
FEC is due to tannins reducing GIN fecundity and inhibiting key 
enzymes, thereby inhibiting larval development (29–31), larval 
exsheathment (32), larval motility and migration (33), egg hatching 
(33), larval feeding (31), and motility of adults (26). In addition, the 
reduction of FEC is also attributed to the indirect effect of tannin (22). 
H. contortus is a blood-sucking parasite that feeds on the blood of 
pregnant ewes and can cause anemia and even death in pregnant ewes 
(34). H. contortus infection of pregnant ewes affects blood PCV levels 
(35). This is consistent with the findings of Castillo et al. (36), who 
reported that H. contortus significantly reduced PCV levels in sheep. 
Yet another way to determine the effect of H. contortus on pregnant 

ewes was by measuring their blood indicators (37). RBC is indicative 
of changes in erythrocyte levels after GIN infection (38, 39). 
Consistent with our study, infection with H. contortus resulted in 
decreased erythrocyte levels and increased EOS%, NEU%, MONO%, 
LY%, and PLT in pregnant ewes. Previous studies have found a 
negative correlation between lymphocytes and H. contortus fecundity 
(40). This can be explained by the fact that when the parasite infects 
the host, the host initiates lymphocytes to reduce H. contortus 
numbers and aggregates eosinophils to target and inhibit H. contortus 
development (41). Interestingly in this study, tannin increased PCV 
and RBC levels and decreased EOS%, NEU%, MONO%, LY%, and 
PLT in pregnant ewes infected with H. contortus (42). This may 
be primarily due to the reduction in FEC, and tannin enhanced host 
immunity, increased the absorption levels of amino acids and proteins 
to fight nematode infection, and restored blood loss (43).

It is well known that the hypothalamic–pituitary–gonadal axis 
(HPG) plays an important role in the reproduction of female 
animals, and the hypothalamus induces FSH and LH synthesis by 
releasing GnRH, which promotes the secretion of E2 and P4 (44). 
Hormones act through specific receptors, for example, FSH binds 
to the FSH receptor (FSH-R) and regulates E2 production (45, 46). 
However, the parasite can interfere with the synthesis, secretion, 

FIGURE 4

Effects of H. contortus and tannin on sex hormone levels. (A) Effect on serum GnRH concentrations in pregnant ewes. (B) Effect on serum FSH 
concentrations in pregnant ewes. (C) Effect on serum LH concentrations in pregnant ewes. (D) Effect on serum E2 concentrations in pregnant ewes. 
(E) Effect on serum P4 concentrations in pregnant ewes. (F) Effect on serum hCG concentrations in pregnant ewes. *means p < 0.05; **means p < 0.01 
vs. CON group. #means p < 0.05 vs. GIN group.

https://doi.org/10.3389/fvets.2025.1531233
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Li et al. 10.3389/fvets.2025.1531233

Frontiers in Veterinary Science 09 frontiersin.org

FIGURE 5

Effects of H. contortus and tannin on mRNA expressions of placental inflammation indicators. (A–C) The anti-inflammatory factor TGF-β, IL-4, and 
IL-10 mRNA levels. (D–F) The pro-inflammatory factor TNF-α, IFN-γ, and IL-2 mRNA levels. Values were shown as means ± SEMs. *means p < 0.05; 
**means p < 0.01.

metabolism, and function of endogenous hormones in female 
animals and also interfere with the immune function of female 
animals (5). Previous studies have found the parasite can cause a 
decrease in the levels of FSH, LH, E2, and P4 in female animals (7, 
14, 47). In this study, it was found that the levels of reproductive 
hormones (GnRH, E2, P4, hCG, FSH, and LH) and gonadal axis 
receptor mRNA were significantly decreased in pregnant ewes 
infected with H. contortus. It was previously reported that the lower 
LH and FSH levels of pregnant ewes in the GINs group may be due 
to the inhibition of GnRH (48, 49). At the same time, hCG 
maintains pregnancy by promoting luteinization and stimulating P4 
production (50). Low levels of LH and hCG may lead to reduced 
activity of its receptors, resulting in lower levels of E2 and P4 (51). In 
addition, tannin can promote the synthesis and release of hormones 
and inhibit the reproduction of GINs (18, 47).

There is growing evidence that there is a bidirectional 
relationship between the HPG and the immune system (52). 
Pregnancy hormones have a very important regulatory role in the 
maternal immune system (50). Parasitic infections during 
pregnancy make hormonal imbalances, leading to a disorder 
between immunity and inflammation (53). Bohstam et  al. (54) 
suggested that the balance between pro-inflammatory factors, such 
as interleukin-1β (IL-1β), IL-2, IL-6, TNF-α, interferon-γ (IFN-γ), 
and IL-8, and anti-inflammatory factors, including transforming 
growth factor-β (TGF-β), IL-4, and IL-10, was a key factor in 
maintaining immune system homeostasis. Previous studies had 
found that parasitic infections led to an increase in inflammatory 
factors (IL-3 and IL-6) in sheep (55, 56). The results of this study 
showed that the levels of pro-inflammatory factors (IL-2, TNF-α, 
and IFN-γ) were increased and the levels of anti-inflammatory 
factors (TGF-β, IL-4, and IL-10) were decreased in pregnant ewes 

infected with H. contortus. In addition, we reported an increase in 
the mRNA expression level of TNF-α in the placenta. This was 
attributed to the activation of the inflammatory cascade induced by 
parasitic infection, and TNF-α stimulated the production of 
inflammatory cytokines (IL-3, IL-6, and IL-10) (57).

