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Simple Summary: The traditional sheep feeding system in Inner Mongolia, based on pasture grazing,
is gradually transforming into a semi-grazing plus supplementation or feedlot approach, as grassland
ecological protection becomes increasingly important. The fatty acid composition of the animals’
tissues changes with transformation of the feeding system. However, the changes to blood fatty acid
metabolites in sheep as a result of alterations to the feeding regimen are unknown. In this study,
pasture feeding, pasture feeding plus corn supplementation, and barn feeding were carried out to
explore the effects of feeding regimens on blood fatty acid composition and metabolic pathways of
sheep using a metabolomic approach. The results revealed that compared to grazing, concentrate
supplement feeding regimens, including either grazing plus supplements or feeding indoors, down-
regulated blood n-3 PUFA biosynthesis and up-regulated blood inflammatory compound metabolism
by n-6 PUFA. These data suggest that under different feeding regimens, an appropriate ratio of
n-6/n-3 PUFA in ruminant diets will contribute to increasingly high-quality animal production and
improved immunocompetence.

Abstract: Feeding regimens influence the fatty acid composition of animal-derived products. How-
ever, there is limited information on the effect of feeding regimens on the blood fatty acid composition
and metabolic pathways of ruminant animals. In this study, 30 Wujumqin sheep were randomly
assigned to three groups, PF (pasture feeding), PSF (pasture feeding plus corn supplementation) and
BF (barn feeding), to examine the effects of feeding regimens on blood fatty acid composition and
metabolic pathways through a metabolomic approach. The results showed that the BF sheep had
increased serum n-6 polyunsaturated fatty acids levels, while the PF and PSF sheep had increased
serum n-3 PUFA levels. Compared to the BF and PSF sheep that were fed ground corn, the PF sheep
that only ate natural grass had up-regulated serum DHA levels. Meanwhile, blood metabolites from
linoleic acid and arachidonic acid, including pro-inflammatory products (20-HETE, LTs, TX etc.)
and anti-inflammatory products (LXB4, DHETs, HPETEs etc.) were elevated in the BF group. It
was found that, compared to grazing, concentrate supplement feeding regimens, including either
grazing plus supplements or feeding indoors, down-regulated blood n-3 PUFA biosynthesis and
up-regulated the blood inflammatory compound metabolism by n-6 PUFA.

Keywords: feeding regimen; sheep; blood metabolite; fatty acids

1. Introduction

A typical steppe region, Xilinguole League, accounting for 25% of the total grassland
in Inner Mongolia with an area of 19.3 × 106 ha, is considered as one of the most popular
sheep production regions in China and even in the whole of the Eurasian grasslands [1].
However, because of drought stress caused by climate change and unreasonable animal
husbandry, 74% of the grasslands in Xilinguole League have suffered from severe deteri-
oration [2]. Simultaneously, the livestock population has grown dramatically, increasing
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by a factor of five over the past six decades [3], as a result of increases in meat and animal
product demand and population pressure. Therefore, the need to develop sustainable
grazing regimens for livestock has become urgent, to satisfy meat production needs while
minimizing the environmental impacts.

The traditional sheep feeding system in Inner Mongolia is based on ad libitum grazing
in pastures, which is gradually transforming into a semi-grazing plus supplementation or
feedlot approach, as grassland ecological protection becomes more important, and with the
implementation of the “Eco-green and High-quality Development Policy” by the central
government of China. In practice, a great majority of herders used corn-based concentrates
to feed animals, usually locally available at low cost for supplementation after grazing.
Supplementation has a “substitution effect”, which can alleviate the pressure on grass
growth in grasslands, reduce nutritional deficiencies from reliance on herbage, stimulate
intake and digestibility and thus improve animals’ performance [4]. However, supple-
mentation may alter the animals’ fatty acid (FA) metabolites. Studies have established
that feeding regimens influence FA composition of animal-derived products [5,6]. For
example, grazing sheep have been shown to contain less saturated fatty acids (SFA) and
monounsaturated fatty acids (MUFA) but more polyunsaturated fatty acids (PUFA) in their
meat, especially more long-chain n-3 PUFA (mainly eicosapentaenoic acid (EPA, C20:5n-3)
and docosahexaenoic acid (DHA, C22:6n-3)) and a more favorable n-6/n-3 PUFA ratio [7,8]
than sheep fed concentrate in a barn. Grazing increases the meat n-3 PUFA content because
of the high proportion of α-linolenic acid (ALA, C18:3n-3) in natural grass [9], whereas
indoor feeding increases the meat n-6 PUFA content due to the large amount of linoleic
acid (LA, C18:2n-6) in corn-based concentrate [10]. An early study stated that the synthesis
and metabolism of FA in the rumen and tissues of ruminant animals can be determined
by the properties and metabolic pathways of the FA in the blood [11]. However, there is
limited information on the effect of feeding regimens on the blood FA composition and
metabolic pathways of ruminant animals.

The current study aimed to compare the effect of three feeding regimens—grazing,
grazing plus corn supplementation and barn feeding—on the blood FA composition and the
metabolic pathways (synthesis and metabolism) of n-6/n-3 PUFA of Chinese Wujumqin
sheep. We hypothesized that corn supplementation or feeding indoors would down-
regulate blood n-3 PUFA biosynthesis, and up-regulate blood n-6 PUFA, resulting in
inflammatory compound metabolism in sheep.

