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Abstract: The present study aimed to investigate the effect of tetramethylpyrazine (TMP) supplementation on growth 

performance, Campylobacter jejuni (C. jejuni) carriage and antimicrobial peptides in the epithelial tissue of caecum 

and skin in rabbits. Five treatments included control and C. jejuni challenge with the addition of TMP at 0, 50, 100 or 

150 mg/kg of diet. The trial lasted for 35 days and C. jejuni challenge occurred on first day of feeding trial. The results 

showed that C. jejuni challenge worsened (P < 0.05) feed intake, body weight gain and feed efficiency, whereas TMP 

supplementation partially compensated (P < 0.05) growth performance. C. jejuni populations in the caecal content 

and on the skin were decreased (P < 0.05) in the treatments containing TMP. The mRNA levels of antimicrobial pep-

tides, including defensin neutrophil peptide 4, macrophage cationic peptide 2, galectin 3 and cathelicidin were also 

decreased (P < 0.05) by C. jejuni challenge while they were increased (P < 0.05) with supplemental TMP. Linear and 

quadratic trends (P ≤ 0.012) of the three doses of TMP were found in growth performance, linear trends (P ≤ 0.049) 

in C. jejuni carriage, and linear and quadratic trends (P ≤ 0.012) in galectin 3. The results suggest that TMP can par-

tially protect from C. jejuni infection by decreasing C. jejuni carriage and activating epithelial antimicrobial peptides.
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Campylobacter jejuni (C. jejuni) infection is one 

of the most widespread infectious diseases in both 

developed and developing countries (Kaakoush et 

al. 2015). The main natural reservoir of the bac-

terium is poultry, and humans can contract the 

disease from eating contaminated food (Laukova 

et al. 2017). Another source of campylobacteriosis 

is contact with infected animals, which often carry 

C. jejuni asymptomatically. Most livestock species 

including rabbits are also susceptible groups. An 

investigation in Italy found that a total of 36 out 

of 39 farmed rabbits and all the 13 farms result-

ed positive for Campylobacter species including  

C. jejuni (Revez et al. 2008). Furthermore, the 

incidence and prevalence of campylobacteriosis 

are being exacerbated by the ban of antibiotics 

for non-therapeutic reasons for farmed animals 

in some countries (Rukambile et al. 2019). Ad-

ditionally, with the increasing trend of health 

awareness, production of rabbit meat has been 

growing worldwide due to its low levels of fat, 

cholesterol and sodium, but high levels of protein 

(Dalle Zotte and Szendro 2011; Cullere and Dalle 

Zotte 2018). 

Tetramethylpyrazine (TMP), also known as li-

gustrazine, a chemical compound abundant in 

natto and fermented cocoa beans, has been found 

in recent studies to be effective against oxidation, 

inflammation and bacteria (Xu et al. 2011; Donkor 

et al. 2016; Wang et al. 2019b). TMP reduced 

toxicity and liver oxidative stress in chickens with 

tibial dyschondroplasia, inhibited inflammatory 
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cytokine expression in hepatic stellate cells, and 

attenuated pro-inflammatory mediators in rats (Kim 

et al. 2014; Mehmood et al. 2018). Moreover, TMP 

showed antimicrobial activity against Salmonella, 

Escherichia coli, Clostridium perfringens and Gram-

negative bacteria in the intestine of broilers (Liu et 

al. 2018, 2019). In addition, Vieira et al. (2007) found 

that the pyrazine compounds reduced populations 

of Staphylococcus aureus and Staphylococcus aga-

lactiae. Furthermore, TMP regulated the activity 

of critical proteins or peptides, such as hepcidin, 

nuclear factor kappa-light-chain-enhancer of ac-

tivated B cells and glutathione in animals (Kim et 

al. 2014; Liu et al. 2018; Zhang et al. 2019).

The effect of TMP on protecting against Campylo-

bacter infection and antimicrobial peptides in farm 

animals remains untested, however. The present 

study aimed to investigate the effect of TMP sup-

plementation on growth performance, C. jejuni 

carriage and antimicrobial peptides in growing Rex 

rabbits challenged with C. jejuni.

MATERIAL AND METHODS

Tetramethylpyrazine, treatment and diet. TMP 

(2,3,5,6-tetramethylpyrazine, purity: ≥ 99%) was 

purchased from the Deruifeng commercial company 

(Jinan, China). Treatments included a control (basal) 

diet, C. jejuni challenge plus TMP at 0, 50, 100 or 

150 mg/kg of diet. The analysed TMP levels for the 

last three treatments were 53, 98 and 149 mg/kg, 

respectively. Nutrition levels of basal diet were 

recommended by the China Agricultural Standard 

for Farm Rex Rabbits (NY/T2765-2015). All diets 

were isonitrogenous and isocaloric and fed as pel-

lets (cold formed; diameter × length, 3.5 × 8.0 mm). 

No antibiotics were offered to rabbits via either feed 

or water throughout the trial. The formulation and 

nutrition levels of basal diet are listed in Table 1.