The placenta plays an important role in the development of the 
fetus by connecting the fetus to the mother, while all nutrients and 
waste products must pass through the placental barrier (58, 59). In 
addition, some parasites utilize this barrier to enter the fetal 
bloodstream (60). It is well known that the maintenance of a healthy 
pregnancy is associated with the secretion of TH1 cytokines (IFN-γ, 
IL-2, IL-12, and TNF-α) and TH2 cytokines (IL-4, IL-5, IL-6, IL-10, 
and IL-13) in the placenta (61, 62). However, parasitic infections 
disrupted the inflammatory balance within the placenta, leading to 
increased levels of IFN-γ and TNF-α, which adversely affected 
pregnancy (63). Similarly, the results of the present study showed that 
the levels of pro-inflammatory factors (IFN-γ, IL-2, and TNF-α) 
mRNA were elevated and the levels of inflammatory factors (IL-4, 
IL-10, and TGF-β) mRNA were decreased in the placenta and that 
tannins restored their levels.

Several studies have shown that parasitic infection of pregnant 
ewes can lead to fetal infection and abortion (13). To further 
investigate the effect of H. contortus on fetal development, we analyzed 
the fetal ovarian transcriptome through KEGG enrichment. The 
results indicated that KEGG pathways primarily localized genes to 
TH1 and TH2 cell differentiation, as well as to TH17 cell 
differentiation signaling pathways, in addition to gap junction, 
estrogen, and FOXO1 signaling pathways. As expected, infection 
during pregnancy triggers a TH1-type response in the placenta that 
affects fetal development (64). It has been found that the fetal immune 
system does not need to be  fully mature to respond to parasitic 
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infections. Among the immune cells involved, TH17 cells are the most 
abundant CD4+ T cells in mucosal tissues, secreting interleukin-17 
(IL-17) and interleukin-22 (IL-22) to mediate immune responses (65). 
The results of the present study suggested that KEGG enrichment in 
the estrogen signaling pathway within the fetal ovary after infection 
may be due to systemic damage caused by the parasite affecting the 
host organism, as previously hypothesized (66). In addition, parasitic 
infections affect the synthesis of animal hormones (67). The results of 
the present study suggest that KEGG enrichment in the estrogen 
signaling pathway in the post-infected fetal ovary may be  due to 
damage caused by the parasite (68), a hypothesis that has 
been proposed.

Tannins are plant secondary polyphenols, which are diverse 
and have a high affinity for proteins (69). As a result, tannins play 
an indirect role in boosting immunity by improving the protein 
availability of the host (70). Our results showed that after tannin 
was added to the diet, the levels of pro-inflammatory and anti-
inflammatory factors were restored. This could be attributed to the 
fact that tannins, on the one hand, exert a repellent effect, reducing 
inflammation in pregnant ewes (71). On the other hand, 
polyphenols such as tannins have been shown to decrease the levels 
of several pro-inflammatory cytokines, including IL-6, IL-8, and 
TNF-α (72). Additionally, numerous studies have demonstrated 
that tannins can promote follicular development (47), increase E2 

FIGURE 6

Effects of H. contortus and tannin on fetus body weight and transcriptomic analysis of fetus ovary. (A) Fetus weight infected with H. contortus. (B) PCA 
among CON (n = 3), GIN (n = 3), and TAN (n = 3). (C,D) Volcano plot of differentially expressed genes among the CON, GIN, and TAN groups 
(differential fold >1.5, p < 0.05). The horizontal axis represents log2 (fold change), and the vertical axis represents −log10 (p-value). (E,F) Top 20 of 
KEGG enrichment pathway of up- and downregulated genes between the CON and GIN groups. (G,H) Top 20 of KEGG enrichment pathway of up- 
and downregulated genes between the TAN and GIN groups. Pathways are sorted by −log10 (p-value) corresponding to each entry. Each dot in the 
figure represents a pathway; smaller p-values are represented by colors closer to red, while larger dots indicate a greater number of genes in the 
pathway.
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levels (73), and function as ovarian antioxidants (74). Therefore, 
the sequencing results clearly indicate that tannins restore ovarian 
function and may improve fetal growth and development. 
However, the exact mechanism requires further investigation.

5 Conclusion

In conclusion, our results demonstrated that H. contortus 
infection resulted in disturbance in serum reproductive hormones 
and inhibition of receptor mRNA levels, increased placental 
inflammation, and affected the fetal development. Surprisingly, 
tannin alleviates placental inflammation and fetal growth 
impairment in pregnant ewes caused by H. contortus infection. 
According to the European Food Safety Authority (EFSA) 
evaluations, tannins have potential benefits as feed additives at 
certain concentrations, especially in terms of antiparasitic and 
improved intestinal health (75). Thus, tannin may be  a new 
additive to improve the reproduction ability of sheep infected with 
H. contortus. The results provided fundamental knowledge for a 
healthy feeding strategy for sheep breeding.

