www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Effects of selenium and
anthocyanin on apparent
digestibility, blood parameters,
rumen fermentation, and
microbiota compositions of goat
doe

Xingzhou Tian¥?, Jiaxuan Li?, Xu Wang?3, Qi Lu?, Yi Fang* & Rongzhen Zhong***

The objective of this study was to investigates the influence of selenium and anthocyanin on the
growth performance, apparent digestibility, antioxidant and immune parameters, lipid metabolism,
biochemical and hormone parameters, rumen fermentation, and rumen microbiota compositions of
goat doe. A total of forty-eight goat does (pregnant for 98 d) with similar body weights (45.35 +5.70 kg;
mean + SD) were randomly divided into four groups with 6 replicates, with 2 goats for each replicate
according to a completely randomized design. The experimental period lasted for 42 d, which consisted
of a pretrial period of 7 d and a formal period of 35 d. The four diets were as follows: (1) negative
control, basal diet (CON); (2) positive control 1, CON with 4.8 mg/kg selenium-yeast (Se); (3) positive
control 2, CON with 50 mg/kg purple corn anthocyanin pigment (PCP, An); and (4) treatment, CON with
4.8 mg/kg selenium-yeast + 50 mg/kg PCP (SeAn). The results indicated that the apparent digestibilities
of crude protein and phosphorus in the goats receiving Se, An, and SeAn were greater (p<0.05)

than those in the CON group. The addition of SeAn resulted in higher (p <0.05) levels of superoxide
dismutase and catalase and lower (p <0.05) concentrations of glucose and malondialdehyde than those
in the CON group. In addition, compared with the CON group, the groups receiving Se, An, and SeAn
presented higher (p <0.05) immunoglobulin A levels. Compared with the other three groups, the SeAn
group had lower (p <0.05) creatinine and total cholesterol levels and higher (p <0.05) progesterone
levels. Compared with the CON group, the An and SeAn treatment groups presented showed lower
(p<0.05) levels of acetic acid and a lower ratio of acetate to propionate, whereas they presented higher
(p<0.05) levels of propionic acid and butyric acid. Moreover, compared with the other treatments,
dietary supplementation with SeAn decreased (p < 0.05) the relative abundance of Verrucomicrobiota
at the phylum level. Goats receiving An and SeAn showed increased (p <0.05) relative abundances

of Ruminococcus and Butyrivibrio in ruminal fluid compared to the CON group at the genus level.
Collectively, the results of the current study indicate that dietary supplementation with SeAn can
improve the apparent digestibility, antioxidant activity, immune activity, lipid metabolism, hormone,
and rumen fermentation parameters and microbiota compositions of goat doe.

Keywords Natural antioxidant, Production performance, Ruminal fermentation, Goat

Lilin Province Feed Processing and Ruminant Precision Breeding Cross regional Cooperation Technology Innovation
Center, State Key Laboratory of Black Soils Conservation and Utilization, Northeast Institute of Geography and
Agroecology, Chinese Academy of Sciences, Changchun 130102, China. 2Laboratory of Animal Genetics, Breeding
and Reproduction in the Plateau Mountainous Region, Ministry of Education, College of Animal Science, Guizhou
University, Guiyang 550025, China. 3School of Animal Technology and Innovation, Institute of Agricultural
Technology, Suranaree University of Technology, Nakhon Ratchasima 30000, Thailand. “Key Laboratory of Animal
Production and Product Quality and Safety of Ministry of Education, Jilin Agricultural University, Changchun
130118, China. *email: zhongrongzhen®@iga.ac.cn

Scientific Reports|  (2025) 15:38207 | https://doi.org/10.1038/s41598-025-22118-8 nature portfolio


http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-22118-8&domain=pdf&date_stamp=2025-9-29

www.nature.com/scientificreports/

During the perinatal period, goat does are prone to a loss of balance between cellular redox and endogenous
antioxidant capacity, which causes a series of cell and tissue damage and ultimately induces oxidative stress (OS)
in the body'. This is because the increased nutritional needs of goat does necessitate the use of body fat oxidation
for energy supply, accompanied by the production of a large amount of free fatty acids, free radicals (FRs), or
reactive oxygen species (ROS)!. Concurrently, OS reduces the immune performance, production performance,
and reproductive performance of goat does, leading to secondary diseases such as retained placenta and mastitis,
which severely affect breeding efficiency?. Thus, OS is a harmful redox imbalance in the body of goat does and is
the main factor that induces various nutritional metabolic diseases'. How to effectively alleviate OS in perinatal
goat does has become an urgent technical problem to be solved.