Animal management. The trial protocol was ap-

proved by the Institutional Committee for Animal 

Use and Ethics of the College of Animal Science of 

the Henan University of Science and Technology 

(Luoyang, Henan, China).

One hundred and fifty male Rex rabbits (weaned at 

30 days of age) at approximately 35 days of age with 

the initial body weight of 753 ± 1.43 g (mean ± SEM) 

were randomly assigned to 5 treatments containing 

6  replicates per treatment and 5 rabbits per replicate. 

Before a feeding trial, rectal swabs from all rabbits 

were negative for C. jejuni, and then all rabbits were 

individually raised in stainless steel cages (length × 

width × height, 35 × 45 × 40 cm) and had free access 

to diets and water (Wang et al. 2019a). The feeding 

trial lasted for 35 days. Rabbits and feeds in each 

replicate were weighed at 35 and 70 days of age 

and average daily feed intake (ADFI), average daily 

body weight gain (ADG) and feed efficiency (gain/

feed) were calculated. All rabbits were monitored 

for general health at least twice a day. 

C. jejuni challenge. The strain of C. jejuni (ATCC 

33291) was obtained from China Microbiological 

Culture Collection Center (Beijing, China). The 

strain was grown at 40°C for 48 h in Bolton broth 

(HB0273-2; Qingdao Hopebio Co., Ltd., China) in an 

incubator containing 5% O2, 10% CO2 and 85% N2. 

On the first day of feeding trial, each rabbit in C. 

jejuni challenged treatments was orally administrated 

1 ml of 108 count of colony forming units (CFU) of 

C. jejuni, while rabbits in the control received the 

same liquid without C. jejuni strain. 

Sample collection. At the end of feeding trial, all 

rabbits were weighed, euthanized by CO2, and then 

dissected. Caecal content (approximately 5 g) was 

collected and stored at −40°C for C. jejuni analysis. 

The digesta were prepared as described by Liu et 

Table 1. Ingredient and nutrition levels in the basal diet1 

(as fed basis)

Ingredient
Content  

(%)

Calculated  

composition 

Content  

(%)

Corn 20.0 crude protein 17.08

Soybean meal  8.0
digestible energy 

(MJ/kg)
10.84

Brewers dried 

grain
12.0 crude fibre 13.78

Corn DDGS  8.0 lysine  0.70

Alfalfa meal 33.0
methionine + 

cysteine
 0.54

Wheat bran 15.0 Ca  1.00

Dicalcium 

phosphate
 1.5 P  0.58

Premix2 2.5 non-phytate P  0.35

DDGS = distillers dried grains with solubles
1calculated by Chinese Feed Database (Version 25, 2014)
2premix provided the following per kg of diets: vitamin A 

12 000 IU, vitamin D 2000 IU, vitamin E 30 IU, Cu 12 mg, 

Fe 64 mg, Mn 56 mg, Zn 60 mg, I 1.2 mg, Se 0.4 mg, Co 

0.4 mg, NaCl 6.4 g
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al. (2010). Liver (approximately 6 g), whole spleen, 

and neck skin (2 × 2 cm) located at the third and 

fourth cervical vertebra were collected and stored 

in halves, one at −40°C for bacterial enumeration, 

the other in RNAlater solution (TaKaRa, China) for 

the analysis of gene expression. Distal part (2 cm) 

of the dissected caecum was collected and flushed 

with phosphate-buffered saline (PBS, 0–4°C, 

 0.03 mol/l, pH 7.2–7.4), and then it was immersed 

in RNAlater solution for gene quantification. 

Bacterial enumeration. Each caecal content or 

tissue aforementioned was homogenized, weighed, 

and diluted at 1 : 10 (wt/vol) with PBS and mixed 

thoroughly (Fei et al. 2018). The suspension of 

each sample was serially diluted between 10−1 to 

10−7 dilutions, and 100 μl of each diluted sample 

(10–100 CFU) was spread onto a duplicate Bolton 

broth medium containing 1.8% agar at micro-

aerobic condition, 42 ± 1°C for 24 h. The amount 

of bacteria was expressed as a logarithmic (log10) 

transformation per gram of sample. 

TMP and gene quantification. The concen-

trations of TMP in the products and diets were 

determined according to the Chinese Standard of 

Light Industrial Manufacturing (QB/T 2748-2012). 

For qRT-PCR analysis, reagents, primer synthesis 

(Table 2) and cDNA sequencing were provided 

by TaKaRa. The transcriptional profiles of target 

genes were expressed as the relative expression to 

a housekeeping gene (2–ΔΔCt; Livak and Schmittgen 

2001). The qPCR reactions were set at 10 μl with 

5 μl of SYBR® Green PCR Master Mix (Thermo 

Fisher Scientific, USA), 1 μl of primer, 4 μl of 10× 

diluted cDNA. All qPCRs were run in triplicates 

in the same thermal cycles (50°C for 2 min, 95°C 

for 10 min, 40 cycles of 95°C for 15 s and 60°C 

for 1 min) on the ABI Prism 7900HT Fast Real-

Time PCR System (Applied Biosystems, USA). 

