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Abstract: Ewes fed sainfoin (a source of condensed tannins “CT”) may influence the homeostasis of
the gastrointestinal tract of suckling lambs. This study investigated the effects of CT from sainfoin in
the maternal diet on plasma fructosamine, faecal coccidian excretion, and gene expression of immune
and antioxidant markers in jejunum and ileum of suckling lambs. Twelve Rasa Aragonesa lambs
with their dams were selected. The maternal diet was based on fresh sainfoin (SAINFOIN, n = 6) and
sainfoin + polyethylene-glycol (SAINFOIN + PEG, as a CT-binder, n = 6) plus a daily supplement
of 200 g barley in both groups. A lower percentage of lambs that shed more than 10 oocysts/g
faeces was observed in SAINFOIN compared to the SAINFOIN + PEG group (p = 0.07). Jejunal gene
expression of transforming growth factor-β1, tumour necrosis factor-α, and glutathione peroxidase
(GPX) 1 and 4 were lower in the SAINFOIN group (p < 0.05). In contrast, ileal catalase and GPX2
expression were increased in the SAINFOIN group (p < 0.05). Overall, the results suggest that the
presence of CT in the dams’ diets has a positive effect on reducing excreted coccidian oocysts and
favours antioxidant-immune crosstalk at gut level in suckling lambs.

Keywords: suckling lambs; sainfoin; condensed tannins; immune response; oxidative stress; coccidiosis

1. Introduction

The production of suckling lambs (around 12 kg of body weight; BW) is based on
the mother’s milk until slaughter and is an economically very important system in some
regions, such as in the Mediterranean area [1]. However, as in other species, there is a
trade-off between ewe and lamb characteristics and immune function that impact on lamb
performance [2]. In this context, sustainable animal production requires the use of natural
plant resources that diminish predisposition to disease [3,4].

Ovine coccidiosis is a common enteric disease caused by a protozoan parasite from the
genus Eimeria. When coccidiosis occurs in young animals, the most common clinical signs
are diarrhoea and inefficient weight gain [5], causing an important economic impact. These
clinical signs are caused by the destruction of parasitised cells and their subsequent mucosa
damage that impairs nutrient absorption [6,7]. In recent years, there has been an increasing
interest in alternative nutrients with antiparasitic properties, as a result of the presence of drug
residues in food and widespread drug resistance, mainly to chemical coccidiostatics [3,8–10].
For this reason, the use of antioxidant-rich natural sources in animal feeding is nowadays
considered to improve not only lamb health but also meat’s oxidative stability [11]. Several
studies encourage the use of anticoccidials of vegetable origin [8,12,13], such as sainfoin,
which integrates condensed tannins (CT; syn. proanthocyanidins) in its structure [3,8,10].

Sainfoin (Onobrychis viciifolia) is a perennial legume extensively used in the Mediter-
ranean area that has been successfully used as a source of CT in ruminants [14,15]. The CT
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structures present in sainfoin, mostly prodelphinidins (ratio prodelphinidins/procyanidin
75/25) [14], have been associated with changes in the ruminal microbiome, and with a
reduction of CH4 emission and protein degradability [16,17]. In this regard, the inclusion of
sainfoin in ewes’ diet has been demonstrated to have potential coccidiostatic effects in lactat-
ing lambs [8]. Inflammation and oxidative stress are closely related, being the maintenance
of redox equilibrium that is essential to avoid impaired animal health [18]. Immunomodu-
latory effects of CT involve inhibition of inflammatory cytokines and promotion of antioxi-
dant defences through down-regulation of nuclear factor kappa β (NF-κB) activation and
increase of nuclear factor erythroid-2-related factor 2 (Nrf2) activity/expression [19–21].