Data availability statement

The datasets presented in this study can be  found in online 
repositories. The names of the repository/repositories and accession 
number(s) can be found in the article/supplementary material.

Ethics statement

The animal study was reviewed and approved by the Animal 
Care Committee of Jilin Agricultural University and the Institute 
of Geography and Agroecology, Chinese Academy of Sciences, 
Jilin, China (Protocol No. GF2019003). The study was conducted 
in accordance with the local legislation and 
institutional requirements.

Author contributions

XL: Writing – original draft. HX: Writing – original draft. RL: 
Data curation, Writing – original draft. XH: Investigation, Writing – 
original draft. RZ: Project administration, Writing – original draft. 
HL: Methodology, Writing – original draft. YF: Writing – review & 
editing.

Funding

The author(s) declare that financial support was received for the 
research, authorship, and/or publication of this article. This study was 
financially supported by the National Natural Science Foundation of 
China (31972595, U23A20234) and the National Key Research and 
Development Program of China (2021YFD1200400).

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Generative AI statement

The authors declare that no Gen AI was used in the creation of 
this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

References
 1. Arroyo-Lopez C, Manolaraki F, Saratsis A, Saratsi K, Stefanakis A, Skampardonis 

V, et al. Anthelmintic effect of carob pods and sainfoin hay when fed to lambs after 
experimental trickle infections with Haemonchus contortus and Trichostrongylus 
colubriformis. Parasite. (2014) 21:71. doi: 10.1051/parasite/2014074

 2. Wang C, Li F, Zhang Z, Yang X, Ahmad AA, Li X, et al. Recent research progress in 
China on Haemonchus contortus. Front Microbiol. (2017) 8:1509. doi: 10.3389/
fmicb.2017.01509

 3. Emery DL, Hunt PW, Le Jambre LF. Haemonchus contortus: the then and now, and 
where to from here? Int J Parasitol. (2016) 46:755–69. doi: 10.1016/j.ijpara.2016.07.001

 4. González-Garduño R, López-Arellano ME, Mendoza-de Gives P, Torres-Hernández 
G, Arece-García J. Immune response in Blackbelly lambs to Haemonchus contortus and 
Trichostrongylus colubriformis mixed infection in a hot and humid climate. Trop 
Biomed. (2018) 35:696–708.

 5. Gomez de Leon CT, Ostoa-Saloma P, Segovia-Mendoza M, Del Rio-Araiza VH, 
Morales-Montor J. Environmental parasitology and its impact on the host 
nueroimmunoendocrine network. Front Biosci (Landmark Ed). (2021) 26:431–43. doi: 
10.2741/4900

 6. Romano MC, Jiménez P, Miranda-Brito C, Valdez RA. Parasites and steroid 
hormones: corticosteroid and sex steroid synthesis, their role in the parasite physiology 
and development. Front Neurosci. (2015) 9:224. doi: 10.3389/fnins.2015.00224

 7. Faccio L, Da Silva AS, Tonin AA, França RT, Gressler LT, Copetti MM, et al. Serum 
levels of LH, FSH, estradiol and progesterone in female rats experimentally infected by 

Trypanosoma evansi. Exp Parasitol. (2013) 135:110–5. doi: 10.1016/j.
exppara.2013.06.008

 8. Sánchez-Paredes A, Cuenca-Verde C, Prado-Ochoa MG, Morales-Montor J, Alba-
Hurtado F, Muñoz-Guzmán MA. Growth hormone stimulates the in vitro development 
and establishment of Haemonchus contortus in sheep. Vet Parasitol. (2024) 328:110166. 
doi: 10.1016/j.vetpar.2024.110166

 9. Gossner A, Wilkie H, Joshi A, Hopkins J. Exploring the abomasal lymph node 
transcriptome for genes associated with resistance to the sheep nematode Teladorsagia 
circumcincta. Vet Res. (2013) 44:68. doi: 10.1186/1297-9716-44-68

 10. Estrada-Reyes ZM, López-Reyes AG, Lagunas-Martínez A, Ramírez-Vargas G, 
Olazarán-Jenkins S, Hernández-Romano J, et al. Relative expression analysis of IL-5 and 
IL-6 genes in tropical sheep breed Pelibuey infected with Haemonchus contortus. 
Parasite Immunol. (2015) 37:446–52. doi: 10.1111/pim.12211

 11. Sedky D, Abd T, Nasr SM, Abdel-Aziem SH, Hassan NMF, Mohamed AH, et al. 
Regulatory effect of Balanites aegyptiaca ethanol extract on oxidant/antioxidant status, 
inflammatory cytokines, and cell apoptosis gene expression in goat abomasum 
experimentally infected with Haemonchus Contortus. Trop Anim Health Prod. (2024) 
56:195. doi: 10.1007/s11250-024-04023-w