2. Materials and Methods
2.1. Animals and Diets

The experiment was carried out in a research station located in Maodeng, which
is typical grassland area in eastern Xilinguole (116◦30′ E, 44◦49′ N; alt. 1200 m a.s.l.),
Inner Mongolia, China. The herbage of grassland in the region consists of Stipa krylovii,
Leymus chinensis, Cleistogenes squarrosa, Carex duriuscula and Allium ramosum, which make
up the usual botanical composition on offer in July–September and provide the bulk of
the food for grazing sheep. The most abundant forage is in August, when the annual
species Salsola collina and Chenopodium album are also present in scattered and patchy
distributions. Herbage allowance of this pasture was 680 kg/ha in July, 927 kg/ha in
August and 1040 kg/ha in September [12].

The experimental procedure was in accordance with the ethical standards of the Wel-
fare and Ethics Committee of the Chinese Association for Laboratory Animal Sciences
(Approval No. 20180330c1041215). In total, 30 Wujumqin adult female sheep, approxi-
mately 1.5 years of age, were obtained from a local farm. Prior to this experiment, all sheep
grazed together on the same pasture. At the subsequent start of the experiment, sheep
were randomly allocated into one of the three feeding groups (10 per group). The three
feeding regime groups were: pasture feeding (PF, control), pasture feeding plus ground
corn supplementation (PSF) and barn feeding (BF). From June to September, the PF group
sheep were allowed to graze freely on pasture; the PSF group sheep grazed on the same
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pasture and were separately fed a supplement of 300 g of ground corn per head per day
when off pasture, during the month of September. The BF sheep were fed indoors, with
free access to Chrysopogon aciculatus hay and cornstalks and a daily feed of 500 g of ground
corn per sheep. All animals in each group were reared for 120 days.

2.2. Blood Sample Preparation

Blood samples were collected on the last day of the experiment, before the morning
feed. The samples were taken from the jugular vein of six randomly selected sheep in
each group. For each sheep, 10 mL of blood was collected via a vacuum collection tube.
All tubes were immediately placed on ice and the blood was allowed to naturally clot for
one hour. Then, the serum was separated from the blood via centrifugation at 3000 rpm for
15 min at 4 ◦C. The serum samples were collected and aliquoted into 2 mL plastic vials,
which were stored at –80 ◦C for subsequent determination of metabolites.

2.3. Metabolomics Analysis

The blood samples were thawed at 4 ◦C before analysis. Then, the non-targeted
metabolomics analysis was carried out using an ultra-performance liquid chromatography
(UPLC) system (Waters Corp., UK) according to the methods described in Dunn et al. [13].

The liquid chromatography–mass spectrometry (LC-MS) data acquired were analyzed
in Progenesis QI v2.2 (Waters Corp., Milford, MA, USA) and the R package, metaX, as
described in Wen et al. [14]. Metabolites were identified based on the Kyoto Encyclopedia
of Genes and Genomes (KEGG) and the Human Metabolome Database (HMDB) also
analyzed by metaX. Furthermore, the construction, interaction and pathway analyses of
potential biomarkers were performed with software from the KEGG and HMDB databases.

2.4. Statistical Analysis

For serum metabolites, multivariate analyses, including Principal Com-ponent Anal-
ysis (PCA) and Partial Least Square Discriminant Analysis (PLS-DA) and the variable
importance of projection (VIP) were performed to determine the metabolic differences
between the treatment groups. In addition, a one-way ANOVA (analysis of variance)
with Tukey’s honestly significant difference (Tukey’s HSD) test was performed on the
metabolomics data, in order to assess which metabolites were primarily involved in each
of the various groups. The threshold of significance was set at p < 0.05.

3. Results
3.1. Metabolite Profiling of the PF, PSF and BF Groups

The PCA score plot showed that the serum metabolites in the BF group were clearly
separated from the PF and PSF groups (Figure 1A,B). The PF group cluster was closer
to that of the PSF group; however, differences were apparent. The supervised learning
analysis, PLS-DA (Figure 1C,D), was subsequently performed to identify those metabolites
contributing to the observed separation. In the PLS-DA score plot, the separation between
the three groups was more prominent.

Volcano plots were drawn for each pairwise comparison between groups. The x-axis
is the mean ratio fold-change of the relative abundance of each metabolite, while the
y-axis represents the statistical significance or p-value of the ratio fold-change for each
metabolite. Points plotted in red had a fold-change≥1.2 or≤0.83 and p < 0.05, representing
significantly different metabolites between the two groups. These results indicated that the
different feeding regimens (i.e., BF vs. PF, PSF vs. BF, and PSF vs. PF) changed the serum
metabolites of the sheep (Figure 2A–C).
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Figure 1. Multivariate data analyses of the liquid chromatography–mass spectrometry (LC-MS)
serum spectra data. Principal Com-ponent Analysis (PCA) score plot analysis of the BF (barn
feeding), PF (pasture feeding) and PSF (pasture feeding plus ground corn supplementation) groups
(n = 6) in positive mode (A) and negative mode (B); Partial Least Square Discriminant Analysis
(PLS-DA) S-plot in positive mode (C) and negative mode (D).
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Figure 2. Volcano-plots of the metabolites in (A) the BF and the PF groups, (B) the PSF and BF groups and (C) the PSF and
PF groups (n = 6).

3.2. Identification of Potential Metabolites and the Metabolic Pathways

Considering the VIP threshold (VIP ≥ 1) and p-value (p < 0.05), with a false discovery
rate (FDR) < 0.05 and a fold change≥ 1.2 or≤ 0.83, a total of 909, 296 and 1218 significantly
differentiated metabolites were identified among the three feeding regimes. Of these
metabolites, 21, 23 and five, which potentially contributed the most to fatty acid metabolism,
were selected for further investigation of BF vs. PF, BF vs. PSF, and PSF vs. PF, respectively.