Gut homeostasis is dependent on equilibrium between pro- and anti-inflammatory cy-
tokines which help in maintaining tolerance to commensal microbiota and dietary antigens
but at the same time coordinate effective immune responses against pathogens [22,23]. The
period of transition from pre-ruminant to ruminant occurs from around 3 to 8 weeks of
age when the lamb rumen reaches full functionality; however, the pathways preserving
gut homeostasis during the oesophageal groove to forestomach function are complex and
poorly understood in ruminants [24,25]. At present, little is known about the physiological
mechanism through which maternal dietary CT can improve the intestinal environment
in suckling lambs with a yet incipient rumen function. For this reason, to test the efficacy
of this CT it is necessary to understand the consequences of the effect of CT on ewes’ diet
on milk. The present study is a companion paper to a series of investigations performed
in lactating ewes fed with fresh sainfoin during the raising period. According to these
studies, sainfoin CT did not negatively affect dam dry matter (DM) intake, milk production,
and parasitism [26], nor the growth and carcass and meat characteristics of their suckling
lambs [27].

The objective of the present study was to examine the effects of CT from sainfoin fed
to dams (using polyethylene-glycol-PEG as a blocking agent in a control treatment) on
selected markers of gut health and homeostasis of their suckling male lambs. To determine
the effects of maternal dietary CT we examined blood fructosamine, coccidian faecal oocyst
excretion, and the expression of immune and antioxidant markers in jejunal and ileal tissues
of suckling lambs at slaughter. Further anatomopathological analyses were performed.

2. Materials and Methods
2.1. Study Site

The experiment was conducted between April and May 2019 in the experimental
facilities of the Centro de Investigación y Tecnología Agroalimentaria de Aragón (Zaragoza,
Spain, 41◦39′23” N, 0◦52′36” O; 199 m above sea level). The average monthly temperature
for April and May was 14.1 and 17.7 ◦C, respectively.

2.2. Animals, Diets, and Experimental Design

After lambing, twelve Rasa Aragonesa ewes and their male lambs were selected from
a broader study [24]. The ewe–lamb pairs were distributed in two homogeneous groups
according to ewe initial BW, body condition score, lambing date, and lamb BW at birth,
and were assigned to a different feeding programme: fresh sainfoin (SAINFOIN group,
n = 6) and fresh SAINFOIN + PEG group (n = 6). Sainfoin was offered ad libitum with a
supplement of barley (200 g/day) distributed in two meals. Before each meal, ewes from
the SAINFOIN + PEG group were orally administrated with a solution of PEG to inactivate
the effects of the CT from fresh sainfoin (50 g of PEG 4000/100 mL), while ewes from the
SAINFOIN group were orally dosed with water.

Lambs were kept permanently with their dams in individual indoor cages (2.2 m2)
and nourished mainly by suckling during the whole experimental period. The lambs were
slaughtered at a target BW of 10–12 kg. A full description of the animals, feedstuffs, and
milk composition depending on the presence of CT, the methodology used to determine
the CT content and the week of lactation can be found in Baila et al. [26]. Briefly, the
total CT, protein-bound CT, and fibre-bound CT were analysed in freeze-dried sainfoin
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and barley samples, fractioned, and quantified by the colorimetric HCL-butanol method.
Similarly, milk-content polyphenols were determined by the Folin-Ciocalteu method. The
CT content of sainfoin was 34.0 ± 6.1 g CT-equivalents sainfoin/kg DM, while the CT
of barley grain was 2.1 ± 0.7 g CT-equivalents sainfoin/kg DM. On the other hand, the
polyphenols content in milk was 42.3 and 51.8 ± 6.07 µg eq. gallic acid/g of milk for the
SAINFOIN and SAINFOIN + PEG group.

2.3. Blood Sample Collection and Fructosamine Analysis

Blood samples were collected individually from lambs in vacuum tubes with heparin
(5 mL) (BD Vacutainer, Berkshire, UK) from the jugular vein before the slaughtering. Im-
mediately, the samples were centrifuged in situ to obtain the plasma and stored at −20 ◦C
until analysis.

Plasma concentrations of fructosamine (µmol/L), an indicator of non-enzymatic gly-
cation of circulating proteins, were determined with an automatic analyser (GernonStar,
RAL/TRANSASIA, Dabhel, India). The measurement range of the fructosamine was 1
to 1000 µmol/L and intra-assay and inter-assay coefficients of variation were 2.2% and
2.1%, respectively.