 12. Nogueira BCF, da Silva SE, Mauricio Ortega Orozco A, Abreu da Fonseca L, 
Kanadani CA. Evidence that ectoparasites influence the hematological parameters of the 
host: a systematic review. Anim Health Res Rev. (2023) 24:28–39. doi: 10.1017/
S1466252323000051

https://doi.org/10.3389/fvets.2025.1531233
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://doi.org/10.1051/parasite/2014074
https://doi.org/10.3389/fmicb.2017.01509
https://doi.org/10.3389/fmicb.2017.01509
https://doi.org/10.1016/j.ijpara.2016.07.001
https://doi.org/10.2741/4900
https://doi.org/10.3389/fnins.2015.00224
https://doi.org/10.1016/j.exppara.2013.06.008
https://doi.org/10.1016/j.exppara.2013.06.008
https://doi.org/10.1016/j.vetpar.2024.110166
https://doi.org/10.1186/1297-9716-44-68
https://doi.org/10.1111/pim.12211
https://doi.org/10.1007/s11250-024-04023-w
https://doi.org/10.1017/S1466252323000051
https://doi.org/10.1017/S1466252323000051


Li et al. 10.3389/fvets.2025.1531233

Frontiers in Veterinary Science 12 frontiersin.org

 13. López-Pérez IC, Collantes-Fernández E, Aguado-Martínez A, Rodríguez-Bertos 
A, Ortega-Mora LM. Influence of Neospora caninum infection in BALB/c mice during 
pregnancy in post-natal development. Vet Parasitol. (2008) 155:175–83. doi: 10.1016/j.
vetpar.2008.05.018

 14. López-Pérez IC, Collantes-Fernández E, Rojo-Montejo S, Navarro-Lozano V, 
Risco-Castillo V, Pérez-Pérez V, et al. Effects of Neospora caninum infection at mid-
gestation on placenta in a pregnant mouse model. J Parasitol. (2010) 96:1017–20. doi: 
10.1645/GE-2347.1

 15. McKellar QA. Ecotoxicology and residues of anthelmintic compounds. Vet 
Parasitol. (1997) 72:413. doi: 10.1016/s0304-4017(97)00108-8

 16. Paolini V, Bergeaud JP, Grisez C, Prevot F, Dorchies P, Hoste H. Effects of 
condensed tannins on goats experimentally infected with Haemonchus contortus. Vet 
Parasitol. (2003) 113:253–61. doi: 10.1016/s0304-4017(03)00064-5

 17. Kaplan RM. Drug resistance in nematodes of veterinary importance: a status 
report. Trends Parasitol. (2004) 20:477–81. doi: 10.1016/j.pt.2004.08.001

 18. Rochfort S, Parker AJ, Dunshea FR. Plant bioactives for ruminant health and 
productivity. Phytochemistry. (2008) 69:299–322. doi: 10.1016/j.phytochem.2007.08.017

 19. Rodríguez-Hernández P, Reyes-Palomo C, Sanz-Fernández S, Rufino-Moya PJ, 
Zafra R, Martínez-Moreno FJ, et al. Antiparasitic tannin-rich plants from the south of 
Europe for grazing livestock: a review. Animals (Basel). (2023) 13:201. doi: 10.3390/
ani13020201

 20. Gujja S, Terrill TH, Mosjidis JA, Miller JE, Mechineni A, Kommuru DS, et al. Effect 
of supplemental sericea lespedeza leaf meal pellets on gastrointestinal nematode 
infection in grazing goats. Vet Parasitol. (2013) 191:51–8. doi: 10.1016/j.
vetpar.2012.08.013

 21. Paolini V, Prevot F, Dorchies P, Hoste H. Lack of effects of quebracho and sainfoin 
hay on incoming third-stage larvae of Haemonchus contortus in goats. Vet J. (2005) 
170:260–3. doi: 10.1016/j.tvjl.2004.05.001

 22. Kidane A, Houdijk JGM, Athanasiadou S, Tolkamp BJ, Kyriazakis I. Effects of 
maternal protein nutrition and subsequent grazing on chicory (Cichorium intybus) on 
parasitism and performance of lambs. J Anim Sci. (2010) 88:1513–21. doi: 10.2527/
jas.2009-2530

 23. Paveto C, Güida MC, Esteva MI, Martino V, Coussio J, Flawiá MM, et al. Anti-
Trypanosoma cruzi activity of green tea (Camellia sinensis) catechins. Antimicrob Agents 
Chemother. (2004) 48:69–74. doi: 10.1128/AAC.48.1.69-74.2004

 24. Pau S, Falchi L, Ledda M, Pivato I, Valentino M, Bogliolo L, et al. Reproductive 
performance following Transcervical insemination with frozen thawed semen in ewes 
submitted to surgical incision of cervical folds (SICF): comparison with laparoscopic 
artificial insemination. Animals (Basel). (2020) 10:108. doi: 10.3390/ani10010108

 25. Xiang H, Zhao B, Fang Y, Jiang L, Zhong R. Haemonchus contortus alters 
distribution and utilization of protein and amino acids in different tissues of host sheep. 
Vet Parasitol. (2024) 331:110289. doi: 10.1016/j.vetpar.2024.110289

 26. Paolini V, Fouraste I, Hoste H. In vitro effects of three woody plant and sainfoin 
extracts on 3rd-stage larvae and adult worms of three gastrointestinal nematodes. 
Parasitology. (2004) 129:69–77. doi: 10.1017/s0031182004005268