The dietary inclusion of functional amino acids, fatty acids, and feed additives (e.g., herbs, natural antioxidants,
prebiotics, and probiotics) is regarded as the key nutritional strategy for enhancing antioxidant functions and
mitigating OS status in goats>*. Selenium (Se) is among the most important essential micronutrient elements
in goats and is the focal element of numerous FR elimination enzymes, both of which are important roles
in maintaining an organism’s antioxidation ability>S. Thus, because of the excessive economic losses caused
by Se deficiency in the livestock industry, Se can increase the antioxidant potential in ruminants, and Se is
frequently supplemented in ruminant animals’. Alternatively, Se can protect cells from excessive accumulation
of ROS, thereby boosting immune function and antioxidant activity in ruminants. For example, Kachuee et
al.® reported that supplementation with Se increases the serum Se concentration and subsequently increases
immune function by elevating blood immunoglobulin G levels during the perinatal stage in Merghoz goats.
In addition, Barcelos et al.® reported that the consumption of Se could improve lipid metabolism parameters
by decreasing total cholesterol (TCH) and high-density lipoprotein cholesterol (HDL-C) levels and improve
immune and antioxidant functions by increasing the total protein content of dairy goats during the peripartum
period. Anthocyanins are a major source of polyphenol compounds, which are strong natural antioxidants that
widely exist in natural plants and food fields!®!!. Previous studies have shown that anthocyanins in extracts
can be degraded in the rumen, but remnant anthocyanins can bypass the rumen to reach the small intestine,
some anthocyanins can form a cycle in the liver in which bile salt is secreted into the small intestine and then
absorbed into the tissue and metabolites in ruminants!'?. Specifically, anthocyanins can enhance the antioxidant
status because they can not only reduce FRs with multiple hydroxyl groups but also prevent oxidative damage to
DNA from hydroxyl radicals in ruminants''. In addition, anthocyanins can inhibit the expression of various
transcription factor genes, such as nuclear factor kappa-B (NF-kB), increase the activity of superoxide dismutase
(SOD) and glutathione peroxidase (GPX) enzymes, and improve antioxidant activity in ruminants'>. Feng
et al.! reported that the inclusion of anthocyanin extract increases blood TAC, SOD, GPX, catalase (CAT),
immunoglobulin G (IgG), and immunoglobulin M (IgM) concentrations and improves the antioxidant capacity
and immune function of goats. Similarly, Zhang et al.'” reported that dietary supplementation with anthocyanins
from Dioscorea alata L. increases blood total antioxidant capacity (TAC), SOD, and GPX concentrations and
decreases malondialdehyde (MDA) concentrations, thus enhancing the antioxidant properties of perinatal
Hainan black goats. Hence, the feeding of anthocyanin-rich feed could enhance antioxidant potential and
minimize both economic and environmental expenses in ruminants'®. Hence, from a practical and economic
perspective, the use of Se and anthocyanins as strategies for mitigating OS status and inflammation by scavenging
FRs and enhancing antioxidant activity can improve ruminant health”%,.

In addition to the antioxidative protection provided by individual dietary antioxidants, strong evidence
indicates that additive and synergistic interactions occur among antioxidants. Interestingly, polyphenols may
be responsible for synergism with other natural antioxidants, such as high 2,2-diphenyl-1-picryl-hydrazyl
(DPPH) radical activity and antioxidant activity in vitro'®. For example, Sentkowska and Pyrzyniska?® reported
that tea polyphenols and Se have multiple similar antioxidant functions, and the combined effect of the two is
stronger than the individual effects alone. Specifically, some studies have shown that Se and anthocyanins exhibit
protective effects against OS status, increase antioxidant functions in animals, and exhibit synergistic effects?!"?2.
However, to the best of our knowledge, little is known about the in vivo effects of anthocyanins and Se in goats.
We hypothesized that Se and anthocyanins could improve the antioxidant potential, rumen fermentation, and
microflora in goats. Accordingly, the purpose of this research was to observe the effects of Se and anthocyanins
on antioxidant activity, immune activity, lipid metabolism, hormone levels, rumen fermentation parameters,
and rumen microbiota composition in goats.

Materials and methods

Ethical approval

All animal procedures are reported in accordance with ARRIVE guidelines (https://arriveguidelines.org). All
experimental goat manipulations were performed in accordance with the relevant guidelines and regulations
of the Fuxing Animal Husbandry Goat Farm (Xishui, China). All experimental animal care procedures were
approved by the Rules of Animal Welfare and Experimental Animal Ethics of Guizhou University (EAE-GZU-
2023-T148), Guizhou, China.

Materials

The purple corn anthocyanin pigment (PCP) was obtained from Nanjing Herd Source Biotechnology Co.,
Ltd. (Nanjing, China). The PCP contains 2619 pg/g anthocyanin as determined by high-performance liquid
chromatography-tandem mass spectrometry according to our previous study®. Selenium-yeast (SY) was
purchased from Jiangsu Qianbo Bioengineering Co., Ltd. (Jiangsu, China), and the main Se chemical forms
were selenomethionine and selenocysteine, with a Se concentration of 2000 ppm.
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Animals, diets, and experimental design

The general required concentration of Se in the basal diet is 0.1-0.3 mg/kg?, but the maximum tolerable
concentration of Se is 5.0-8.0 mg/kg in ruminants®®. Our previous study demonstrated that supplementation
with 4.8 mg/kg SY did not cause goat poisoning and could improve antioxidant activity and fatty acid, amino
acid, and meat quality in growing goats®. In addition, Wang et al.” reported that dietary supplementation with
4.8 mg/kg SY increased antioxidant and immune functions by improving muscle immunity and reducing the
concentrations of inflammatory molecules in goats. Alternatively, supplementation with 50 mg/kg PCP could
improve blood antioxidant activity, ruminal fluid fermentation, and the microbiota in goats®. Further research
revealed that supplementation with 50 mg/kg PCP could increase muscle antioxidant activity and improve
polyunsaturated fatty acid levels and meat quality in goats®>. However, the effects of high levels of SY (4.8 mg/kg)
and PCP on antioxidant activity, rumen fermentation, and microbiota composition during the perinatal stage
in goats remain unknown. Therefore, on the basis of our previous studies, a total of 48 Qianbei pockmarked
goat does (pregnant for 98 d) with similar body weights (45.35 + 5.70 kg; mean + SD) were randomly divided
into four groups with 6 replicates, with 2 goats for each replicate according to a completely randomized design.
All Qianbei pockmarked goat does were provided by the Fuxing Animal Husbandry Goat Farm. All the goats
were kept in pens, and each pen housed 2 experimental animals. The four diets were as follows: (1) negative
control, basal diet (CON); (2) positive control 1, basal diet with 4.8 mg/kg SY (Se); (3) positive control 2, basal
diet with 50 mg/kg PCP (An); and (4) treatment, basal diet with 4.8 mg/kg SY + 50 mg/kg PCP (SeAn). The
experimental feeding period lasted for 42 d, which consisted of a pretrial period of 7 d and a formal period of
35 d. All experimental animals were allowed ad libitum access to feed daily at 08:00 and 17:00, and water was
taken freely. The nutrient requirements of the experimental animals were based on the NRC?’, and the chemical
compositions of the basal diet are shown in Table 1.