2.4. Coccidian Faecal Egg Count

Fresh faecal samples were collected directly from the final rectal portion at slaughter,
stored in plastic bags, and kept at 4 ◦C until coprological analyses were performed at the
following day. Faecal samples were examined individually by using the modified McMaster
method [28]. Briefly, one gram of faeces was mixed and diluted in 14 mL of zinc sulphate
flotation solution (specific gravity, 1.18 g/cm3) and filtered through double cotton gauze.
The concentration of oocyst was estimated by screening two complete McMaster flotation
chambers under a microscope (10×). The average faecal oocyst counts were multiplied
by 100 to obtain the oocysts per gram of faeces (OPG) values. Animals were classified
according to OPG values, using arbitrary thresholds of 0, 10, and 500 oocysts/g faeces.

2.5. Histology and RT-qPCR

Jejunal and ileal tissues were aseptically collected immediately after slaughter for
histology and Quantitative Real-Time PCR (qPCR) analysis. For histological examination, a
2-cm segment was excised approximately from the middle part of the jejunum, and a 2-cm
segment of the ileum was aseptically excised proximal to the ileocecal valve. The samples
were then cut open, rinsed with phosphate-buffered saline (PBS) solution and fixed in a 10%
formalin solution. Additional sections (<0.5 cm) of mid jejunum and terminal ileum were
aseptically excised, rinsed with PBS solution, incubated in RNAlater for 24 h (RNAlater®

Solution, Ambion Inc., Austin, TX, USA) and stored at −80 ◦C for gene expression analysis.

2.6. Histopathological Examination and Microscopic Lesion Scoring

Formalin-fixed tissue samples were trimmed and processed according to standard
histological procedures, and sections were stained with haematoxylin–eosin.

Slides were reviewed and scored by a veterinary pathologist in a blinded analysis.
Intestinal injury scores were measured using the following aspects of inflammation: in-
flammatory changes (type of inflammatory infiltrate, intensity, location, fibrin exudation,
lymphangiectasis, crypt abscesses and villous blunting), tissue destruction (enterocyte
loss, ballooning degeneration, oedema, mucosal atrophy, loss of crypts) and tissue repair
(hyperplasia, angiogenesis, granulomas, and fibrosis) adapted from Dommels et al. [29].
The histopathological lesions were scored on a scale from 0 to 3 (0, no change from normal
tissue; 1, focal, occasional; 2, numerous (<50%); 3, intense/severe, change involved most
areas and all the layers of the intestinal section (≥50%)). The sum of inflammatory lesions,
tissue destruction, and tissue reparation score were used to calculate the total histological
injury score (HIS) for each tissue according to the adapted method of Dommels et al. [29].



Agriculture 2022, 12, 1694 4 of 13

2.7. RT-qPCR Analysis

Total RNA was extracted from 100 mg of jejunal and ileal tissues with E.Z.N.A.® Total
RNA Kit (Omega Bio-tek, Norcross, GA, USA) according to the manufacturer’s protocol.
RNA purity and quantity were determined spectrophotometrically using NanoDrop 1000
(Thermo Scientific, Waltham, MA, USA). Samples were treated with RNase-free DNase I
(Thermo Scientific, Waltham, MA, USA) to eliminate contaminating genomic DNA. First-
strand DNA synthesis was carried out with 1 µg of total RNA and random hexamer primers
using the Maxima RevertAid H Minus First Strand cDNA Synthesis Kit (Thermo Scientific,
Waltham, MA, USA) according to the manufacturer’s recommendations.

The messenger RNA expression was determined by qPCR for target genes: interleukin
10 (IL10), transforming growth factor-β1 (TGFB), tumor necrosis factor-α (TNFA), interferon-
γ (IFNG), nuclear factor erythroid-2-related factor 2 (NRF2), nuclear factor kappa β (NFKB),
superoxide dismutase 1 and 2 (SOD1 and SOD2), catalase (CAT) and glutathione peroxidase
1, 2, and 4 (GPX1, GPX2, and GPX4). The genes glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) and β-actin (ACTB) were used as reference genes. Primer sequences and
the origins of the primers are shown in Table 1. The IFNG, NRF2, NFKB, CAT, GPX1, GPX2,
and GPX4 primers were designed with the Primer 3 Plus and Primer-Blast tools [30,31] and
synthesised by Eurofins Genomics (Eurofins Genomics, Ebersberg, Germany). For each
gene, a standard curve was generated by amplifying serial dilutions of a control cDNA to
check for linearity between initial template concentration and cycle threshold (Ct) values.
Amplification was conducted in an ABI PRISM 7500 sequence detector (Applied Biosystem,
Foster City, CA, USA) and performed in triplicate using 3 µL of 30-fold diluted cDNA
as a template in a total volume of 8 µL containing 1 ×Maxima SYBR Green/ROX qPCR
Master Mix (Thermo Scientific, Waltham, MA, USA) as described elsewhere [32]. Data were
normalised and analysed by the 2−∆∆Ct method using the mean Ct value obtained for the
two reference genes and the Ct values for each target gene [33].