Between the BF and PF groups, nine metabolites (Prostaglandin J2, 20-HETE, Prostaglandin
A2, 8,9-DHET, Prostaglandin B2, Leukotriene A4, Lipoxin B4, 8(S)-HPETE and 2,3-Dinor-8-
iso PGF1alpha) concerned with the arachidonic acid (AA, C20:4n-6) metabolism pathway
and six metabolites (9,10-DHOME, 9,10-DHOME, 9,12,13-TriHOME, 13-KODE, (7S,8S)-
DiHODE and 9(S)-HODE) involved in the LA metabolism pathway were significantly
higher in the BF group. Metabolites involved in the biosynthesis of fatty acids, such as
ALA, DHA and EPA, were significantly higher in the PF group, whereas decanoic acid
(C10:0), LA, and AA were up-regulated in the BF group (Table 1, Figure 3A).
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Table 1. Identification and trends of change for the differential metabolites in the BF and PF groups (n = 6).

Chemical
Denomination Formula p-Value

VIP (Variable
Importance of

Projection)

m.z (Mass-to-
Charge
Ratio)

Retention
Time (min) Trend Metabolic

Pathway

2,3-Dinor-8-iso
PGF1alpha C18H32O5 2.18 × 10−2 1.06 327.22 7.57 up Arachidonic acid

metabolism

Leukotriene A4 C20H30O3 1.48 × 10−2 1.86 317.21 8.04 up Arachidonic acid
metabolism

Prostaglandin A2 C20H30O4 4.09 × 10−4 2.96 333.21 7.11 up Arachidonic acid
metabolism

Prostaglandin B2 C20H30O4 5.84 × 10−3 2.37 333.21 7.99 up Arachidonic acid
metabolism

Prostaglandin J2 C20H30O4 4.32 × 10−5 3.68 333.21 7.67 up Arachidonic acid
metabolism

20-HETE C20H32O3 1.21 × 10−5 3.25 319.23 8.31 up Arachidonic acid
metabolism

8(S)-HPETE C20H32O4 3.75 × 10−2 1.54 335.22 6.84 up Arachidonic acid
metabolism

Lipoxin B4 C20H32O5 8.00 × 10−3 1.56 351.22 7.25 up Arachidonic acid
metabolism

8,9-DHET C20H34O4 1.61× 10−4 2.68 337.24 6.66 up Arachidonic acid
metabolism

13-KODE C18H30O3 8.65 × 10−4 1.95 293.21 8.74 up Linoleic acid
metabolism

9(S)-HODE C18H32O3 2.52 × 10−2 1.09 295.23 8.15 up Linoleic acid
metabolism

(7S,8S)-DiHODE C18H32O4 1.05 × 10−2 1.93 311.22 8.23 up Linoleic acid
metabolism

9,10-DHOME C18H34O4 4.88× 10−5 2.83 313.24 8.11 up Linoleic acid
metabolism

9,10,13-TriHOME C18H34O5 1.51 × 10−5 2.70 329.23 7.25 up Linoleic acid
metabolism

9,12,13-TriHOME C18H34O5 3.01 × 10−5 2.59 329.23 6.91 up Linoleic acid
metabolism

alpha-Linolenic acid C18H30O2 2.38 × 10−5 3.08 277.22 8.44 down
Biosynthesis of

unsaturated fatty
acids

Linoleic acid C18H32O2 4.08 × 10−2 1.13 279.23 9.33 up
Biosynthesis of

unsaturated fatty
acids

Eicosapentaenoic acid C20H30O2 8.05 × 10−4 1.65 301.22 9.01 down
Biosynthesis of

unsaturated fatty
acids

Arachidonic acid C20H32O2 5.3 9× 10−3 1.41 303.96 10.1 up
Biosynthesis of

unsaturated fatty
acids

Docosahexaenoic acid C22H32O2 5.69 × 10−3 1.81 327.23 9.23 down
Biosynthesis of

unsaturated fatty
acids

Decanoic acid C10H20O2 4.92 × 10−4 1.82 171.14 7.63 up Fatty acid
biosynthesis

Of those 23 metabolites selected between the BF and PSF groups, nine compounds
(11,12-DHET, prostaglandin J2, prostaglandin A2, 20-COOH-Leukotriene B4, 12(S)-HPETE,
20-HETE, 2,3-Dinor-8-iso PGF1alpha, 14,15-DHET, and thromboxane) related to the AA
metabolism pathway and six compounds (9,10-DHOME, 9,10,13-TriHOME, 9,12,13-TriHOME,
(7S,8S)-DiHODE, 12,13-DHOME, and 13(S)-HODE) related to the LA metabolism pathway
were elevated in the BF group (Figure 3B). Most importantly, in comparison with the
BF group, in the PSF group the SFAs, decanoic acid (C10:0) and stearic acid (C18:0), the
MUFAs, palmitoleic acid (C16:1) and oleic acid (C18:1), as well as the n-6 PUFAs LA and
AA, were down-regulated, while the n-3 PUFAs ALA and EPA were up-regulated (Table 2).
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the PSF and BF and (C) the PSF and PF groups (n = 6). Each row represents a metabolite and each column represents a
sheep sample.

Table 2. Identification and trends of change for the differential metabolites in the BF and PSF groups (n = 6).