No amplification signal was detected in water or 

no-RT RNA samples.

Statistical analysis. Data are presented as mean 

and standard error of the mean (SEM) using SPSS 

software (IBM SPSS, Version 23). Differences be-

tween mean values of normally distributed data 

were assessed by one-way ANOVA (Tukey’s b test) 

at P < 0.05 level of significance, and Tamhane’s T2 

test for parameters with heterogeneity variance. 

The average mean of 5 rabbits per replicate was 

the statistical unit for growth performance, C. je-

juni colonization and antimicrobial peptides. The 

trend of TMP doses at 50, 100 and 150 mg/kg for 

each experimental parameter was analysed using 

contrasts of linear and quadratic polynomials. 

RESULTS AND DISCUSSION

Growth performance. In the present study, there 

was no mortality for all replicates throughout 

the feeding trial, but ADFI, ADG and gain/feed 

were worsened (P < 0.05) by C. jejuni challenge 

without TMP (Table 3), indicating that rabbits suf-

fered from subclinical campylobacteriosis. It has 

been noted that livestock is a natural source and 

reservoir for C. jejuni, in general, asymptomatic 

and chronic carriage post infection, but it is very 

likely to infect the carcass in a slaughtering process 

and subsequently humans (Bednarski et al. 2011). 

The decreased growth performance by C. jejuni 

challenge in the present study was supported by 

the finding that C. jejuni colonization increased 

the intracellular calcium level, impaired nutrient 

absorption and expression of nutrient transporter 

genes in the chicken intestinal epithelium (Awad 

et al. 2014, 2015b). Additionally, a decrease in the 

intestinal epithelial barrier function by C. jejuni 

Table 2. Information on primers for quantitative real-time PCR

Items
GenBank 

 Accession No.

Primers (5’-3’)
Length (bp)

forward reverse

NP4 NM_001082299.1 CTCAGGGATGGCTGATGACG TCCCCAAACCCACAACTGAA 162

MCP2 M28073.1 TAGGTGAGAGATGCAGCACG GTCTTTGCAGAACGTGCCAG 177

LGALS3 NM_001082338.1 CTGCCTGTGCCTTATGACCT TGTTCTCATTGAAGCGGGGG 160

CAMP NM_001082305.1 ATGGAGACCCATAAGCACGGA ATGCTCAGGAGGCGGTAGAG 179

GAPDH NM_001082253.1 AGACACGATGGTGAAGGTCG TGCCGTGGGTGGAATCATAC 164

CAMP = cathelicidin antimicrobial peptide, GAPDH = glyceraldehyde-3-phosphate dehydrogenase, LGALS3 = galectin 3, 

MCP2 = macrophage cationic peptide 2, NP4 = defensin neutrophil peptide 4
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colonization also contributed to the worsened growth 

performance (Awad et al. 2015a).

Importantly, ADFI, ADG and gain/feed were re-

versely influenced (P < 0.05) by TMP supplementa-

tion. Some parameters reached the level of control 

treatment, and linear and quadratic trends (P ≤ 0.012) 

of TMP doses were found. Those findings indicate that 

TMP is capable of promoting the growth of rabbits 

challenged with C. jejuni. Previous studies showed 

that TMP added at 150 mg/kg did not influence ADFI 

and feed efficiency, but increased ADG of broilers, 

while using a necrotic enteritis or salmonellosis 

model the effect of TMP on ADFI, ADG and feed 

efficiency was more pronounced (Liu et al. 2018, 

2019). As known, TMP is one of the components of 

some herbal medicines, and more focuses were on its 

medical values in humans (Chen et al. 2017; Michel 

et al. 2017). Information about TMP as an additive 

to replace antibiotics is very limited. Anyway, more 

studies are needed to certify its function and safety 

as a growth-promoting additive in farm animals.

C. jejuni carriage. It is known that C. jejuni is 

capable of systemic invasion in the rabbit, and de-

velops a diarrhoea symptom (Shang et al. 2016). 

Importantly, in the present study, the treatments 

containing TMP showed lower (P < 0.05) C. jejuni 

carriage, compared to the challenge group (Table 3), 

but did not reach (P < 0.05) the levels of control 

treatment, indicating that TMP partially inhibited 

C. jejuni proliferation. Furthermore, the dose effect 

of TMP on reducing C. jejuni colonization in the 

caecum exhibited a linear trend (P = 0.049), and 

on the skin a similar trend (P = 0.003) was found. 

With the increase in TMP dose, C. jejuni counts in 

the liver and spleen were linearly (P < 0.001) and 

quadratically (P ≤ 0.026) reduced, also implying the 

effectiveness of TMP on blocking C. jejuni transmis-

sion. Liu et al. (2018) reported that the populations 

of intestinal Clostridium perfringens, Escherichia 

coli, Salmonella and Gram-negative bacteria were 

decreased by TMP, and enterotoxicity, anti-oxidation 

and anti-inflammation were also beneficially modified 

by TMP through modulating endotoxins, lipid and 

protein oxidation, glutathione turnover and inflam-

matory factors in broilers. Additionally, dietary TMP 

decreased Salmonella transmission from intestinal 

to mesenteric lymphoid follicles, liver, spleen and 

skin (Liu et al. 2019). 