Chemical composition

The chemical compositions of dry matter (DM; method 934.01), crude protein (CP; method 988.05), ether
extract (EE; method 920.39), neutral detergent fibre (NDF; method 2002.04), acid detergent fibre (ADF; method
973.18), calcium (Ca; method 927.02), and phosphorus (P; method 964.06) of the feed were analysed according
to the method of the AOAC™. The gross energy (GE) was detected using an automatic bomb calorimeter.

Temperature-humidity index

The air temperature and relative humidity in the rabbit pen were observed every day at 06:00, 12:00, 16:00,
and 22:00 by a digital temperature-humidity recorder (DL336001; Deli Group Co., Ltd., Ningbo, China). The
temperature-humidity index (THI) was calculated according to the following formula': THI = (1.8 x AT + 32) -
[(0.55-0.0055 x RH) x (1.8 x AT-26)], where THI is the temperature-humidity index, AT is the air temperature
(C), and RH is the relative humidity (%). During the experimental period, the air temperature ranged from
0.75-16.50°C, the average air temperature was 4.93°C, the humidity ranged from 57.00 to 93.00%, and the
average humidity was 82.50%, the THI ranged from 34.71 to 61.18, and the average THI was 42.46.

Growth performance and apparent digestibility
The feeding amount and feeding surplus were collected every day to calculate dry matter intake (DMI). To
calculate the initial weight and final weight, each goat was weighed on the first day and last day before the
morning feeding.

Faecal samples were collected three times at 06:00, 14:00, and 14:00 every day during the last 5 d, oven dried
at 65°C for 72 h, ground and passed through a 1-mm sieve until chemical composition analysis. The apparent
nutrient digestibility of the experimental diets was calculated using the acid-insoluble ash (AIA) method via

Ingredients, % of DM Content | Chemical composition Content
Chinese Jinmu grain and grass | 64.82 Dry matter, % 95.65+0.01
Soybean residue 6.17 Crude protein, % of DM 13.07+0.13
Peanut shell 9.25 Gross energy, kJ/g of DM 12.59+0.08
Peanut vine 6.17 Neutral detergent fibre, % of DM | 41.74+0.60
Garlic peel 6.17 Acid detergent fibre, % of DM 30.74+0.24
Corn 4.22 Ether extract, % of DM 4.38+0.43
Soybean meal 2.15 Calcium, % of DM 1.52+0.03
‘Wheat bran 0.43 Phosphorus, % of DM 0.32+0.01
Premix 0.16

Calcium bicarbonate 0.15

Salt 0.31

Total 100

Table 1. The ingredient and chemical composition of diet in this study. Mean + standard deviation. n=3.
Premix contained per kg were as follows: 500,000 IU of V,» 200,000 TU of Vp» 300 mg of V> 10,000 mg of Fe,
3000 mg of Zn, 750 mg of Cu, 3000 mg of Mn, 60 mg of I, 10 mg of Se, 20 mg of Co.
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the following equation: apparent nutrient digestibility (%) =[(1- AIA in diet/AIA in faecal sample x nutrient in
faecal sample/nutrient in diet)]x 100%2,

Blood parameters

At the end of the experimental period, each goat from each pen was selected (n=6), and a volume of 10 mL of
blood was collected via a vacuette tube containing heparin sodium (Taizhou Qiujing Medical Instrument Co.,
Ltd., Jiangsu, China). Next, the sample was centrifuged at 4000 xg for 10 min, and the plasma was collected
and stored at —80°C for further analysis. The antioxidant and immune parameters included: TAC, SOD, GPX,
CAT, MDA, and superoxide anion radical (0*), along with immunoglobulin A (IgA), IgG, and IgM; the lipid
metabolism parameters were triglyceride (TG), creatinine (Cr), TCH, low-density lipoprotein cholesterol
(LDL-C), and HDL-C; and the biochemical and hormone parameters were glucose (Glu), urea nitrogen (UN),
oestradiol 2 (E2), oestradiol 3 (E3), progesterone, and prolactin. All plasma parameters were analysed by
commercial kits (Nanjing Jiancheng Bioengineering Institute, Nanjiang, China) operating in strict accordance
with according to the kit instructions.

Rumen fermentation parameters

On the last day of the experimental period, each experimental animal from each replicate (6 goats per group)
was selected, and the ruminal fluid of the goats was collected by a vacuum pump through the mouth. The first 50
mL of sample was discarded to avoid saliva, and the second 50 mL of sample was collected for further analysis.
The pH was detected immediately by a portable pH meter. After that, a volume of 10 mL of the ruminal fluid
sample was mixed with 2.5 mL of HCI (6 mol/L) to analyse ammonia nitrogen (NH,-N) and volatile fatty acids
(VEA).