 27. Amarante AFT, Bricarello PA, Rocha RA, Gennari SM. Resistance of Santa Ines, 
Suffolk and Ile de France sheep to naturally acquired gastrointestinal nematode 
infections. Vet Parasitol. (2004) 120:91. doi: 10.1016/j.vetpar.2003.12.004

 28. Waghorn GC, McNabb WC. Consequences of plant phenolic compounds for 
productivity and health of ruminants. Proc Nutr Soc. (2003) 62:383–92. doi: 10.1079/
pns2003245

 29. Brunet S, Hoste H. Monomers of condensed tannins affect the larval exsheathment 
of parasitic nematodes of ruminants. J Agric Food Chem. (2006) 54:7481–7. doi: 10.1021/
jf0610007

 30. Molan AL, Meagher LP, Spencer PA, Sivakumaran S. Effect of flavan-3-ols on 
in  vitro egg hatching, larval development and viability of infective larvae of 
Trichostrongylus colubriformis. Int J Parasitol. (2003) 33:1691–8. doi: 10.1016/
s0020-7519(03)00207-8

 31. Molan AL, Waghorn GC, McNabb WC. Effect of condensed tannins on egg 
hatching and larval development of Trichostrongylus colubriformis in vitro. Vet Rec. 
(2002) 150:65–9. doi: 10.1136/vr.150.3.65

 32. Barrau E, Fabre N, Fouraste I, Hoste H. Effect of bioactive compounds from 
Sainfoin (Onobrychis viciifolia Scop.) on the in vitro larval migration of Haemonchus 
contortus: role of tannins and flavonol glycosides. Parasitology. (2005) 131:531–8. doi: 
10.1017/S0031182005008024

 33. Molan AL, Hoskin SO, Barry TN, McNabb WC. Effect of condensed tannins 
extracted from four forages on the viability of the larvae of deer lungworms and 
gastrointestinal nematodes. Vet Rec. (2000) 147:44–8. doi: 10.1136/vr.147.2.44

 34. Miller JE, Bahirathan M, Lemarie SL, Hembry FG, Kearney MT, Barras SR. 
Epidemiology of gastrointestinal nematode parasitism in Suffolk and Gulf Coast native 
sheep with special emphasis on relative susceptibility to Haemonchus contortus 
infection. Vet Parasitol. (1998) 74:55–74. doi: 10.1016/s0304-4017(97)00094-0

 35. Mugambi JM, Audho JO, Njomo S, Baker RL. Evaluation of the phenotypic 
performance of a red Maasai and Dorper double backcross resource population: indoor 
trickle challenge with Haemonchus contortus. Vet Parasitol. (2005) 127:263–75. doi: 
10.1016/j.vetpar.2004.10.017

 36. Castillo JAF, Medina RDM, Villalobos JMB, Gayosso-Vázquez A, Ulloa-Arvízu R, 
Rodríguez RA, et al. Association between major histocompatibility complex 
microsatellites, fecal egg count, blood packed cell volume and blood eosinophilia in 
Pelibuey sheep infected with Haemonchus contortus. Vet Parasitol. (2011) 177:339–44. 
doi: 10.1016/j.vetpar.2010.11.056

 37. Andronicos NM, Henshall JM, Le Jambre LF, Hunt PW, Ingham AB. A one shot 
blood phenotype can identify sheep that resist Haemonchus contortus challenge. Vet 
Parasitol. (2014) 205:595–605. doi: 10.1016/j.vetpar.2014.08.009

 38. Jiménez-Penago G, Hernández-Mendo O, González-Garduño R, Torres-
Hernández G, Torres-Chablé OM, Maldonado-Simán E. Mean corpuscular haemoglobin 
concentration as haematological marker to detect changes in red blood cells in sheep 
infected with Haemonchus contortus. Vet Res Commun. (2021) 45:189–97. doi: 10.1007/
s11259-021-09800-8

 39. Wang Y, Wu L, Liu X, Wang S, Ehsan M, Yan R, et al. Characterization of a 
secreted cystatin of the parasitic nematode Haemonchus contortus and its immune-
modulatory effect on goat monocytes. Parasit Vectors. (2017) 10:425. doi: 10.1186/
s13071-017-2368-1

 40. González JF, Hernández A, Meeusen ENT, Rodríguez F, Molina JM, Jaber JR, et al. 
Fecundity in adult Haemonchus contortus parasites is correlated with abomasal tissue 
eosinophils and γδ T cells in resistant Canaria hair breed sheep. Vet Parasitol. (2011) 
178:286–92. doi: 10.1016/j.vetpar.2011.01.005

 41. Terefe G, Grisez C, Prevot F, Bergeaud J-P, Dorchies P, Brunel J-C, et al. In 
vitro pre-exposure of Haemonchus contortus L3 to blood eosinophils reduces their 
establishment potential in sheep. Vet Res. (2007) 38:647–54. doi: 10.1051/
vetres:2007019

 42. Biz JFF, Dos Santos SK, Salgado JA, Bechara GH, Sotomaior CS. Effect of 
commercial tannins on parasitic infection and immunity of lambs naturally infected 
with Haemonchus contortus. Vet Parasitol Reg Stud Reports. (2023) 38:100833. doi: 
10.1016/j.vprsr.2023.100833