Epithelial antimicrobial peptides. In the caecum, 

the mRNA levels of antimicrobial peptides, including 

defensin neutrophil peptide 4 (NP4), macrophage 

cationic peptide 2 (MCP2), galectin 3 (LGALS3) 

and cathelicidin antimicrobial peptide (CAMP), 

were downregulated (P < 0.05) in the treatment with 

C. jejuni challenge (Table 4), and were upregulated 

(P < 0.05) with the addition of TMP at 50, 100 or 

150 mg/kg, but they did not reach (P < 0.05) the 

levels of control treatment. Quadratic trends of 

TMP doses were found in NP4 and MCP2 (P ≤ 0.021), 

linear and quadratic trends in LGALS3 (P ≤ 0.021), 

and a linear trend in CAMP (P < 0.001). Similar ef-

fects of experimental factors on those genes were 

found on the skin, but TMP at 100 and 150 mg/kg 

upregulated (P < 0.05) mRNA expression of CAMP 

Table 3. Effect of tetramethylpyrazine supplementation on the growth performance and Campylobacter jejuni car-

riage of rabbits

Items Control
C. jejuni challenge + TMP (mg/kg)

SEM
P-value

0 100 150 200 linear quadratic

Growth performance

ADFI (g) 66.54ab 63.16d  65.41bc 65.22c 66.96a 0.314 0.001 0.010

ADG (g) 17.34a 13.80d 15.73c   16.94ab 16.74b 0.127 < 0.001 0.001

Gain/feed     0.261a     0.219d     0.241c     0.260a 0.250b 0.002 0.012 < 0.001

C. jejuni carriage (CFU/g)

Caecal content 0.66c 7.33a  4.89b 4.82b 4.57b 0.106 0.049 0.526

Skin 0.20d 2.16a  1.76b   1.64bc 1.50c 0.048 0.003 0.929

Liver 0.05d 2.04a  0.82b 0.81b 0.69c 0.019 < 0.001 0.026

Spleen 0.06d 1.40a  0.85b 0.67c 0.66c 0.020 < 0.001 0.001

ADFI = average daily feed intake, ADG = average daily gain, C. jejuni = Campylobacter jejuni challenged at first day of feed-

ing trial, SEM = standard error of the mean, TMP = tetramethylpyrazine
a–dmeans in a row not sharing a superscript were significantly different (P < 0.05)
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gene to the level of the control, and linear trends 

were observed in LGALS3 and CAMP (P ≤ 0.010). 

Defensins, small cysteine-rich cationic proteins, 

are host defence peptides which are active against 

bacteria, fungi and viruses. Most defensins function 

by binding to the microbial cell membrane, and, once 

embedded, forming pore-like membrane defects 

that allow the efflux of essential ions and nutrients  

(Fruitwala et al. 2019; Hendrikx and Schnabl 2019). In 

the present study, defensin NP4 was influenced by the 

TMP addition, indicating that NP4 can be activated 

by TMP and collaboratively fight C. jejuni. Literature 

about a dietary factor influencing body defensins is 

unavailable. Besides their anti-microbial activity, ac-

cumulating data indicate that defensins have extended 

functions in human physiology (Suarez-Carmona et 

al. 2015). Therefore, how the dietary phytochemicals 

cooperate with body antimicrobial peptides affecting 

physiology is interesting for further studies. 

Cationic peptides possess antimicrobial activity 

against many species, including bacteria, fungi and 

viruses (Hancock et al. 1995). A study showed that 

MCP1 and MCP2 enhanced the ability of rabbit al-

veolar macrophages to ingest Staphylococcus aureus, 

Klebsiella pneumoniae, Bordetella bronchiseptica 

and Candida albicans in vitro (Fleischmann et al. 

1985). Similarly, LGALS3 inhibited the growth of 

Cryptococcus neoformans and Paracoccidioides bra-

siliensis (Almeida et al. 2017). In addition, galectin-3 

directed antimicrobial guanylate binding proteins to 

vacuoles furnished with bacterial secretion systems 

as a part of the coordinated host defence program 

(Feeley et al. 2017; Ayyappan et al. 2019). Cathelici-

din CAMP is related to innate immune system and 

defensins. Studies reported that CAMP possessed 

effective antibacterial activities against multi-drug 

resistant Acinetobacter baumanii and Klebsiella 

pneumoniae. In the present study, the mRNA levels 

of MCP2, LGALS3 and CAMP were upregulated by 

dietary TMP, implying that the activities of these 

genes can be induced by TMP, and then they may 

perform an independent or coordinated action with 

TMP against C. jejuni. Paradoxically, these genes 

showed lower activities in the presence of C. jejuni 

than in its absence. Furthermore, some more potent 

antimicrobial peptides can have a lytic activity on 

mammalian cells (Hancock et al. 1995). Obviously, 

the activation of antimicrobial peptides has its two 

sides for the host, which deserves further study.