The NH,-N content was analysed as described by Bremner and Keeney**. The VFAs were analysed according
to the methods of Park and Lee?*, with minor modifications. Briefly, the individual VFAs of the uminal fluid
were analysed by gas chromatography (Agilent Technologies Inc., Santa Clara, CA). The GC conditions were as
follows: capillary column (Agilent HP-INNOWAX; 30 m x 250 um x 0.25 um; Agilent J&W Scientific, Folsom,
CA) with a flame ionization detector; oven temperature, 100°C; inlet temperature, 220°C; detector temperature,
250°C; flow rate, 4.0 mL/min, carrier gas, helium; and injection volume, 2 uL.

Rumen microbiota composition

A 30 mL volume of the ruminal fluid sample was kept in a 50 mL tube, covered with dry ice in a box, and
immediately sent to Shanghai Majorbio Biopharm Technology Co., Ltd. (Shanghai, China) for analysis of the
rumen microbiota. Simultaneously, data analysis was performed by the online Majorbio Cloud Platform (www.
majorbio.com).

Total microbial genomic DNA was extracted from ruminal fluid samples using the EZNA" soil DNA Kit
(Omega Biotek, Norcross, GA, USA). The quality and concentration of the DNA were determined by 1.0%
agarose gel electrophoresis and a NanoDrop” ND-2000 spectrophotometer (Thermo Scientific Inc., USA). The
hypervariable region V3-V4 of the bacterial 16S rRNA gene was amplified with the primer pair 338F (5-A
CTCCTACGGGAGGCAGCAG-3’) and 806R (5-GGACTACHVGGGTWTCTAAT-3") by an ABI GeneAmp’
9700 PCR thermocycler (ABI, CA, USA). The PCR mixture included 4 pL of 5x Fast Pfu buffer, 2 pL of 2.5 mM
dNTPs, 0.8 uL of each primer (5 uM), 0.4 pL of Fast Pfu polymerase, 10 ng of template DNA, and ddH,0 to a
final volume of 20 pL. The PCR amplification cycling conditions were as follows: initial denaturation at 95°C for
3 min, followed by 27 cycles of denaturation at 95°C for 30 s, annealing at 55°C for 30 s, and extension at 72°C
for 45 s, a single extension at 72°C for 10 min, and a final extension at 4°C.

Raw FASTQ files were demultiplexed using an in-house Perl script, quality-filtered by Fastp version 0.19.6,
and merged by FLASH version 1.2.7. The optimized sequences were clustered into operational taxonomic units
(OTUs) using UPARSE 7.1 with a 97% sequence similarity level. The most abundant sequence for each OTU was
selected as a representative sequence. The taxonomy of each representative OTU sequence was analysed by RDP
Classifier version 2.2 against the 16 S rRNA gene database (e.g. Silva v138) using a confidence threshold of 0.7.

Statistical analysis

The animal pens were used as experimental units for DMI and apparent digestibility parameters (n=6), and
the animals were used as experimental units for plasma biochemical parameters, ruminal fluid fermentation,
and ruminal fluid microbiota compositions (n=6). The data for apparent digestibilities, plasma biochemical
parameters, and ruminal fluid fermentation parameters were analysed via one-way analysis of variance by
Statistical Analysis System 9.1.3 software (SAS Institute, Cary, NC, USA). Bioinformatic analysis of the ruminal
fluid microorganisms was carried out using the Majorbio Cloud platform (https://cloud.majorbio.com). On the
basis of the OTU information, rarefaction curves and alpha diversity indices (including Sobs, Shannon, Simpson,
Ace, Chao, and Coverage) were calculated with Mothur v1.30.1. The similarity among the microbial communities
in different samples was determined by principal component analysis (PCA) and principal coordinate analysis
(PCoA) based on Bray-Curtis dissimilarity using the vegan v2.5-3 package. PERMANOVA was used to assess
the percentage of variation explained by the treatment along with its statistical significance using the vegan v2.5-
3 package. Differences were considered to be statistically significant at the 0.05 level.

Results

Growth performance and apparent digestibility

The DML, initial weight, and final weight did not differ (p>0.05) across the four groups (Table 2). Similarly, there
were no differences (p>0.05) in the apparent digestibilities of DM, GE, EE, NDE, ADFE, or Ca among the four
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Item Treatment SEM p-value
CON | Se An SeAn

Growth performance

DM, g/d 1075 1102 | 1142 | 1121 19.1467 0.0913
Initial weight, kg 44.12 | 43.40 |46.82 |46.98 1.5717 0.3431
Final weight, kg 50.47 |50.13 |53.35 |53.79 1.6013 0.3181
Apparent digestibility, %

DM 68.26 | 68.65 |68.24 |68.33 0.2105 0.5168
CP 72.09° | 77.41* | 76.70° | 76.78" | 0.2287 | <0.0001
GE 63.42 | 64.28 | 64.97 |65.52 1.7257 0.8413
EE 80.84 |82.15 |83.58 |82.11 1.3342 0.5747
NDF 44.61 | 4471 |47.03 |47.45 1.3487 0.3904
ADF 38.75 | 43.56 |40.67 |44.10 2.5288 0.4604
Ca 57.78 |59.54 |59.40 |58.52 0.5114 0.1270
P 67.46" | 74.63* | 75.24° | 72.54* | 1.2076 0.0070

Table 2. Effect of selenium and anthocyanin on growth performance and apparent digestibility in goats.
a-byialues with different letters within the same row are significantly different (p <0.05). CON, control; Se,
dietary supplemented with 4.8 mg/kg selenium-yeast; An, dietary supplemented with 50 mg/kg purple

corn anthocyanins; SeAn, dietary supplemented with 4.8 mg/kg selenium-yeast + 50 mg/kg purple corn
anthocyanins. DMI, dry matter intake; DM, dry matter; CP, crude protein; GE, gross energy; EE, ether extract;
NDF, neutral detergent fibre; ADF, acid detergent fibre; Ca, calcium; P, phosphorus.