Table 1. Primer Sequences Used for Quantitative Real-Time PCR.

Gene Tissue-Function Ratio Forward and Reverse Primer (5′–3′) 1 bp 2 Access. No. E (%) 3 nM 4 Source

GAPDH Reference genes F: ATCTCGCTCCTGGAAGATG
R: TCGGAGTGAACGGATTCG 200 NM_001190390.1 1.90 600

300 [34]

ACTB Reference genes F: CTGGACTTCGAGCAGGAGAT
R: GATGTCGACGTCACACTTC 194 NM_001009784 1.94 600 [34]

IL10 Anti-inflammatory F: TTAAGGGTTACCTGGGTTGC
R: TTCACGTGCTCCTTGATGTC 109 NM_001009327.1 1.96 200 [32]

TGFB Anti-inflammatory F: TTGACGTCACTGGAGTTGTG
R: CGTTGATGTCCACTTGAAGC 120 NM_001009400.2 2.04 200 [32]

TNFA Pro-inflammatory F: CAAATAACAAGCCGGTAGCC
R: TGGTTGTCTTTCAGCTCCAC 118 NM_001024860.1 1.96 200 [32]

IFNG Pro-inflammatory F: AAGTTCTTGAACGGCAGCTC
R: TTGGCGACAGGTCATTCATC 130 NM_001009803.1 1.91 500 [30,31]

NRF2 Redox system F: GAGCCCAGTCTTCAATGCTC
R: TCAGCCAGCTTGTCATTTTG 171 XM_015093345.2 1.97 200 [30,31]

NFKB Transcription factor F: CTACACCTTGCCTGTGAGCA
R: AAGGACACCAACAGCTCCAC 173 NM_001166184.1 1.93 300 [30,31]

SOD1 Antioxidant enzyme F: CACCATCCACTTCGAGGCAA
R: GCACTGGTACAGCCTTGTGT 126 NM_174615.2 2.06 200 [35]

SOD2 Antioxidant enzyme F: GGATCCCCTGCAAGGAACAA
R: TGGCCTTCAGATAATCGGGC 110 NM_201527.2 2.03 200 [35]

CAT Antioxidant enzyme F: TTCCGTCCTTTATCCACAGC
R: CCATTGGCATTAACCAGCTT 199 XM_004016396.5 2.04 300 [30,31]

GPX1 Antioxidant enzyme F: GGCATCAGGAAAACGCCAAG
R: GGGGACCACGTGATGAACTT 217 XM_004018462.5 1.98 300 [30,31]

GPX2 Antioxidant enzyme F: ATTGAGAATGTGGCCTCGCT
R: CCAGGGCGGACATACTTGAG 179 XM_004010720.5 2.07 300 [30,31]

GPX4 Antioxidant enzyme F: GGGAGTAATGCGGAGATCAA
R: CCACACAGCCGTTCTTATCA 199 XM_027970172.1 2.04 300 [30,31]

1 F = forward; R = reverse; 2 bp = amplified product length in base pairs; 3 E (%) = efficiency; 4 nM = optimal
primer concentration.
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2.8. Statistical Analysis

Statistical analysis was conducted using the statistical package JMP Pro13 (SAS In-
stitute Inc. Cary, NC, USA). The data were analysed with a one-way least square model
considering the maternal diet as a fixed effect. When necessary, data were log-transformed
to meet the assumption of normality and homoscedasticity. The student’s t-test was used to
compare fructosamine, OPG values, and relative mRNA gene expression according to ma-
ternal diet. Histopathological injury scoring was analysed with a mixed model considering
the fixed effects of maternal diet, intestinal tissue and their interaction. Data are reported
as least square means and their standard error. The level of significance was set at 0.05, but
tendencies were commented on if the level of significance was below 0.10. Pearson tests on
contingency tables were used to evaluate the association between OPG threshold values in
lambs and the maternal diet. Spearman correlations between microscopic lesion scores and
OPG values were also evaluated.