Chemical Denomination Formula p-Value VIP m.z Retention Time (min) Trend Metabolic Pathway

2,3-Dinor-8-iso PGF1alpha C18H32O5 6.70 × 10−3 1.15 327.22 7.57 up Arachidonic acid
metabolism

Thromboxane C20H32O5 1.91 × 10−2 1.12 387.20 9.16 up Arachidonic acid
metabolism

20-COOH-Leukotriene B4 C20H30O6 6.11 × 10−3 1.93 401.18 7.48 up Arachidonic acid
metabolism

14,15-DHET C20H34O4 9.04 × 10−3 1.12 337.24 9.78 up Arachidonic acid
metabolism

11,12-DHET C20H34O4 3.98 × 10−4 2.25 337.24 6.66 up Arachidonic acid
metabolism

12(S)-HPETE C20H32O4 2.26 × 10−2 1.79 335.22 8.47 up Arachidonic acid
metabolism

Prostaglandin A2 C20H30O4 5.25 × 10−3 2.16 333.21 7.99 up Arachidonic acid
metabolism

Prostaglandin J2 C20H30O4 2.92 × 10−3 2.24 333.20 8.23 up Arachidonic acid
metabolism

20-HETE C20H32O3 4.70 × 10−3 1.36 319.23 8.31 up Arachidonic acid
metabolism

13(S)-HODE C18H32O3 7.38 × 10−3 1.24 295.23 8.15 up Linoleic acid
metabolism

(7S,8S)-DiHODE C18H32O4 5.82 × 10−3 2.03 311.22 8.23 up Linoleic acid
metabolism

9,10-DHOME C18H34O4 4.42 × 10−5 2.55 313.24 8.11 up Linoleic acid
metabolism

12,13-DHOME C18H34O4 2.81 × 10−2 1.74 313.24 8.48 up Linoleic acid
metabolism

9,10,13-TriHOME C18H34O5 1.77 × 10−5 2.42 329.23 7.25 up Linoleic acid
metabolism

9,12,13-TriHOME C18H34O5 3.37 × 10−4 2.16 329.23 6.91 up Linoleic acid
metabolism

Linoleic acid C18H32O2 1.04 × 10−2 1.40 279.23 9.33 up

Linoleic acid
metabolism

Biosynthesis of
unsaturated fatty acids

alpha-Linolenic acid C18H30O2 6.04 × 10−5 2.99 277.22 8.44 down Biosynthesis of
unsaturated fatty acids

Oleic acid C18H34O2 1.84 × 10−2 1.29 281.25 9.66 up Biosynthesis of
unsaturated fatty acids

Stearic acid C18H36O2 3.31 × 10−2 1.41 285.28 9.68 up Biosynthesis of
unsaturated fatty acids

Eicosapentaenoic acid C20H30O2 3.65 × 10−4 1.82 301.22 9.01 down Biosynthesis of
unsaturated fatty acids

Arachidonic acid C20H32O2 8.40 × 10−4 1.19 303.96 9.58 up Biosynthesis of
unsaturated fatty acids

Palmitoleic acid C16H30O2 5.47 × 10−3 1.36 253.22 9.17 up Fatty acid biosynthesis
Decanoic acid C10H20O2 8.47 × 10−4 1.57 171.14 7.63 up Fatty acid biosynthesis
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The differential metabolites between the PSF and PF groups were mainly associated
with AA metabolism. Among the four AA-related metabolites, leukotriene A4 and 20-
HETE increased, while 2,3-Dinor-8-iso PGF1alpha and 8(S)-HPETE decreased in the PSF
group. Interestingly, DHA, concerned with the biosynthesis of unsaturated fatty acids, was
significantly up-regulated in the PF group (Table 3; Figure 3C).

Table 3. Identification and trends of change for the differential metabolites in the PSF and PF groups
(n = 6).

Chemical Denomination p-Value VIP Trend Metabolic Pathway

2,3-Dinor-8-iso PGF1alpha 3.72 × 10−2 1.45 down Arachidonic acid metabolism
Leukotriene A4 8.51 × 10−3 4.82 up Arachidonic acid metabolism

20-HETE 1.09 × 10−2 2.93 up Arachidonic acid metabolism
8(S)-HPETE 3.35 × 10−2 1.19 down Arachidonic acid metabolism

Docosahexaenoic acid 3.32 × 10−2 2.47 down Biosynthesis of unsaturated fatty acids

The up- and down-regulation of these metabolites and the related pathways are shown
in Tables 1–3 and Figure 3.

In this table formula, retention time and m.z. of the differential metabolites are the
same as in Tables 1 and 2.

4. Discussion
4.1. Effect of Different Feeding Regimens on N-6 and N-3 PUFA Synthesis

The metabolic pathway of unsaturated FA biosynthesis in sheep blood can be changed
by feeding regimen. Indeed, in this study, BF resulted in an increased serum n-6 PUFA
(mainly LA and AA) level, while both pasture-based feeding regimens (PF and PSF)
increased the serum n-3 PUFA (mainly ALA and EPA) level of the sheep. Interestingly,
the sheep in the PF group, which ate natural grass as their only dietary source, showed
more elevated blood DHA levels than sheep in the PSF and BF groups, which were both
fed ground corn.

Blood fatty acid levels largely depend on the dietary fatty acid sources, along with
other factors like the ruminal bacterial synthesis and biohydrogenation (BH) of fatty acids,
as well as endogenous conversion of ingested fatty acids in tissues by desaturation and
elongation [11,15].

Diet plays an important role in the fat metabolism process. Characteristics of different
dietary fatty acid types influence the bioavailability of fatty acids leaving the rumen and
how easily they are absorbed in the small intestine for further incorporation into the body
tissues of ruminants [16]. ALA, the most important dietary n-3 PUFA and the precursor
for endogenous synthesis of EPA and DHA in animal tissues [10], is a major constituent of
natural grass. LA, the most important dietary n-6 PUFA, is at a high level in corn-based
concentrate feedstuff. Therefore, among the three groups in this study, the PF sheep had
more ALA from natural grass in the pasture, while the BF sheep had more LA from their
corn-based diet and the PSF sheep had moderate levels of both ALA and LA.