Item Treatment SEM p-value
CON | Se An SeAn

Antioxidant parameters

TAC, U/mL 6.77 5.24 6.59 4.52 0.7631 | 0.2069
SOD, U/mL 143.91° | 243.54® | 217.71% | 302.58" | 35.5280 | 0.0369
GPX, U/mL 24200 | 3025 |33.48% |3933% | 32331 | 0.0464
CAT, U/mL 746> | 6.80° 7.97° 9.68° 0.5057 | 0.0013
MDA, nmol/mL 325.22? | 278.18% | 288.26*® | 233.91° | 19.1351 | 0.0158
0*, U/mL 131.84 [ 12943 | 13471 |127.93 | 3.0630 | 0.4411
Immune parameters

IgA, mg/L 208.83¢ | 238.68* | 220.29° |236.68* | 3.5432 | <0.0001
IgG, mg/L 7627 | 5527 52.35 59.18 6.1265 | 0.3891
IgM, mg/L 3.98 3.20 3.73 3.04 0.4091 | 0.4023

Table 3. Effect of selenium and anthocyanin on plasma antioxidant and immune parameters in goats.
2~“Values with different letters within the same row are significantly different (p <0.05). CON, control; Se,
dietary supplemented with 4.8 mg/kg selenium-yeast; An, dietary supplemented with 50 mg/kg purple
corn anthocyanins; SeAn, dietary supplemented with 4.8 mg/kg selenium-yeast + 50 mg/kg purple corn
anthocyanins. TAC, total antioxidant capacity; SOD, superoxide dismutase; GPX, glutathione peroxidase;
CAT, catalase; MDA, malondialdehyde; 0%, superoxide anion radical; IgA, immunoglobulin A; IgG,
immunoglobulin G; IgM, immunoglobulin M.

dietary treatments. However, the apparent digestibilities of CP and P in the goats receiving Se, An, and SeAn
were greater (p <0.05) than those in the CON group.

Antioxidant and immune parameters

No differences (p>0.05) were detected in the TAC, O?"., IgG, or IgM levels among all the treatments (Table 3).
Compared with the CON treatment, the SeAn treatment led to increases (p<0.05) in the SOD and CAT
levels but it decreased (p <0.05) the MDA level. Feeding with Se, An, and SeAn increased (p <0.05) the GPX
concentration. In addition, compared with those in the CON group, the IgA concentration in the goats in the Se,
An, and SeAn groups was greater (p <0.05), and the IgA concentration in the Se and SeAn groups was greater
(p<0.05) than that in the An group.
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Item Treatment SEM | p-value
CON | Se An SeAn

TG, mmol/L 254 246 [252 |236 |0.1895 | 0.9109

Cr, pmol/L 88.18% | 73.95" | 70.19° | 62.45¢ | 1.6650 | <0.0001

TCH, mmol/L  |9.02* |7.32% [6.83% |4.65° |0.3159 | <0.0001
LDL-C,mmol/L | 4.66 |4.87 |[4.61 |4.68 |0.2453 | 0.8782
HDL-C, mmol/L | 6.65 |6.61 [6.82 |651 |0.1400 | 0.4986

Table 4. Effect of selenium and anthocyanin on plasma lipid metabolism parameters in goats. * “Values
with different letters within the same row are significantly different (p <0.05). CON, control; Se, dietary
supplemented with 4.8 mg/kg selenium-yeast; An, dietary supplemented with 50 mg/kg purple corn
anthocyanins; SeAn, dietary supplemented with 4.8 mg/kg selenium-yeast + 50 mg/kg purple corn
anthocyanins. TG, triglyceride; Cr, creatinine; TCH, total cholesterol; LDL-C, low-density lipoprotein
cholesterol; HDL-C, high-density lipoprotein cholesterol.

Item Treatment SEM | p-value
CON Se An SeAn

Glu, mmol/L 6.76* | 6.73% 594 | 582° 102916 | 0.0388

UN, mmol/L 29.94 (2203 |3121 |2216 |2.5785| 0.1662

Oestradiol 2, pg/mL 24.65° | 31.69° |30.23* |34.75% |1.5286 0.0097
Oestradiol 3, pg/mL | 82.33 78.70 81.60 82.46 1.7750 0.4495
Progesterone, pmol/L | 333.54¢ 370.34 | 381.76" | 425.47* | 6.4535 | <0.0001
Prolactin, mIU/L 167.78 |162.27 |159.82 |168.32 |3.6252 0.3328

Table 5. Effect of selenium and anthocyanin on plasma biochemical and hormone parameters in goats.
2~“Values with different letters within the same row are significantly different (p <0.05). CON, control; Se,
dietary supplemented with 4.8 mg/kg selenium-yeast; An, dietary supplemented with 50 mg/kg purple
corn anthocyanins; SeAn, dietary supplemented with 4.8 mg/kg selenium-yeast + 50 mg/kg purple corn
anthocyanins. Glu, glucose; UN, urea nitrogen.