An additional principal component analysis (PCA) was used as a dimension-reduction
technique, as well as an exploratory data analysis tool to study the relationship among
the twelve genes’ expression markers in jejunal and ileal tissues. Principal components
of log-transformed gene expression relative quantifications were identified by computing
the eigenvectors of the covariance matrix of the log-transformed values for relative gene
expression quantification. A Bartlett test was applied to perform variance homogeneity tests
for each eigenvalue, which represents a partition of the total variation in the multivariate
sample. Using the PCA and Varimax rotation method, a factorial analysis was applied
to study the relationship among the twelve gene expression markers in jejunal and ileal
tissues. The maternal dietary treatment was included as a supplementary variable in PCA.

3. Results
3.1. Lamb Performance and Plasma Fructosamine

The age and slaughter BW did not differ across maternal dietary treatments (31 ± 3.2 days
old and 11.2 ± 0.3 kg in the SAINFOIN + PEG group vs. 29.5 ± 3.9 days old and 11.3 ± 0.3
in the SAINFOIN group, respectively, p > 0.05). Regarding to fructosamine values at slaugh-
ter, there was no difference between SAIFOIN + PEG and SAINFOIN groups (185.1 vs.
194.7 ± 8.15 µmol/L, respectively, p > 0.05).

3.2. Faecal Oocyst Count

The effects of CT from fresh sainfoin fed to ewes on the level of coccidia in lambs are
shown in Table 2. The average excretion of OPG was similar for both groups (p > 0.05).
However, a trend toward significance was observed for an increased percentage of lambs
that shed more than 10 oocysts/g faeces in the SAINFOIN + PEG group compared to the
SAINFOIN group (p = 0.07).

Table 2. Effect of maternal experimental diets (SAINFOIN + PEG vs. SAINFOIN) on faecal oocyst
count in suckling lambs at slaughter and percentage of lambs excreting 0, 10 and 500 oocyst/g faeces.

Faecal Oocyst Count SAINFOIN SAINFOIN + PEG p-Value

Log-transformed OPG 1

(Log-values ± SE 2 between parenthesis)
19

(1.28 ± 0.65)
219

(2.34 ± 0.65) 0.28

Lambs excreting oocyst (%)
>0 oocysts/g faeces 50 83.3 0.21

>10 oocysts/g faeces 33.3 83.3 0.07
>500 oocysts/g faeces 16.7 33.3 0.50

1 OPG = oocyst per gram of faeces; 2 SE = standard error.
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3.3. Histopathological Analysis

Upon histopathological examination, there were no remarkable differences with re-
gards to the average of the total HIS due to the presence of CT in the dams’ diets (Table 3;
p > 0.05). No significant association was observed between faecal oocyst counts and average
total HIS in jejunum (ρ = 0.23; p = 0.46) and ileum (ρ = 0.24, p = 0.44).

Table 3. Histopathological injury score of suckling lambs according to maternal experimental diets
(SAINFOIN + PEG vs. SAINFOIN) and tissue (jejunal and ileal).

Treatment 2 Tissue 2 p-Value 3

Item (µm) 1 SAINFOIN SAINFOIN + PEG Jejunal Ileal SE Treatment Tissue

Total inflammatory 4.3 4.3 5.1 3.5 0.23 1.0 <0.0001
Total tissue destruction 2.1 2.0 3.3 0.8 0.23 0.61 <0.0001

Total Tissue repair 0.01 0.04 0.04 0.01 0.03 0.32 0.32
∑ HIS 6.4 6.3 8.4 4.3 0.42 0.83 <0.0001

1 Total inflammatory section = intensity, fibrin exudation, lymphangiectasis, location (layer), crypt abscesses,
and villous blunting; total tissue destruction section = enterocyte loss, oedema, mucosal atrophy, loss of crypts;
total tissue reparation: hyperplasia, angiogenesis, granulomas and fibrosis; HIS = total histological injury score.
2 Values are expressed as mean ± SE. 3 No interactions between treatment and tissue were observed.