 43. Hoste H, Martinez-Ortiz-de-Montellano C, Manolaraki F, Brunet S, Ojeda-
Robertos N, Fourquaux I, et al. Direct and indirect effects of bioactive tannin-rich 
tropical and temperate legumes against nematode infections. Vet Parasitol. (2012) 
186:18–27. doi: 10.1016/j.vetpar.2011.11.042

 44. Marshall JC, Eagleson CA, McCartney CR. Hypothalamic dysfunction. Mol Cell 
Endocrinol. (2001) 183:29–32. doi: 10.1016/s0303-7207(01)00611-6

 45. Beck-Peccoz P, Romoli R, Persani L. Mutations of LH and FSH receptors. J 
Endocrinol Investig. (2000) 23:566–72. doi: 10.1007/BF03343777

 46. Kumar TR. Extragonadal actions of FSH: a critical need for novel genetic models. 
Endocrinology. (2018) 159:2–8. doi: 10.1210/en.2017-03118

 47. Yu M, Sun X, Dai X, Gu C, Gu M, Wang A, et al. Effects of tannic acid on 
antioxidant activity and ovarian development in adolescent and adult female Brandt's 
voles. Reprod Sci. (2021) 28:2839–46. doi: 10.1007/s43032-021-00578-3

 48. Omer OH, Mousa HM, Al-Wabel N. Study on the antioxidant status of rats 
experimentally infected with Trypanosoma evansi. Vet Parasitol. (2007) 145:142–5. doi: 
10.1016/j.vetpar.2006.11.007

 49. Mutayoba BM, Eckersall PD, Jeffcoate IA, Cestnik V, Holmes PH. Effects of 
Trypanosoma congolense infection in rams on the pulsatile secretion of LH and 
testosterone and responses to injection of GnRH. J Reprod Fertil. (1994) 102:425–31. 
doi: 10.1530/jrf.0.1020425

 50. Polese B, Gridelet V, Araklioti E, Martens H, Perrier d'Hauterive S, Geenen V. The 
endocrine milieu and CD4 T-lymphocyte polarization during pregnancy. Front 
Endocrinol (Lausanne). (2014) 5:106. doi: 10.3389/fendo.2014.00106

 51. Schumacher A, Poloski E, Spörke D, Zenclussen AC. Luteinizing hormone 
contributes to fetal tolerance by regulating adaptive immune responses. Am J Reprod 
Immunol. (2014) 71:434–40. doi: 10.1111/aji.12215

 52. Mavoungou D, Poaty-Mavoungou V, Ongali B, Akoume MY, Maka G, Mavoungou 
E. Hypothalamic-pituitary gonadal axis and immune response imbalance during chronic 
filarial infections. Trop Med Int Health. (2005) 10:1180–6. doi: 
10.1111/j.1365-3156.2005.01499.x

 53. Fthenakis GC, Mavrogianni VS, Gallidis E, Papadopoulos E. Interactions between 
parasitic infections and reproductive efficiency in sheep. Vet Parasitol. (2015) 208:56–66. 
doi: 10.1016/j.vetpar.2014.12.017

 54. Boshtam M, Asgary S, Kouhpayeh S, Shariati L, Khanahmad H. Aptamers against 
pro- and anti-inflammatory cytokines: a review. Inflammation. (2017) 40:340–9. doi: 
10.1007/s10753-016-0477-1

 55. Terefe G, Lacroux C, Andreoletti O, Grisez C, Prevot F, Bergeaud J, et al. Immune 
response to Haemonchus contortus infection in susceptible (INRA 401) and resistant 
(Barbados black belly) breeds of lambs. Parasite Immunol. (2007) 29:415–24. doi: 
10.1111/j.1365-3024.2007.00958.x

 56. Buendía-Jiménez JA, Muñoz-Guzmán MA, Vega-López MA, Cuenca-Verde C, 
Martínez-Labat JP, Cuéllar-Ordaz JA, et al. Partial protection and abomasal cytokine 
expression in sheep experimentally infected with Haemonchus contortus and pre-
treated with Taenia hydatigena vesicular concentrate. Vet Parasitol. (2015) 211:60–6. doi: 
10.1016/j.vetpar.2015.04.019

 57. Bąska P, Norbury LJ. The role of nuclear factor kappa B (NF-κB) in the immune 
response against parasites. Pathogens. (2022) 11:310. doi: 10.3390/pathogens11030310