CONCLUSION

Inclusion of TMP in the rabbit diet attenuated the 

negative effect of C. jejuni on ADFI, ADG and gain/

feed, reduced C. jejuni carriage in the caecal content, 

liver, spleen and skin epithelium, and upregulated 

mRNA profiles of endogenous antimicrobial peptides, 

including NP4, LGALS4, CAMP and MCP2 in the 

epithelial tissues of caecum and skin. The results 

Table 4. Effect of tetramethylpyrazine supplementation on epithelial antimicrobial peptides of rabbits challenged 

with Campylobacter jejuni

Items Control
C. jejuni challenge + TMP (mg/kg)

SEM
P-value

0 100 150 200 linear quadratic

Caecum (mRNA, 2–ΔΔCt)

NP4 3.00a 0.96d 1.49c 2.02b 1.42c 0.061 0.405 < 0.001

MCP2 4.42a 2.92c 3.19b 3.47b 3.09bc 0.101 0.536 0.021

LGALS3 6.76a 2.92d 3.66c 4.75b 5.04b 0.123 < 0.001 0.012

CAMP 2.28a 0.16e 1.50d 1.73c 2.06b 0.046 < 0.001 0.421

Skin (mRNA, 2–ΔΔCt)

NP4 4.06a 1.02c 1.81b 1.84b 1.94b 0.087 0.260 0.688

MCP2 4.58a 2.35c 3.19b 3.17b 3.18b 0.100 0.929 0.907

LGALS3 3.22a 1.47c 1.69c 2.00b 2.11b 0.082 0.005 0.392

CAMP 1.91a 0.79c 1.56b 1.63ab 1.92a 0.086 0.010 0.303

CAMP = cathelicidin antimicrobial peptide, LGALS3 = galectin 3, MCP2 = macrophage cationic peptide 2, NP4 = defensin 

neutrophil peptide 4, SEM = standard error of the mean, C. jejuni = Campylobacter jejuni challenged at first day of feeding 

trial, TMP = tetramethylpyrazine
a–emeans in a row not sharing a superscript were significantly different (P < 0.05)
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illustrate that dietary TMP can promote growth by 

inhibiting colonization and transfer of C. jejuni as 

well as activating endogenous antimicrobial peptides.

REFERENCES 

Almeida F., Wolf J.M., da Silva T.A., DeLeon-Rodriguez 

C.M., Rezende C.P., Pessoni A.M., Fernandes F.F., Silva-

Rocha R., Martinez R., Rodrigues M.L., Roque-Barreira 

M.C., Casadevall A. (2017): Galectin-3 impacts Crypto-

coccus neoformans infection through direct antifungal 

effects. Nature Communications, 8, Article No. 1968.

Awad W.A., Aschenbach J.R., Ghareeb K., Khayal B., Hess 

C., Hess M. (2014): Campylobacter jejuni influences the 

expression of nutrient transporter genes in the intestine 

of chickens. Veterinary Microbiology, 172, 195–201.

Awad W.A., Molnar A., Aschenbach J.R., Ghareeb K., Khay-

al B., Hess C., Liebhart D., Dublecz K., Hess M. (2015a): 

Campylobacter infection in chickens modulates the intesti-

nal epithelial barrier function. Innate Immunity, 21, 151–160. 

Awad W.A., Smorodchenko A., Hess C., Aschenbach J.R., 

Molnar A., Dublecz K., Khayal B., Pohl E.E., Hess M. 

(2015b): Increased intracellular calcium level and im-

paired nutrient absorption are important pathogenicity 

traits in the chicken intestinal epithelium during Campy-

lobacter jejuni colonization. Applied Microbiology and 

Biotechnology, 99, 6431–6441.

Ayyappan P., Harms R.Z., Buckner J.H., Sarvetnick N.E. 

(2019): Coordinated induction of antimicrobial response 

factors in systemic lupus erythematosus. Frontiers in 

Immunology, 10, 658.

Bednarski M., Wieliczko A., Mazurkiewicz M. (2011): Ge-

netic comparison of Campylobacter jejuni isolated from 

different cattle farms. Polish Journal of Veterinary Sci-

ences, 14, 279–281.

Chen J., Tian J., Ge H., Liu R., Xiao J. (2017): Effects of 

tetramethylpyrazine from Chinese black vinegar on an-

tioxidant and hypolipidemia activities in HepG2 cells. 

Food and Chemical Toxicology, 109, 930–940.

Cullere M., Dalle Zotte A. (2018): Rabbit meat production 

and consumption: State of knowledge and future perspec-

tives. Meat Science, 143, 137–146. 

Dalle Zotte A., Szendro Z. (2011): The role of rabbit meat 

as functional food. Meat Science, 88, 319–331.