Independently of maternal diet, the jejunum presented higher total HIS scores com-
pared to the ileum (p < 0.001). Jejunal lesions were characterised by mixed cell infiltration
(eosinophils, lymphocytes, macrophages, plasma cells), lymphangiectasis, villous blunting,
mucosal atrophy, and enterocyte loss. In the case of the ileum, eosinophils were the pre-
dominating cell population. In both organs, the histological changes were restricted to the
mucosa layer.

3.4. Gene Expression

In jejunal tissues, significantly lower expression of TNFA (p = 0.07, trend), TGFB, GPX1,
and GPX4 were observed in the SAINFOIN lambs when compared to SAINFOIN + PEG
lambs (Figure 1a; p < 0.05). In ileal tissues, significantly higher expression of GPX2 and
CAT were observed in the SAINFOIN lambs compared to the SAINFOIN + PEG lambs
(Figure 1b; p ≤ 0.01). The presence of CT in the dams’ diet did not affect jejunal IL10, IFNG,
NRF2, NFKB, SOD1, SOD2, CAT, and GPX2 expression (p > 0.10), nor ileal IL10, TGFB,
TNFA, IFNG, NRF2, NFKB, SOD1, SOD2, GPX1, and GPX4, expression (p > 0.10).

3.5. Principal Components Analysis

Principal components are new variables that are constructed as linear combinations
of the initial variables. In jejunal tissues, seven principal components accounted for 95.9%
of the variation in the gene expression values, while the total number of components
extracted (eigenvalues), based on the amount of variance contributed by each component,
was reduced from 4.49 to 0.46. Component 1 accounted for 37.4% of the total variation,
while component 2 accounted for 19.7% variation (Figure 2a). Similarly, in ileal tissues,
seven principal components accounted for 99.0% of the variation in the gene expression
values, while the total number of components extracted (eigenvalues), based on the amount
of variance contributed by each component, was reduced from 4.46 to 0.59. Component 1
accounted for 37.2% of the total variation, while component 2 accounted for 18.8% variation
(Figure 2b). In both tissues, the left quadrant of component 1 was mainly represented by
SAINFOIN individuals, while the right quadrant was mainly represented by lambs whose
dams had been fed SAINFOIN + PEG. Likewise, the upper quadrant of component 2 was
mainly represented by SAINFOIN individuals, while the bottom quadrant was mainly
represented by lambs whose dams had been fed SAINFOIN + PEG.
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Figure 1. Relative quantification of gene transcripts in the jejunum (a) and ileum (b) in suckling lambs
according to maternal dietary (SAINFOIN vs. SAINFOIN + PEG). Bars represent least-squares mean
values ± SE. The level of significance is expressed as follows: * p ≤ 0.10; ** p ≤ 0.05; *** p ≤ 0.01.
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The PCA identified three clusters based on gene markers in the jejunum. The first
cluster was related to the pro-inflammatory marker TNFA (69% out of total cluster variation,
6 gene members), while the second and third cluster were mainly related to NRF2 (54.5%
out of total cluster variation; 4 genes) and CAT (74.5% out of total cluster variation; 2 genes)
(Table 4).

Table 4. Summary of PCA clusters of gene expression markers in the jejunum.

Cluster Gene Members Most Representative
Variable

Proportion of
Explained Cluster

Variation

Proportion of Total
Variation

1 TNFA, TGFB, GPX4, NFKB,
GPX1, and SOD2 TNFA 0.69 0.35

2 NRF2, IFNG, IL10, and SOD1 NRF2 0.55 0.18
3 CAT and GPX2 CAT 0.75 0.12

In ileal tissues, the PCA also identified four clusters. Cluster 1 was mostly represented
by NFKB (64.9% out of total cluster variation, 6 gene members), while cluster 2 was mostly
represented by IFNG (64.4% out of total cluster variation; 3 genes). The third cluster was
mainly represented by the antioxidant enzyme CAT (70.9% out of total cluster variation;
2 genes), and the fourth cluster was represented by a single NRF2 (100% out of total cluster
variation; 1 gene) (Table 5).