In the rumen, ALA and LA from the diet undergo BH and consequently are less readily
absorbed in the intestine [15]. However, in grazing animals, fresh grass n-3 PUFAs may be
more protected against rumen microorganisms than those in concentrates because of the
presence of the secondary metabolites that could inhibit ruminal BH [17,18]. Consequently,
a part of the dietary ALA in the PF and PSF groups may have passed through the rumen
and been directly absorbed in the small intestine for further synthesis in the tissue.

PUFA synthesis in the tissue starts with ∆6 desaturation of both ALA and LA and both
∆5- and ∆6-desaturase play an important role in the extension of long-chain PUFA [19].
Fatty acids affect their own metabolism by affecting gene transcription. It has been reported
that the enzymes ∆5- and ∆6-desaturase encoded by desaturase 1 (FADS1) and desaturase 2
(FADS2) genes were up-regulated in the tissues of grazing sheep due to the high proportion
of ALA in natural grass [20,21]. In addition, the changes in mRNA expression of FADS1



Animals 2021, 11, 1080 8 of 11

and FADS2 were similar to those seen between EPA and DHA [20]. With more natural grass
intake, there was less rumen BH activity and more active synthesis in the tissue, which led
to the higher n-3 PUFA concentration, especially of ALA and EPA in the blood of the PF and
PSF sheep, while more corn intake resulted in increased LA and AA concentrations in the
blood of the BF sheep. Similar results were found by Popova et al. and Wang et al. [8,20],
who reported that meat from pastured sheep contained more n-3 PUFA (ALA, EPA and
DHA) compared to meat from sheep fed indoors. In theory, the PSF sheep should have had
higher blood LA and AA concentrations than the PF sheep due to their greater n-6 PUFA
intake from corn supplementation; however, this was not the case. This may have been
due to the dose and short-time of supplementation (300 g/d only for a month), which may
not have been sufficient to change the serum levels of LA and AA.

It is notable that the serum DHA level in the PF sheep was up-regulated more than
that of the PSF sheep. The accumulation of DHA in the tissue is sensitive to the levels
of both ALA and LA in the diet and can be regulated by altering the balance of n-6 and
n-3 PUFA in the diet [22]. Ponnampalam et al. [23] and Gibson et al. [24] found that the
synthesis and accumulation of DHA could be suppressed by LA because of competition
between n-6 and n-3 PUFA at the enterocyte for absorption and metabolic enzymes. When
grazing sheep consume corn supplements, their forage intake and digestion should be
relatively lower [12]. Therefore, in this study, the PSF sheep consumed a much greater
amount of LA and less ALA compared to the PF sheep who only consumed grass, which
consequently led to a decreased DHA level in the blood of the PSF sheep.

4.2. Effect of Different Feeding Regimens on PUFA Metabolism

Oxylipins, derived from n-6 PUFAs, such as LA and AA, form a complex pool of
bioactive components [25], which serve as endogenous signaling molecules to regulate
biological functions, including cell proliferation, inflammation and mediation of peripheral
immune responses to systemic levels [26,27]. The hydroxy-octadecadienoic acids (HODEs),
oxooctadecadienoic acids (KODEs) and trihydroxyoctadecenoic acids (TriHOMEs) are LA-
derived end products for the LOX pathway, while dihydroxyoctadecenoic acids (DiHOMEs)
and dihydroxyoctadecenoic acids (DHOMEs) [28,29] are LA-derived end-products for the
CYP450 pathway. AA, converted from LA by ∆6-desaturation, can be metabolized into
eicosanoids through different pathways and yields a plethora of compounds, such as
prostaglandins (PG), isoprostanes, thromboxane (TX), leukotrienes (LT), lipoxins (LX),
8-12-15-hydroperoxyeicosatetraenoic acid (HPETE), epoxyeicosatrienoic acids (EETs), dihy-
droxyeicosatrienoic acids (DHETs) and 20-hydroxyeicosatetraenoic acid (20-HETE) [30].
Of these oxylipins, PGs, LTs, TXs, 20-HETE, 9-HODE, DiHODE and DHOMEs have pro-
inflammatory actions, whereas LXs, PGJ eicosanoids, HPETE and 13-HODE are anti-
inflammatory in nature [31,32]. The trihydroxyoctadecenoic acid, 9,10,13-TriHOME, is
involved in regulating PGs synthesis. In this study, compared to the BF group, increased
ALA intake in the PF and PSF sheep as a result of an increased amount of n-3 PUFA and a
decreased amount of n-6 PUFA in the blood of those animals, led to a decrease in the pro-
duction of inflammatory mediators, such as LA and AA-derived eicosanoids and cytokines.
For example, the BF sheep demonstrated more active metabolism and up-regulated metabo-
lites of LA and AA compared to the pastured sheep. Therefore, more blood metabolism
compounds, such as 9-HODE, (7S,8S)-DiHODE and 9,10-DHOME, metabolized from LA
and PGA2, as well as 2,3-Dinor-8-iso PGF1alpha, 20-HETE, LTs and TX, metabolized from
AA, were produced by the BF sheep, which had pro-inflammatory effects on the animals.
The anti-inflammatory products 13-HODE derived from LA and LXB4, DHETs, PGJ2 and
HPETEs from AA were also elevated in the BF sheep. In comparison with the PF sheep,
some pro-inflammatory products (i.e., 20-HETE and LT) were increased, but 2,3-Dinor-8-iso
PGF1alpha was reduced, and the anti-inflammatory HPETEs metabolized from AA were
down-regulated in the PSF group. Similar results were reported by Calder [33] and Hwang
et al. [34], who found that when high levels of n-3 PUFA were consumed in the diet, less
AA-derived eicosanoids were produced.
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It is noteworthy that anti-inflammatory products inhibit the formation of pro-inflammatory
products. In the present study, LA and AA gave rise to a range of mediators which have
opposing effects to one another, suggesting that there likely exists a balance between
pro-inflammatory and anti-inflammatory products formed from PUFAs. The overall phys-
iological effect will be governed by the quantity of these mediators, the timing of their
production and the sensitivities of target cells to their effects [35]. Thus, under normal phys-
iological conditions, keeping a balance between the pro- and anti-inflammatory products
seems to maintain homeostasis and prevent inappropriate inflammation [36].