Donkor P.O., Chen Y., Ding L., Qiu F. (2016): Locally and 

traditionally used Ligusticum species – a review of their 

phytochemistry, pharmacology and pharmacokinetics. 

Journal of Ethnopharmacology, 194, 530–548.

Feeley E.M., Pilla-Moffett D.M., Zwack E.E., Piro A.S., 

Finethy R., Kolb J.P., Martinez J., Brodsky I.E., Coers J. 

(2017): Galectin-3 directs antimicrobial guanylate bind-

ing proteins to vacuoles furnished with bacterial secre-

tion systems. Proceedings of the National Academy of 

Sciences of the United States of America, 114, 1698–1706.

Fei P., Ali M.A., Gong S., Sun Q., Bi X., Liu S., Guo L. (2018): 

Antimicrobial activity and mechanism of action of olive 

oil polyphenols extract against Cronobacter sakazakii. 

Food Control, 94, 289–294. 

Fleischmann J., Selsted M.E., Lehrer R.I. (1985): Opsonic 

activity of MCP-1 and MCP-2, cationic peptides from 

rabbit alveolar macrophages. Diagnostic Microbiology 

and Infectious Disease, 3, 233–242.

Fruitwala S., El-Naccache D.W., Chang T.L. (2019): Multi-

faceted immune functions of human defensins and under-

lying mechanisms. Seminars in Cell and Developmental 

Biology, 88, 163–172.

Hancock R.E.W., Falla T., Brown M. (1995): Cationic bac-

tericidal peptides. Advances in Microbial Physiology, 

37, 135–175.

Hendrikx T., Schnabl B. (2019): Antimicrobial proteins: 

Intestinal guards to protect against liver disease. Journal 

of Gastroenterology, 54, 209–217.

Kaakoush N.O., Castano-Rodriguez N., Mitchell H.M., 

Man S.M. (2015): Global epidemiology of Campylobacter 

infection. Clinical Microbiology Reviews, 28, 687–720.

Kim M., Kim S., Lee M., Lee J.H., Jung W., Moon S., Kim 

Y., Cho K., Ko C., Lee E.H. (2014): Tetramethylpyra-

zine, a natural alkaloid, attenuates pro-inflammatory 

mediators induced by amyloid β and interferon-γ in 

rat brain microglia. European Journal of Pharmacology, 

740, 504–511.

Laukova A., Pogany Simonova M., Kubasova I., Gancar-

cikova S., Placha I., Scerbova J., Revajova V., Herich 

R., Levkut M., Strompfova V. (2017): Pilot experiment 

in chickens challenged with Campylobacter jejuni 

CCM6191 administered enterocin M-producing pro-

biotic strain Enterococcus faecium CCM8558 to check 

its protective effect. Czech Journal of Animal Science, 

62, 491–500. 

Liu N., Ru Y., Wang J., Xu T. (2010): Effect of dietary sodium 

phytate and microbial phytase on the lipase activity and 

lipid metabolism of broiler chickens. British Journal of 

Nutrition, 103, 862–868.

Liu N., Wang J.Q., Liu Z.Y., Chen Y.K., Wang J.P. (2018): Tetra-

methylpyrazine attenuates necrotic enteritis by reducing gut 

oxidative stress, inflammation, opportunistic bacteria and 

endotoxins of broilers. European Poultry Science, 82, 233.

Liu N., Lin L., Wang J.Q., Zhang F.K., Wang J.P. (2019): 

Tetramethylpyrazine supplementation reduced Salmo-

nella Typhimurium load and inflammatory response in 

broilers. Poultry Science, 98, 3158–3164.