Table 5. Summary of PCA clusters of gene expression markers in the ileum.

Cluster Gene Members Most Representative
Variable

Proportion of
Explained Cluster

Variation

Proportion of Total
Variation

1 NFKB, GPX4, GPX1,
TGFB, TNFA, and SOD1 NFKB 0.65 0.32

2 IFNG, GPX2, and SOD2 IFNG 0.64 0.16
3 CAT and IL10 CAT 0.71 0.12
4 NRF2 NRF2 1 0.08

4. Discussion

In this study, we characterised the effect of maternal dietary CT on coccidiosis and
health and antioxidant-immune crosstalk at a gut level in suckling lambs. Our main
findings were that: (1) maternal dietary CT tended to reduce faecal oocyst excretion in
lambs; (2) the presence of CT in the dams’ diet affected differently the expression of
the antioxidant defence system and regulatory immune genes in intestinal tissues; and
(3) based on PCA analysis, gut homeostasis in suckling lambs involves a tissue-dependent
interaction of pro-inflammatory and antioxidant mediators in both jejunal and ileal tissues.

A large body of published work has demonstrated the antiparasitic properties of CT
in gastrointestinal coccidian infection [12,13]. For example, the use of sainfoin delayed the
onset of coccidian infections in both pre-weaned [8] and weaned lambs [15,36]. In our study,
the percentage of lambs that excreted more than 10 oocysts/g at slaughter age tended to
be higher in the SAINFOIN + PEG group than in the SAINFOIN group. This suggests
that the chelate used in ewes’ diet of the SAINFOIN + PEG group reduced the protection
of CT against coccidia along the intestinal tract of naturally infected lambs. Lambs are
infected in early life (with the onset of excretion at 13–15 days) as a result of an oocyst-
contaminated environment, however, the presence of large numbers of oocysts in young
lambs is not necessarily indicative of disease [37,38]. Clinical coccidiosis seems to be directly
linked to the species of coccidian involved, the number of oocysts ingested, significant
asexual multiplication in the host, and possible physiological stress [7]. In our study, oocyst
excretion was not correlated with the observed microscopic lesion scores in the jejunum and
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ileum of naturally infected lambs, and both treatments reached the target BW at slaughter
with similar age and, thereby, they had similar growth rates [26]. It has been suggested
an interplay between passive maternal immunity and active immunisation during the
lactation period in infected lambs [39]. On the other hand, solid feed is naturally starting at
around 3 weeks of age [40], leading to important anatomical and physiological changes
in the gastrointestinal tract. Therefore, the lambs of this study could be familiarising with
sainfoin supplied to the dams, and thereby, some other feed components apart of those
from ewe milk could be reaching the small intestine. However, the amount of solid feed
consumed at the time of slaughter (4–5 weeks of age) may be very low (about 50 g/day) [41].
Furthermore, the jejunum is the part of the intestine where most of the nutrient absorption
occurs, so these events could be disrupting the histopathology of the jejunum [42,43].
Nevertheless, as the present study it was conducted under natural coccidian infection,
further research on histopathological findings in suckling lambs are needed.

Coccidia cause damage to the intestinal mucosa by activating cellular immune re-
sponses [6,44]. However, the activation of an effective immune response can induce a
strong competition for the maintenance of growth in parasitised lambs. The protective role
of CT has been associated with a direct action on the modulation of specific immune cells
and antioxidant activity [45]. In this study, the inclusion of CT from sainfoin in the dams’
diet diminished gene expression of cytosolic GPX1 and phospholipid hydroperoxide GPX4,
and anti-inflammatory TGFB and pro-inflammatory TNFA in the jejunum, but increased the
gene expression of CAT and gastrointestinal GPX2 in the ileum. Accordingly, PCA revealed
that both immune and antioxidant responses are different in lambs from the SAINFOIN
group when compared to SAINFOIN + PEG group. These results would indicate that there
was a positive transfer of some polyphenols to the milk in the SAINFOIN ewes’ diet, as
observed in goats nursing kids [46], due to the CT that may have been absorbed during
digestion [14]. Hence, dams’ diet CT may have immunomodulatory effects on the intestinal
environment, causing an adverse scenario for the parasites without a negative impact on
nutritional well-being.