The long-chain n-3 PUFAs, such as EPA and DHA, are recognized as functional lipids
in anti-inflammatory immune responses [35]. A favorable ratio of n-3 PUFA (2.5 g/d)
and n-6 PUFA (10 g/d) intake is also beneficial for human health [37] because the n-3
and n-6 PUFA groups compete as substrates for the same enzymes in the production of
immuno-active eicosanoids [38]. Muturi et al. [39] reported that calves fed an n-3 PUFA-rich
supplement or fed a diet with a low n-6/n-3 PUFA ratio can influence cellular mediators
of immunity to nematode infection. For ruminants; however, n-3 and n-6 PUFA were
commonly biohydrogenated by rumen microbes, resulting in inefficient conversion. How
both excess n-6 and n-3 PUFA in the diet impacts immune responses remains unknown.
Therefore, under different feeding regimens, as a component of control strategies, further
studies are required to understand how manipulating the ratio of n-6/n-3 PUFA in rumi-
nant diets contributes to increasingly high-quality animal production and the enhancement
of immunocompetence.

5. Conclusions

The results from this blood metabolite study showed that, in comparison with grazing,
concentrate supplementation to either grazing or indoor feeding regimes down-regulated
blood n-3 PUFA biosynthesis and up-regulated blood inflammatory compound metabolism
due to n-6 PUFA. Therefore, providing an appropriate ratio of dietary n-6/n-3 PUFA for
ruminant animals will be beneficial for the synthesis and metabolism of fatty acids and to
further improve the health of the animals.

Author Contributions: Design of research and formal analysis, X.Z.; performed research, Q.Z. and
J.Z.; resources, T.; blood samples collection, X.Z., J.Z. and Q.Z.; assembled the data and performed
initial analysis, Y.J.; drafted manuscript, Y.J. and X.Z.; funding acquisition, X.Z. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was funded by the Inner Mongolian Science and Technology Project (no grant
number), the National Science Foundation of Inner Mongolia (No. 2020MS03067) and the Tibetan
Key R & D Projects (No. XZ202001ZY0037N).

Institutional Review Board Statement: The experimental procedure was in accordance with the
ethical standards of the Welfare and Ethics Committee of the Chinese Association for Laboratory
Animal Sciences (SAC/TC 281).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. SBXL (Statistics Bureau of Xilinguole League). Available online: http://tjj.xlgl.gov.cn/ywlm/tjsj/lnsj/sczz (accessed on 25 March

2020).
2. Wang, Z.; Deng, X.; Song, W.; Li, Z.; Chen, J. What is the main cause of grassland degradation? A case study of grassland

ecosystem service in the middle-south Inner Mongolia. Catena 2017, 150, 100–107. [CrossRef]
3. Robinson, B.E.; Li, P.; Hou, X. Institutional change in social-ecological systems: The evolution of grassland management in Inner

Mongolia. Glob. Environ. Chang. 2017, 47, 64–75. [CrossRef]
4. Silva, W.L.; Costa, J.P.R.; Caputti, G.P.; Lage Filho, N.M.; Ruggieri, A.C.; Reis, R.A. Effects of grazing intensity and supplementation

strategies on Tifton 85 production and on sheep performance. Small Rum. Res. 2019, 174, 118–124. [CrossRef]
5. Van Elswyka, M.E.; McNeill, S.H. Impact of grass/forage feeding versus grain finishing on beef nutrients and sensory quality:

The U.S. experience. Meat Sci. 2014, 96, 535–540.

http://tjj.xlgl.gov.cn/ywlm/tjsj/lnsj/sczz
http://doi.org/10.1016/j.catena.2016.11.014
http://doi.org/10.1016/j.gloenvcha.2017.08.012
http://doi.org/10.1016/j.smallrumres.2019.03.015


Animals 2021, 11, 1080 10 of 11

6. O’Callaghan, T.F.; Hennessy, D.; McAuliffe, S.; Kilcawley, K.N.; O’Donovan, M.; Dillon, P.; Ross, R.P.; Stanton, C. Effect of pasture
versus indoor feeding systems on raw milk composition and quality over an entire lactation. J. Dairy Sci. 2016, 99, 9424–9440.
[CrossRef]

7. Scerra, M.; Caparra, P.; Foti, F.; Galofaro, V.; Sinatra, M.C.; Scerra, V. Influence of ewe feeding systems on fatty acid composition
of suckling lambs. Meat Sci. 2007, 76, 390–394. [CrossRef] [PubMed]

8. Popova, T.; Gonzales-Barron, U.; Cadavez, V. A meta-analysis of the effect of pasture access on the lipid content and fatty acid
composition of lamb meat. Food Res. Int. 2015, 77, 476–483. [CrossRef]

9. Nuernberg, K.; Fischer, A.; Nuernberg, G.; Ender, K.; Dannenberger, D. Meat quality and fatty acid composition of lipids in
muscle and fatty tissue of Skudde lambs fed grass versus concentrate. Small Rum. Res. 2008, 74, 279–283. [CrossRef]

10. Wood, J.D.; Enser, M.; Fisher, A.V.; Nute, G.R.; Sheard, R.; Richardson, R.I.; Hughes, S.I.; Whittington, F.M. Fat deposition, fatty
acid composition and meat quality: A review. Meat Sci. 2008, 78, 343–358.