https://www.agriculturejournals.cz/web/cjas/
https://www.ncbi.nlm.nih.gov/pubmed/?term=Almeida%20F%5BAuthor%5D&cauthor=true&cauthor_uid=29213074
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wolf%20JM%5BAuthor%5D&cauthor=true&cauthor_uid=29213074
https://www.ncbi.nlm.nih.gov/pubmed/?term=da%20Silva%20TA%5BAuthor%5D&cauthor=true&cauthor_uid=29213074
https://www.ncbi.nlm.nih.gov/pubmed/?term=DeLeon-Rodriguez%20CM%5BAuthor%5D&cauthor=true&cauthor_uid=29213074
https://www.ncbi.nlm.nih.gov/pubmed/?term=DeLeon-Rodriguez%20CM%5BAuthor%5D&cauthor=true&cauthor_uid=29213074
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rezende%20CP%5BAuthor%5D&cauthor=true&cauthor_uid=29213074
https://www.ncbi.nlm.nih.gov/pubmed/?term=Pessoni%20AM%5BAuthor%5D&cauthor=true&cauthor_uid=29213074
https://www.ncbi.nlm.nih.gov/pubmed/?term=Fernandes%20FF%5BAuthor%5D&cauthor=true&cauthor_uid=29213074
https://www.ncbi.nlm.nih.gov/pubmed/?term=Silva-Rocha%20R%5BAuthor%5D&cauthor=true&cauthor_uid=29213074
https://www.ncbi.nlm.nih.gov/pubmed/?term=Silva-Rocha%20R%5BAuthor%5D&cauthor=true&cauthor_uid=29213074
https://www.ncbi.nlm.nih.gov/pubmed/?term=Martinez%20R%5BAuthor%5D&cauthor=true&cauthor_uid=29213074
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rodrigues%20ML%5BAuthor%5D&cauthor=true&cauthor_uid=29213074
https://www.ncbi.nlm.nih.gov/pubmed/?term=Roque-Barreira%20MC%5BAuthor%5D&cauthor=true&cauthor_uid=29213074
https://www.ncbi.nlm.nih.gov/pubmed/?term=Roque-Barreira%20MC%5BAuthor%5D&cauthor=true&cauthor_uid=29213074
https://www.ncbi.nlm.nih.gov/pubmed/?term=Casadevall%20A%5BAuthor%5D&cauthor=true&cauthor_uid=29213074
https://www.ncbi.nlm.nih.gov/pubmed/24834798
https://www.ncbi.nlm.nih.gov/pubmed/24834798
https://www.ncbi.nlm.nih.gov/pubmed/24834798
https://www.ncbi.nlm.nih.gov/pubmed/24553586
https://www.ncbi.nlm.nih.gov/pubmed/24553586
https://www.ncbi.nlm.nih.gov/pubmed/25825050
https://www.ncbi.nlm.nih.gov/pubmed/25825050
https://www.ncbi.nlm.nih.gov/pubmed/25825050
https://www.ncbi.nlm.nih.gov/pubmed/25825050
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ayyappan%20P%5BAuthor%5D&cauthor=true&cauthor_uid=31019506
https://www.ncbi.nlm.nih.gov/pubmed/?term=Harms%20RZ%5BAuthor%5D&cauthor=true&cauthor_uid=31019506
https://www.ncbi.nlm.nih.gov/pubmed/?term=Buckner%20JH%5BAuthor%5D&cauthor=true&cauthor_uid=31019506
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sarvetnick%20NE%5BAuthor%5D&cauthor=true&cauthor_uid=31019506
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/journals/immunology
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chen%20J%5BAuthor%5D&cauthor=true&cauthor_uid=28034800
https://www.ncbi.nlm.nih.gov/pubmed/?term=Tian%20J%5BAuthor%5D&cauthor=true&cauthor_uid=28034800
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ge%20H%5BAuthor%5D&cauthor=true&cauthor_uid=28034800
https://www.ncbi.nlm.nih.gov/pubmed/?term=Liu%20R%5BAuthor%5D&cauthor=true&cauthor_uid=28034800
https://www.ncbi.nlm.nih.gov/pubmed/?term=Xiao%20J%5BAuthor%5D&cauthor=true&cauthor_uid=28034800
https://www.ncbi.nlm.nih.gov/pubmed/?term=Feeley%20EM%5BAuthor%5D&cauthor=true&cauthor_uid=28193861
https://www.ncbi.nlm.nih.gov/pubmed/?term=Pilla-Moffett%20DM%5BAuthor%5D&cauthor=true&cauthor_uid=28193861
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zwack%20EE%5BAuthor%5D&cauthor=true&cauthor_uid=28193861
https://www.ncbi.nlm.nih.gov/pubmed/?term=Piro%20AS%5BAuthor%5D&cauthor=true&cauthor_uid=28193861
https://www.ncbi.nlm.nih.gov/pubmed/?term=Finethy%20R%5BAuthor%5D&cauthor=true&cauthor_uid=28193861
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kolb%20JP%5BAuthor%5D&cauthor=true&cauthor_uid=28193861
https://www.ncbi.nlm.nih.gov/pubmed/?term=Martinez%20J%5BAuthor%5D&cauthor=true&cauthor_uid=28193861
https://www.ncbi.nlm.nih.gov/pubmed/?term=Brodsky%20IE%5BAuthor%5D&cauthor=true&cauthor_uid=28193861
https://www.ncbi.nlm.nih.gov/pubmed/?term=Coers%20J%5BAuthor%5D&cauthor=true&cauthor_uid=28193861
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kaakoush%20NO%5BAuthor%5D&cauthor=true&cauthor_uid=26062576
https://www.ncbi.nlm.nih.gov/pubmed/?term=Casta%C3%B1o-Rodr%C3%ADguez%20N%5BAuthor%5D&cauthor=true&cauthor_uid=26062576
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mitchell%20HM%5BAuthor%5D&cauthor=true&cauthor_uid=26062576
https://www.ncbi.nlm.nih.gov/pubmed/?term=Man%20SM%5BAuthor%5D&cauthor=true&cauthor_uid=26062576
https://www.ncbi.nlm.nih.gov/pubmed/26062576
https://www.sciencedirect.com/science/journal/00142999/740/supp/C


471

Czech Journal of Animal Science, 64, 2019 (11): 465–471 Original Paper

https://doi.org/10.17221/138/2019-CJAS

Livak K.J., Schmittgen T.D. (2001): Analysis of relative gene 

expression data using real-time quantitative PCR and 

the 2–ΔΔCt method. Methods, 25, 402–408. 