Plant-derived compounds, as polyphenols, have the ability to prime Nrf2 expression
and activity while inhibiting NF-κB activation [19]. However, in this study, we observed a
decreased production of both pro- and anti-inflammatory cytokines and antioxidant enzymes
in the jejunum. The antioxidant properties of CT are linked to their ability to scavenge free
radicals [13,47]. Thus, it is possible that the presence of CT in dams’ diet, and accordingly some
of the CT derivatives reaching the gut, helped to reduce local oxidative stress and to diminish
immune responses and endogenous antioxidant defences by reducing the production of reactive
oxygen species (ROS). This result is in agreement with studies performed in other species, where
decreased activities of the oxidative stress-responsive transcription factors NFKB and NRF2
were observed in the duodenal mucosa of pigs supplemented with polyphenol-rich grape by-
products [48]. On the other hand, polyphenols also enhance antioxidant defences by increasing
the activity of endogenous antioxidant enzymes [49,50]. In mammalian models, marked regional
variations of antioxidant capacity in the gastrointestinal tract have been described [51,52]. Thus,
the presence of polyphenols in the dams’ diet could help in the detoxifying metabolism of
hydroperoxides in suckling lambs by favouring the expression of CAT and GPX2, considered
the most important of the four types of GPX for peroxide removal in the intestine [53]. In swine,
the 5% grape pomace diet leads to an increase of GPX activity in the colon with respect to
the duodenum [52], which was attributed to the presence of the unmetabolised procyanidin
trimers. In this trial, the carcass and meat quality of suckling lambs were not affected by the
inclusion of CT from sainfoin in the dams’ diet [27]. In agreement with previous studies, plasma
concentrations of fructosamine in lambs, as indicator of nutritional status [54], were not affected
by the presence of CT in the dams’ diet.

In ruminants, the small intestine is characterised by regional differences in the develop-
ment of immune responses, probably influenced by selective recruitment of immune cells
to the intestinal tissue [55] and gut colonisation [20,56] as a result of different undigested
products reaching the intestine. Independently of the maternal experimental diet, PCA anal-
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ysis defined dynamic/regulatory antioxidant-immune interactions involved in gut growth
and development of suckling lambs. In the jejunum, the first cluster was related to the
pro-inflammatory marker TNFA that may exert apoptotic and anti-apoptotic pathways [57],
while the second and third clusters were mainly related to NRF2, which is involved in
redox homeostasis, and CAT, which has H2O2 degrading capacity. In ileal tissues, the
first cluster was mostly represented by NFKB, involved in homeostatic and cell survival
pathways, while the second cluster was mostly represented by IFNG, involved in cellular
immunity. The third cluster was mainly represented by the antioxidant enzyme CAT and
the fourth cluster was represented by a single NRF2. Oxidative stress and inflammation
are interdependent since an excess of ROS can initiate a cascade of intracellular signalling,
that involve NF-κB pathway and pro-inflammatory stimuli. In response to these stresses,
it is necessary the activation of the Nrf2 pathway that leads to the activation of various
antioxidant enzymes, such as CAT, as observed in the ileum of the current study. Given
ROS can induce oxidative injury and also act in redox signalling [58], it has been described
as a downregulation of CAT expression by TNFA in order to enhance NF-κB activation, that
is stimulated in the presence of H2O2 [57]. This analysis suggests the presence of complex
and compartment/region-dependent homeorhetic mechanisms of the intestinal tract in
suckling lambs, in agreement with previous studies [25].

5. Conclusions

In conclusion, CT from sainfoin in the diet of ewes tended to reduce coccidian oocyst
excretion in their suckling lambs. Maternal diets (SAINFOIN vs. SAINFOIN + PEG) did not
affect the histopathological analysis of the jejunum and ileum of suckling lambs. However,
the superoxide radical scavenging activity of CT in dams’ diet caused a down-regulation of
TNFA and TGFB and GPX1 and GPX4 in jejunal tissue while enhancing the H2O2 degrading
capacity of CAT and GPX2 in ileal tissues of lambs from SAINFOIN group. PCA analysis
confirmed the presence of complex, and compartment/region-dependent homeorhetic
mechanisms mediating the small intestine health in suckling lambs.
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