https://doi.org/10.3389/fvets.2025.1531233
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://doi.org/10.1016/j.vetpar.2008.05.018
https://doi.org/10.1016/j.vetpar.2008.05.018
https://doi.org/10.1645/GE-2347.1
https://doi.org/10.1016/s0304-4017(97)00108-8
https://doi.org/10.1016/s0304-4017(03)00064-5
https://doi.org/10.1016/j.pt.2004.08.001
https://doi.org/10.1016/j.phytochem.2007.08.017
https://doi.org/10.3390/ani13020201
https://doi.org/10.3390/ani13020201
https://doi.org/10.1016/j.vetpar.2012.08.013
https://doi.org/10.1016/j.vetpar.2012.08.013
https://doi.org/10.1016/j.tvjl.2004.05.001
https://doi.org/10.2527/jas.2009-2530
https://doi.org/10.2527/jas.2009-2530
https://doi.org/10.1128/AAC.48.1.69-74.2004
https://doi.org/10.3390/ani10010108
https://doi.org/10.1016/j.vetpar.2024.110289
https://doi.org/10.1017/s0031182004005268
https://doi.org/10.1016/j.vetpar.2003.12.004
https://doi.org/10.1079/pns2003245
https://doi.org/10.1079/pns2003245
https://doi.org/10.1021/jf0610007
https://doi.org/10.1021/jf0610007
https://doi.org/10.1016/s0020-7519(03)00207-8
https://doi.org/10.1016/s0020-7519(03)00207-8
https://doi.org/10.1136/vr.150.3.65
https://doi.org/10.1017/S0031182005008024
https://doi.org/10.1136/vr.147.2.44
https://doi.org/10.1016/s0304-4017(97)00094-0
https://doi.org/10.1016/j.vetpar.2004.10.017
https://doi.org/10.1016/j.vetpar.2010.11.056
https://doi.org/10.1016/j.vetpar.2014.08.009
https://doi.org/10.1007/s11259-021-09800-8
https://doi.org/10.1007/s11259-021-09800-8
https://doi.org/10.1186/s13071-017-2368-1
https://doi.org/10.1186/s13071-017-2368-1
https://doi.org/10.1016/j.vetpar.2011.01.005
https://doi.org/10.1051/vetres:2007019
https://doi.org/10.1051/vetres:2007019
https://doi.org/10.1016/j.vprsr.2023.100833
https://doi.org/10.1016/j.vetpar.2011.11.042
https://doi.org/10.1016/s0303-7207(01)00611-6
https://doi.org/10.1007/BF03343777
https://doi.org/10.1210/en.2017-03118
https://doi.org/10.1007/s43032-021-00578-3
https://doi.org/10.1016/j.vetpar.2006.11.007
https://doi.org/10.1530/jrf.0.1020425
https://doi.org/10.3389/fendo.2014.00106
https://doi.org/10.1111/aji.12215
https://doi.org/10.1111/j.1365-3156.2005.01499.x
https://doi.org/10.1016/j.vetpar.2014.12.017
https://doi.org/10.1007/s10753-016-0477-1
https://doi.org/10.1111/j.1365-3024.2007.00958.x
https://doi.org/10.1016/j.vetpar.2015.04.019
https://doi.org/10.3390/pathogens11030310


Li et al. 10.3389/fvets.2025.1531233

Frontiers in Veterinary Science 13 frontiersin.org

 58. Souza RM, Ataíde R, Dombrowski JG, Ippólito V, Aitken EH, Valle SN, et al. 
Placental histopathological changes associated with plasmodium vivax infection during 
pregnancy. PLoS Negl Trop Dis. (2013) 7:e2071. doi: 10.1371/journal.pntd.0002071

 59. Robbins JR, Zeldovich VB, Poukchanski A, Boothroyd JC, Bakardjiev AI. Tissue 
barriers of the human placenta to infection with Toxoplasma gondii. Infect Immun. 
(2012) 80:418–28. doi: 10.1128/IAI.05899-11

 60. Wang X, Qu L, Chen J, Hu K, Zhou Z, Zhang J, et al. Rhoptry proteins affect the 
placental barrier in the context of Toxoplasma gondii infection: signaling pathways and 
functions. Ecotoxicol Environ Saf. (2024) 280:116567. doi: 10.1016/j.ecoenv.2024.116567

 61. Alba-Hurtado F, Muñoz-Guzmán MA. Immune responses associated with 
resistance to haemonchosis in sheep. Biomed Res Int. (2013) 2013:162158. doi: 
10.1155/2013/162158

 62. Gill HS, Altmann K, Cross ML, Husband AJ. Induction of T helper 1- and T helper 
2-type immune responses during Haemonchus contortus infection in sheep. 
Immunology. (2000) 99:458–63. doi: 10.1046/j.1365-2567.2000.00974.x

 63. Hanna N, Hanna I, Hleb M, Wagner E, Dougherty J, Balkundi D, et al. Gestational 
age-dependent expression of IL-10 and its receptor in human placental tissues and 
isolated cytotrophoblasts. J Immunol. (2000) 164:5721–8. doi: 10.4049/
jimmunol.164.11.5721

 64. Galván-Ramírez ML, Gutiérrez-Maldonado AF, Verduzco-Grijalva F, Jiménez 
JMD. The role of hormones on Toxoplasma gondii infection: a systematic review. Front 
Microbiol. (2014) 5:503. doi: 10.3389/fmicb.2014.00503

 65. Castaño P, Fernández M, Regidor-Cerrillo J, Fuertes M, Horcajo P, Ferre I, et al. 
Peripheral and placental immune responses in sheep after experimental infection with 
Toxoplasma gondii at the three terms of gestation. Vet Res. (2019) 50:66. doi: 10.1186/
s13567-019-0681-8