Mehmood K., Zhang H., Iqbal M.K., Rehman M.U., Li K., 

Huang S., Shahzad M., Nabi F., Iqbal M., Li J. (2018): 

Tetramethylpyrazine mitigates toxicity and liver oxida-

tive stress in tibial dyschondroplasia chickens. Pakistan 

Veterinary Journal, 38, 76–80. 

Michel H.E., Tadros M.G., Esmat A., Khalifa A.E., Abdel-

Tawab A.M. (2017): Tetramethylpyrazine ameliorates 

rotenone-induced Parkinson’s disease in rats: Involve-

ment of its anti-inflammatory and anti-apoptotic actions. 

Molecular Neurobiology, 54, 4866–4878.

Revez J., Rossi M., Renzi M., Zanoni R.G. (2008): Occurrence 

of Campylobacter spp. in Italian rabbit farms. In: Proc. 

9th World Rabbit Congress, Verona, Italy, 1051–1054.

Rukambile E., Sintchenko V., Muscatello G., Kock R., Alders 

R. (2019): Infection, colonization and shedding of Campy-

lobacter and Salmonella in animals and their contribution 

to human disease: A review. Zoonoses and Public Health, 

66, 562–578. 

Shang Y., Ren F., Song Z., Li Q., Zhou X., Wang X., Xu 

Z., Bao G., Wan T., Lei T., Wang N., Jiao X., Huang J. 

(2016): Insights into Campylobacter jejuni colonization 

and enteritis using a novel infant rabbit model. Scientific 

Reports, 6, Article No. 28737.

Suarez-Carmona M., Hubert P., Delvenne P., Herfs M. 

(2015): Defensins: “simple” antimicrobial peptides or 

broad-spectrum molecules? Cytokine and Growth Factor 

Reviews, 26, 361–370.

Vieira M., Ferraz R., Fernandes R., Noronha J.P., Silva M., 

Prudencio C. (2007): Antimicrobial activity of pyra-

zine and quinoxaline N,N’-dioxide heterocyclic com-

pounds. Microbiotec 07. Available at http://hdl.handle.

net/10400.22/1984 (accessed May 3, 2019).

Wang J., Lin L., Li B., Zhang F., Liu N. (2019a): Dietary Ar-

temisia vulgaris meal improved growth performance, gut 

microbes, and immunity of growing Rex rabbits. Czech 

Journal of Animal Science, 64, 174–179.

Wang J., Liu N., Zhang F. (2019b): Tetramethylpyrazine 

protects oxidative stability and gelation property of rabbit 

myofibrillar proteins. Food Science of Animal Resources, 

39, 623–631.

Xu W., Xu Q., Chen J., Lu Z., Xia R., Li G., Xu Z., Ma Y. 

(2011): Ligustrazine formation in Zhenjiang aromatic 

vinegar: Changes during fermentation and storing pro-

cess. Journal of the Science of Food and Agriculture, 91, 

1612–1617.

Zhang M., Sun M.Y., Guo C.Y., Wang J.S., Xu F.Q., Yin H.J. 

(2019): Effect of tetramethylpyrazine and hyperlipidemia 

on hepcidin homeostasis in mice. International Journal 

of Molecular Medicine, 43, 501–506. 

Received: 2019–06–16

Accepted: 2019–11–14

https://www.agriculturejournals.cz/web/cjas/
https://www.ncbi.nlm.nih.gov/pubmed/31179637
https://www.ncbi.nlm.nih.gov/pubmed/31179637
https://www.ncbi.nlm.nih.gov/pubmed/31179637
http://hdl.handle.net/10400.22/1984
http://hdl.handle.net/10400.22/1984
https://www.ncbi.nlm.nih.gov/pubmed/21452171
https://www.ncbi.nlm.nih.gov/pubmed/21452171
https://www.ncbi.nlm.nih.gov/pubmed/21452171
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zhang%20M%5BAuthor%5D&cauthor=true&cauthor_uid=30387806
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sun%20MY%5BAuthor%5D&cauthor=true&cauthor_uid=30387806
https://www.ncbi.nlm.nih.gov/pubmed/?term=Guo%20CY%5BAuthor%5D&cauthor=true&cauthor_uid=30387806
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wang%20JS%5BAuthor%5D&cauthor=true&cauthor_uid=30387806
https://www.ncbi.nlm.nih.gov/pubmed/?term=Xu%20FQ%5BAuthor%5D&cauthor=true&cauthor_uid=30387806
https://www.ncbi.nlm.nih.gov/pubmed/?term=Yin%20HJ%5BAuthor%5D&cauthor=true&cauthor_uid=30387806
https://www.ncbi.nlm.nih.gov/pubmed/30387806
https://www.ncbi.nlm.nih.gov/pubmed/30387806