Lipid metabolism parameters

No differences (p>0.05) were detected in the plasma TG, LDL-C, and HDL-C levels among the four groups
(Table 4). The Se, An, and SeAn groups presented lower (p <0.05) levels of Cr and TCH. Moreover, the inclusion
of SeAn decreased (p <0.05) the Cr and TCH levels relative to those in the Se and An groups.

Biochemical and hormone parameters
No differences (p>0.05) in UN, E3, or prolactin levels were detected among all the treatments (Table 5).
Compared with the CON and Se treatments, the SeAn treatment resulted in decreased (p <0.05) plasma Glu
concentration. Compared with the other three treatments, the CON treatment resulted in decreased (p <0.05)
plasma E2 and progesterone levels. In addition, the progesterone level in the SeAn treatment group was greater
(p<0.05) than those of the Se and An groups.

Rumen fermentation parameters
There were no differences (p>0.05) in the ruminal fluid pH, NH,-N, or total VFA (TVFA) among all the
treatments (Table 6). Compared with the CON group, the An and SeAn treatment groups presented lower
(p<0.05) levels of acetic acid and a lower ratio of acetate to propionate, whereas they presented higher (p <0.05)
levels of propionic acid and butyric acid.

Alpha diversity analysis

A total of one million seven hundred and sixty-four thousand eight hundred and seventy-six (1764876) effective
sequences from twenty-four samples were obtained. In addition, seven hundred thirty-seven million eight
hundred and sixty-seven thousand eight hundred and one (737867801) effective bases were obtained, with an
average length of four hundred and eighteen (418) bp in this study. A total of four thousand five hundred and
fifty-five (4555) OTUs were obtained, and these were classified into one domain, one kingdom, twenty phyla,
forty classes, ninety-eight orders, one hundred and sixty-seven families, three hundred and forty-eight genera,
and seven hundred and fifty-one species. Moreover, there was no difference (p>0.05) among the 4 groups in
terms of the a diversity index (Sobs, Shannon, Simpson, Ace, Chao, and coverage) in this study (Table 7). The
CON, Se, An, and SeAn treatments contained three thousand and eighty-nine (3089), three thousand two
hundred and five (3205), three thousand two hundred and forty (3240), and three thousand two hundred and
sixty-four (3264) OTUs, respectively, and two thousand two hundred and fifteen (2215) identical OTUs were
detected in all four treatments (Fig. 1).
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pH 6.66 6.50 6.53 6.62 0.0773 | 0.4400
NH,-N, mg/dL 8.57 8.80 8.33 8.20 0.2896 | 0.5122
Total VFA, mmol/L 58.78 |62.87 |52.61 |62.19 |3.9355 | 0.3068

Acetic acid, molar % of total VFA 75.12* | 70.79* | 54.38" | 55.60° | 2.9586 | 0.0021
Propionic acid, molar % of total VFA 16.52° | 21.13% | 30.422 | 29.50° | 2.5526 | 0.0130
Butyric acid, molar % of total VFA | 8.36° |8.08° | 15.20° | 14.89% | 1.4037 | 0.0089
Ratio of acetate to propionate 493 |3.50% | 1.83° | 1.91° |0.6537 |0.0293

Table 6. Effect of selenium and anthocyanin on rumen fermentation parameters in goats. *°Values
with different letters within the same row are significantly different (p <0.05). CON, control; Se, dietary
supplemented with 4.8 mg/kg selenium-yeast; An, dietary supplemented with 50 mg/kg purple corn
anthocyanins; SeAn, dietary supplemented with 4.8 mg/kg selenium-yeast + 50 mg/kg purple corn
anthocyanins. NH,-N, ammoniacal nitrogen; VFA, volatile fatty acids.

Sobs 1691.67 | 1778.17 | 1808.33 | 1719.50 | 66.8354 | 0.6003
Shannon 5.51 5.75 5.64 5.53 | 0.1121 | 0.4356
Simpson 0.017 0.010 0.013 0.015 | 0.0025 | 0.3627
Ace 1982.04 | 2097.59 | 2104.49 | 2005.88 | 71.3792 | 0.5242

Chao 1945.00 | 2060.78 | 2065.21 | 1956.57 | 66.4304 | 0.4322
Coverage 0.992 0.990 0.992 0.992 | 0.0008 | 0.3756

Table 7. Analysis of a diversity index in this study. CON, control; Se, dietary supplemented with 4.8 mg/
kg selenium-yeast; An, dietary supplemented with 50 mg/kg purple corn anthocyanins; SeAn, dietary
supplemented with 4.8 mg/kg selenium-yeast + 50 mg/kg purple corn anthocyanins.
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Fig. 1. Effect of selenium and anthocyanin on ruminal fluid Ve nn diagram. CON, control; Se, dietary
supplemented with 4.8 mg/kg selenium-yeast; An, dietary supplemented with 50 mg/kg purple corn
anthocyanins; SeAn, dietary supplemented with 4.8 mg/kg selenium-yeast + 50 mg/kg purple corn
anthocyanins.
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Fig. 2. Effect of selenium and anthocyanin on ruminal fluid beta diversity analysis. (A) PCA analysis.