 66. Molnar M, Jakovljević Kovač M, Pavić V. A comprehensive analysis of diversity, 
structure, biosynthesis and extraction of biologically active tannins from various plant-

based materials using deep eutectic solvents. Molecules. (2024) 29:2615. doi: 10.3390/
molecules29112615

 67. Huang J, Zaynab M, Sharif Y, Khan J, al-Yahyai R, Sadder M, et al. Tannins as 
antimicrobial agents: understanding toxic effects on pathogens. Toxicon. (2024) 
247:107812:107812. doi: 10.1016/j.toxicon.2024.107812

 68. Xu D-P, Li Y, Meng X, Zhou T, Zhou Y, Zheng J, et al. Natural antioxidants in foods 
and medicinal plants: extraction, assessment and resources. Int J Mol Sci. (2017) 18:96. 
doi: 10.3390/ijms18010096

 69. Yahfoufi N, Alsadi N, Jambi M, Matar C. The immunomodulatory and anti-
inflammatory role of polyphenols. Nutrients. (2018) 10:1618. doi: 10.3390/nu10111618

 70. Yu M, Fan R, Wang D, Han Y, Dai X, Yang S-M. Tannic acid alleviates 
3-nitropropionic acid-induced ovarian damage in Brandt vole (Lasiopodomys brandtii). 
Reprod Sci. (2024) 31:2261–72. doi: 10.1007/s43032-024-01543-6

 71. Zhou Y, Lan H, Dong Z, Cao W, Zeng Z, Song J-L. Dietary proanthocyanidins 
alleviated ovarian fibrosis in letrozole-induced polycystic ovary syndrome in rats. J Food 
Biochem. (2021) 45:e13723. doi: 10.1111/jfbc.13723

 72. Harris NL, Pn L. Recent advances in Type-2-cell-mediated immunity: insights from 
helminth infection. Immunity. (2017) 47:1024–36. doi: 10.1016/j.immuni.2017.11.015

 73. Hatton O, Stitzlein L, Dudley RW, Charvat RA. Evaluating the Antiparasitic 
activity of novel BPZ derivatives against Toxoplasma gondii. Microorganisms. (2020) 
8:1159. doi: 10.3390/microorganisms8081159

 74. Buxton D, Finlayson J. Experimental infection of pregnant sheep with Toxoplasma 
gondii: pathological and immunological observations on the placenta and foetus. J Comp 
Pathol. (1986) 96:319–33. doi: 10.1016/0021-9975(86)90052-6

 75. EFSA FEEDAP Panel (EFSA Panel on Additives and Products or Substances used in 
Animal Feed). Scientific Opinion on the safety and efficacy of tannic acid when used as feed 
flavouring for all animal species. EFSA Journal. (2014) 12:3828. doi: 10.2903/j.efsa.2014.3828

https://doi.org/10.3389/fvets.2025.1531233
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://doi.org/10.1371/journal.pntd.0002071
https://doi.org/10.1128/IAI.05899-11
https://doi.org/10.1016/j.ecoenv.2024.116567
https://doi.org/10.1155/2013/162158
https://doi.org/10.1046/j.1365-2567.2000.00974.x
https://doi.org/10.4049/jimmunol.164.11.5721
https://doi.org/10.4049/jimmunol.164.11.5721
https://doi.org/10.3389/fmicb.2014.00503
https://doi.org/10.1186/s13567-019-0681-8
https://doi.org/10.1186/s13567-019-0681-8
https://doi.org/10.3390/molecules29112615
https://doi.org/10.3390/molecules29112615
https://doi.org/10.1016/j.toxicon.2024.107812
https://doi.org/10.3390/ijms18010096
https://doi.org/10.3390/nu10111618
https://doi.org/10.1007/s43032-024-01543-6
https://doi.org/10.1111/jfbc.13723
https://doi.org/10.1016/j.immuni.2017.11.015
https://doi.org/10.3390/microorganisms8081159
https://doi.org/10.1016/0021-9975(86)90052-6
https://doi.org/10.2903/j.efsa.2014.3828

	Tannin alleviated reproductive dysfunction in pregnant ewes infected with Haemonchus contortus
	1 Introduction
	2 Materials and methods
	2.1 H. contortus larvae
	2.2 Animals, diets, and experimental design
	2.3 Sampling and analytical procedures
	2.4 RNA extraction and quantitative real-time polymerase chain reaction analysis
	2.5 RNA extraction of fetus ovary tissue
	2.5.1 Library preparation and sequencing
	2.5.2 Data analysis and differential expression analysis
	2.5.3 Enrichment analysis of GO and KEGG
	2.6 Statistical analysis

	3 Results
	3.1 Effects of H. contortus and tannin on FEC, PCV, and CBC
	3.2 Effects of H. contortus and tannin on inflammation levels
	3.3 Effects of H. contortus and tannin on mRNA expressions of hormones and receptors in hypothalamus–pituitary–gonadal axis
	3.4 Effects of H. contortus and tannin on sex hormone levels
	3.5 Effects of H. contortus and tannin on mRNA expressions of placental inflammation indicators
	3.6 Effects of H. contortus and tannin on fetus weight and transcriptomic analysis of fetus ovary

	4 Discussion
	5 Conclusion

	References