11. Sinclair, L.A.; Cooper, S.L.; Chikunya, S.; Wilkinson, R.G.; Hallett, K.G.; Enser, M.; Wood, J.D. Biohydrogenation of n-3
polyunsaturated fatty acids in the rumen and their effects on microbial metabolism and plasma fatty acid concentrations in sheep.
Anim. Sci. 2005, 81, 239–248. [CrossRef]

12. Zhang, X.Q.; Luo, H.L.; Hou, X.Y.; Badgery, W.B.; Zhang, Y.J.; Jiang, C. Effect of restricted access to pasture and indoor
supplementation on ingestive behaviour, dry matter intake and weight gain of growing lambs. Livest. Sci. 2014, 167, 137–143.
[CrossRef]

13. Dunn, W.B.; Broadhurst, D.; Begley, P.; Zelena, E.; Francis-McIntyre, S.; Anderson, N.; Brown, M.; Knowles, J.D.; Halsall, A.;
Haselden, J.N.; et al. Procedures for large-scale metabolic profiling of serum and plasma using gas chromatography and liquid
chromatography coupled to mass spectrometry. Nat. Protoc. 2011, 6, 1060–1083. [CrossRef]

14. Wen, B.; Mei, Z.L.; Zeng, C.W.; Liu, S.Q. MetaX: A flexible and comprehensive software for processing metabolomics data. BMC
Bioinform. 2017, 18, 183. [CrossRef]

15. Doreau, M.; Ferlay, A. Digestion and utilisation of fatty acids by ruminants. Anim. Feed Sci. Technol. 1994, 45, 379–396. [CrossRef]
16. Buccioni, A.; Decandia, M.; Minieri, S.; Molle, G.; Cabiddu, A. Lipid metabolism in the rumen: New insights on lipolysis and

biohydrogenation with an emphasis on the role of endogenous plant factors. Anim. Feed. Sci. Technol. 2012, 174, 1–25. [CrossRef]
17. Willems, H.; Kreuzer, M.; Leiber, F. Alpha-linolenic and linoleic acid in meat and adipose tissue of grazing lambs differ among

alpine pasture types with contrasting plant species and phenolic compound composition. Small Rum. Res. 2014, 116, 153–164.
[CrossRef]

18. Girard, M.; Dohme-Meier, F.; Silacci, P.; Kragten, S.A.; Kreuzer, M.; Bee, G. Forage legumes rich in condensed tannins may
increase n-3 fatty acid levels and sensory quality of lamb meat. J. Sci. Food Agric. 2016, 96, 1923–1933. [CrossRef] [PubMed]

19. Brenna, J.T.; Salem, N., Jr.; Sinclair, A.J.; Cunnane, S.C. α-Linolenic acid supplementation and conversion to n-3 long-chain
polyunsaturated fatty acids in humans. PLEFA 2009, 80, 85–91. [CrossRef] [PubMed]

20. Wang, B.H.; Yang, L.; Luo, Y.L.; Su, R.; Su, L.; Zhao, L.H.; Jin, Y. Effects of feeding regimens on meat quality, fatty acid composition
and metabolism as related to gene expression in Chinese Sunit sheep. Small Rum. Res. 2018, 169, 127–133. [CrossRef]

21. Urrutia, O.; Mendizabal, J.A.; Insausti, K.; Soret, B.; Purroy, A.; Arana, A. Effect of linseed dietary supplementation on adipose
tissue development, fatty acid composition, and lipogenic gene expression in lambs. Livest. Sci. 2015, 178, 345–356. [CrossRef]

22. Tu, W.C.; Cook-Johnson, R.J.; James, M.J.; Mühlhäusler, B.S.; Gibson, R.A. Omega-3 long chain fatty acid synthesisis regulated
more by substrate levels than gene expression. PLEFA 2010, 83, 61–68.

23. Ponnampalam, E.N.; Hopkins, D.L.; Jacobs, J.L. Increasing omega-3 levels in meat from ruminants under pasture-based systems.
Rev. Sci. Tech. 2018, 37, 57–70. [CrossRef] [PubMed]

24. Gibson, R.A.; Neumann, M.A.; Lien, E.L.; Boyd, K.A.; Tu, W.C. Docosahexaenoic acid synthesis from alpha-linolenic acid is
inhibited by diets high in polyunsaturated fatty acids. PLEFA 2013, 88, 139–146. [CrossRef]

25. Barquissau, V.; Ghandour, R.A.; Ailhaud, G.; Klingenspor, M.; Langin, D.F.; Amri, E.Z.; Pisani, D.F. Control of adipogenesis by
oxylipins, GPCRs and PPARs. Biochimie 2017, 136, 3–11. [CrossRef] [PubMed]

26. Buczynski, M.W.; Dumlao, D.S.; Dennis, E.A. Thematic review series: Proteomics. An integrated omics analysis of eicosanoid
biology. J. Lipid Res. 2009, 50, 1015–1038. [CrossRef]

27. Furne, M.; Holen, E.; Araujo, P.; Lie, K.K.; Moren, M. Cytokine gene expression and prostaglandin production in head kidney
leukocytes isolated from Atlantic cod (Gadus morhua) added different levels of arachidonic acid and eicosapentaenoic acid. Fish
Shellfish Immunol. 2013, 34, 770–777. [CrossRef]

28. Garreta-Lara, E.; Checa, A.; Fuchs, D.; Tauler, R.; Lacorte, S.; Wheelock, C.E.; Barata, C. Effect of psychiatric drugs on Daphnia
magna oxylipin profiles. Sci. Total Environ. 2018, 644, 1101–1109. [CrossRef]

29. Dey, A.; Williams, R.S.; Pollock, D.M.; Stepp, D.W.; Newman, J.W.; Hammock, B.D.; Imig, J.D. Altered kidney CYP2C and
cyclooxygenase-2 levels are associated with obesity-related albuminuria. Obes. Res. 2004, 12, 1278–1289. [CrossRef]