(B) PCoA analysis. CON, control; Se, dietary supplemented with 4.8 mg/kg selenium-yeast; An, dietary
supplemented with 50 mg/kg purple corn anthocyanins; SeAn, dietary supplemented with 4.8 mg/kg selenium-
yeast + 50 mg/kg purple corn anthocyanins.
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Fig. 3. Effect of selenium and anthocyanin on rumen dominant bacteria. (A) Phylum level. (B) Genus level.
CON, control; Se, dietary supplemented with 4.8 mg/kg selenium-yeast; An, dietary supplemented with 50 mg/
kg purple corn anthocyanins; SeAn, dietary supplemented with 4.8 mg/kg selenium-yeast + 50 mg/kg purple
corn anthocyanins.

Beta diversity analysis
For PCA, the contributions of PC1 and PC2 were 8.49 and 7.93%, respectively (Fig. 2). For PCoA, the
contributions of PC1 and PC2 were 16.90 and 12.19%, respectively.

Rumen microbiota composition

At the phylum level, the top 5 dominant bacteria were Firmicutes, Bacteroidota, Patescibacteria, Actinobacteriota,
and Desulfobacterota (Fig. 3A). In addition, dietary supplementation with SeAn decreased (p <0.05) the relative
abundance of Verrucomicrobiota relative to that in the other groups (Fig. 4A). At the genus level, the top 5
dominant bacteria were Prevotella, Rikenellaceae_RC9_gut_group, Succiniclasticum, norank_f_F082, and
NK4A214_group (Fig. 3B). Moreover, compared with those in the CON group, the relative abundances of
ruminal fluid Ruminococcus and Butyrivibrio in the An and SeAn groups increased (p <0.05; Fig. 4B).

Discussion

The OS status not only causes mucosal cell damage but also leads to a decrease in digestive tract secretion
function, resulting reduced in digestion, absorption, transportation, assimilation metabolism, and feed utilization
efficiency in small ruminants®. Qiao et al.*® reported that dietary supplementation with antioxidants could
increase SOD activity and glutathione reductase activity and decrease the MDA level in blood, thus increasing
the apparent digestibilities of DM and organic matter in sheep. As efficient antioxidants, anthocyanin and Se
have broad physiological functions in immunologic enhancement, antioxidant potential improvement, and OS
prevention in ruminants®”-*8. Thus, we observed that the inclusion of anthocyanin and Se increase the apparent
digestibilities of CP and P in goats. This occurred because the dietary addition of anthocyanin and Se could
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Fig. 4. Effect of selenium and anthocyanin on the significant differences of ruminal fluid microbiota
composition. (A) Phylum level. (B) Genus level. p<0.05, “p<0.01. CON, control; Se, dietary supplemented
with 4.8 mg/kg selenium-yeast; An, dietary supplemented with 50 mg/kg purple corn anthocyanins; SeAn,
dietary supplemented with 4.8 mg/kg selenium-yeast + 50 mg/kg purple corn anthocyanins.

inhibit proinflammatory processes in the intestine or antimicrobial effects in farm animals® and thus improve
the feed digestibility and absorption of nutrients by increasing the activity of digestive enzymes.

On the one hand, anthocyanins can inhibit intestinal a-glucosidase and pancreatic a-amylase; on the other
hand, anthocyanins can increase insulin-regulated glucose transporter gene expression and decrease retinol
binding protein 4 gene expression, thus decreasing insulin resistance’. Interestingly, Se and anthocyanins have
synergistic effects on antioxidant status, and alleviate OS in rats*'. Hence, we found that SeAn could decrease
the plasma Glu concentration, suggesting its potential value in the prevention of diabetes in goats and in
improving their goat’s health. The antioxidant system of animal bodies is a defence system against FR damage,
including both enzymatic and nonenzymatic systems. The enzymatic system consists of SOD, GPX, CAT, and
other antioxidant enzymes. The nonenzymatic system is composed of substances such as vitamin C, vitamin E,
glutathione, cysteine, copper, iron, zinc, and selenium®*!. The function of the antioxidant system in organisms is
to eliminate excess FRs. Excessive production of FRs or decreased antioxidant system function can lead to a large
excess of FRs in organisms, thereby causing damage to these animals*2. Notably, antioxidant components can
improve the antioxidant capacity in animal tissues by reducing oxygen concentrations and quenching oxygen,
thus preventing peroxide production while activating antioxidant enzymes. Anthocyanins can complex with
metal ions (Fe?*), thereby reducing the catalytic effect of active metal ions on FR generation and increasing the
antioxidant effect®. Indeed, anthocyanins have been shown to increase the antioxidant activity of ruminants
by activating Nrf2 and inhibiting the NF-«kB signalling pathway?®. Selenium is a micronutrient that is highly
important for cell metabolism and protects cells from excessive accumulation of ROS, thereby increasing their
antioxidant potential*!. Of interest, anthocyanins may be associated with other antioxidants, thus enhancing
antioxidant enzyme activity and increasing the mRNA expression of these enzymes in rats*. For instance,
purple corn anthocyanins and vitamin E are widely hypothesised to offer protection against diseases such as
atherosclerosis, inflammation, and cancers*. Specifically, various studies have shown that anthocyanins and
Se have a protective effect against OS in animals because they can increase SOD, GPX, and CAT activities and
decrease MDA levels?**”. Moreover, the synergistic effect between plant polyphenols and minimal requirements
(vitamin E, vitamin C, and Se) results in stronger antioxidant capacity and reduces OS in animals*3. For example,
Li et al.?! reported that Se and anthocyanins exhibit protective effects against OS, increase the antioxidant status,
and have synergistic effects in rats. Hence, dietary supplementation with SeAn in the goat diet could increase the
activity of plasma antioxidant enzymes (including SOD, GPX, and CAT) and decrease the activity of oxidation
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products (consisting of MDA and NO) in this study. This is probably because (1) anthocyanins can effectively
scavenge superoxide anions, hydroxyl radicals, and hydrogen peroxide and inhibit DNA oxidative damage and
decrease lipid peroxidation by decreasing total cholesterol and malondialdehyde concentrations***°, and (2)
the antioxidants of vitamin E, polyphenols, and antioxidant enzymes (e.g., SOD, CAT, glutathione reductase,
and GPX) have synergistic effects on the in scavenging of FRs***!. The dietary addition of plant polyphenols
could play a part in the downregulation of inflammation pathways and stimulate the immune system and the
production of defences (i.e., immunoglobulins) in farm animals. Thus, the inclusion of Se and SeAn increased
the plasma IgA concentration of the goats. However, goats receiving anthocyanin had decreased blood IgA
concentration compared to the Se and SeAn treatment goats, possibly because (1) the anthocyanin concentration
was not high enough to improve the antioxidative status on the basis of SOD and GPX>? and (2) the absorption
of anthocyanin by small ruminants was lower than that in nonruminant animals'2