30. Williams, J.M.; Murphy, S.; Burke, M.; Roman, R.J. 20-Hydroxyeicosatetraeonic acid: A new target for the treatment of hyperten-
sion. J. Cardiovasc. Pharmacol. 2010, 56, 336–344. [CrossRef]

31. Anthonymuthu, T.S.; Kenny, E.M.; Amoscato, A.A.; Lewis, J.; Kochanek, P.M.; Kagan, V.E.; Bayır, H. Global assessment of
oxidized free fatty acids in brain reveals an enzymatic predominance to oxidative signaling after trauma. BBA-Mol. Basis. Dis.
2017, 1863, 2601–2613. [CrossRef]

http://doi.org/10.3168/jds.2016-10985
http://doi.org/10.1016/j.meatsci.2006.04.033
http://www.ncbi.nlm.nih.gov/pubmed/22060979
http://doi.org/10.1016/j.foodres.2015.08.020
http://doi.org/10.1016/j.smallrumres.2007.07.009
http://doi.org/10.1079/ASC50040239
http://doi.org/10.1016/j.livsci.2014.06.001
http://doi.org/10.1038/nprot.2011.335
http://doi.org/10.1186/s12859-017-1579-y
http://doi.org/10.1016/0377-8401(94)90039-6
http://doi.org/10.1016/j.anifeedsci.2012.02.009
http://doi.org/10.1016/j.smallrumres.2013.11.002
http://doi.org/10.1002/jsfa.7298
http://www.ncbi.nlm.nih.gov/pubmed/26059039
http://doi.org/10.1016/j.plefa.2009.01.004
http://www.ncbi.nlm.nih.gov/pubmed/19269799
http://doi.org/10.1016/j.smallrumres.2018.08.006
http://doi.org/10.1016/j.livsci.2015.05.006
http://doi.org/10.20506/rst.37.1.2740
http://www.ncbi.nlm.nih.gov/pubmed/30209429
http://doi.org/10.1016/j.plefa.2012.04.003
http://doi.org/10.1016/j.biochi.2016.12.012
http://www.ncbi.nlm.nih.gov/pubmed/28034718
http://doi.org/10.1194/jlr.R900004-JLR200
http://doi.org/10.1016/j.fsi.2012.11.044
http://doi.org/10.1016/j.scitotenv.2018.06.333
http://doi.org/10.1038/oby.2004.162
http://doi.org/10.1097/FJC.0b013e3181f04b1c
http://doi.org/10.1016/j.bbadis.2017.03.015


Animals 2021, 11, 1080 11 of 11

32. Thompson, D.A.; Hammock, B.D. Dihydroxyoctadecamonoenoate esters inhibit the neutrophil respiratory burst. J. Biosci. 2007,
32, 279–291. [CrossRef] [PubMed]

33. Calder, P.C. Polyunsaturated fatty acids and inflammation. Prost. Leuk. Esent. Fat. Acids 2006, 75, 197–202. [CrossRef] [PubMed]
34. Hwang, D. Essential fatty acids and the immune response. FASEB J. 1989, 3, 2052–2061. [CrossRef] [PubMed]
35. Calder, P.C.; Grimble, R.F. Polyunsaturated fatty acids, inflammation and immunity. Eur. J. Clin. Nutr. 2002, 56, S14–S19.

[CrossRef] [PubMed]
36. Das, U.N. Arachidonic acid in health and disease with focus on hypertension and diabetes mellitus: A review. J. Adv. Res. 2018,

11, 43–55. [CrossRef]
37. European Food Safety Authority (EFSA). Labelling reference intake values for n-3 and n-6 polyunsaturated fatty acids. EFSA J.

2009, 1176, 1–11.
38. Bibus, D.; Lands, B. Balancing proportions of competing omega-3 and omega-6 highly unsaturated fatty acids (HUFA) in tissue

lipids. PLEFA 2015, 99, 19–23. [CrossRef]
39. Muturi, K.N.; Scaife, J.R.; Lomax, M.A.; Jackson, F.; Huntley, J.; Coop, R.L. The effect of dietary polyunsaturated fatty acids

(PUFA) on infection with the nematodes Ostertagia ostertagi and Cooperia oncophora in calves. Vet. Parasitol. 2005, 129, 273–283.
[CrossRef] [PubMed]

http://doi.org/10.1007/s12038-007-0028-x
http://www.ncbi.nlm.nih.gov/pubmed/17435320
http://doi.org/10.1016/j.plefa.2006.05.012
http://www.ncbi.nlm.nih.gov/pubmed/16828270
http://doi.org/10.1096/fasebj.3.9.2501132
http://www.ncbi.nlm.nih.gov/pubmed/2501132
http://doi.org/10.1038/sj.ejcn.1601478
http://www.ncbi.nlm.nih.gov/pubmed/12142955
http://doi.org/10.1016/j.jare.2018.01.002
http://doi.org/10.1016/j.plefa.2015.04.005
http://doi.org/10.1016/j.vetpar.2005.01.009
http://www.ncbi.nlm.nih.gov/pubmed/15845283

	Introduction 
	Materials and Methods 
	Animals and Diets 
	Blood Sample Preparation 
	Metabolomics Analysis 
	Statistical Analysis 

	Results 
	Metabolite Profiling of the PF, PSF and BF Groups 
	Identification of Potential Metabolites and the Metabolic Pathways 

	Discussion 
	Effect of Different Feeding Regimens on N-6 and N-3 PUFA Synthesis 
	Effect of Different Feeding Regimens on PUFA Metabolism 

	Conclusions 
	References