The OS increased blood TC and TG concentrations, and the addition of antioxidants reduced these elevated
concentrations in animals®. For example, Zhang et al.> reported that supplemental Cu increased the activities
of serum SOD and GPX and decreased the MDA and TCH concentrations in cashmere goats. In addition,
antioxidants can reduce OS, protect kidney cells from damage, and thus help lower Cr levels®. Thus, we found
that the Se, An, and SeAn supplementation decreased plasma Cr and TCH levels, which could be related to
the antioxidative effect of SeAn, reflected by increased activity of antioxidant enzymes (SOD, GPX, and CAT;
Table 3) as well as decreased MDA concentration in the SeAn treatment group. Moreover, various studies have
indicated that antioxidants can inhibit cholesterol synthesis by decreasing the gene expression of 3-hydroxy-3-
methylglutaryl coenzyme A7, Another possible mechanism is that SeAn might contribute to the actions of
lipid metabolites and regulate the expression of specific lipid metabolism genes.

Antioxidants can regulate the metabolism of oestradiol by reducing OS in animals and alleviating cellular
oxidative damage®®. Specifically, Ma et al.*® reported that melatonin therapy increased E2 concentration and
improved the uterine microenvironment by promoting the expression of antioxidant enzymes, such as SOD and
CAT. Progesterone inhibits the spontaneous activity of the uterus and maintains uterine quiescence to promote
placental development, and maintain normal pregnancy®. Shi et al.%! reported that OS reduced antioxidant
activity parameters and subsequently decreased progesterone and testosterone levels in animals. In the current
study, we found that the SeAn induced increase in increased progesterone concentration may be due to an
increase in antioxidant activity (SOD and GPX), and a decrease in oxidative products (MDA) in goats.

Rumen fermentation parameters, including ruminal fluid pH, NH,-N, and VFAs, are among the most
important fermentation physiology indices for goats. The normal range of the pH value of the rumen fluid is 5.5
to 7.5, which is suitable for normal fermentation activities of microorganisms®”. The NH,-N is the main nitrogen
source for rumen microbial fermentation and can affect microbial activity. In the current study, the inclusion
of Se and anthocyanins did not affect the ruminal fluid pH or NH,-N values in goats, indicating that Se and
anthocyanins are less likely to cause side effects on rumen microorganisms. However, Shi et al.> demonstrated
that a basal diet supplemented with Se could decrease the ruminal fluid pH and NH,-N concentration in male
sheep. The reasons for these different results may be that different states of Se have different degradability
potential in the rumen and with respect to animal breeds and physiological periods.

VFAs are feed fermentation products in the rumen and are the main energy source for ruminants,
supplying approximately 75-80% of the ruminant’s requirements®. Propionic acid is the main raw material
for gluconeogenesis in ruminants. An increase in propionic acid can prevent amino acids from dissociating
to produce VFAs and carbon dioxide®. In the rumen, anthocyanins might interact and/or synergize with
substrates, microorganisms, and enzymes, which could affect fibre degradability and decrease potential methane
emissions; since anthocyanins interfere with ruminal fatty acid biohydrogenation, they can increase n-3 and
n-6 polyunsaturated fatty acids (PUFAs), linoleic acid, and conjugated linoleic acid in milk and meat, as well
as improve their quality!®. Moreover, anthocyanins and Se can reduce FRs and chelate pro-oxidant metals and
can affect ruminal digestibility and fermentation kinetics, as well as animal productive behaviour, reducing the
effects of OS in ruminants'®. Hence, in this study, the ruminal fluid acetic acid level and the ratio of acetate to
propionate decreased in the goats that receiced An and SeAn, whereas propionic acid and butyric acid levels
increased. Possible reasons for these observations were that (1) anthocyanins include anthocyanidins and
soluble sugars, and the fermentation of the sugars released from anthocyanins should increase the ruminal
concentrations of propionic acid and butyric acid®®; and (2) natural antioxidants (such as Se and anthocyanins)
can be used as alternative sources of carbon for the metabolism of the ruminal microbiome and inhibit ruminal
fluid methanogenesis in small ruminants®”’. In similar experiments carried out on beef bulls, Gao et al.*® reported
that the dietary addition of red cabbage extract increased the ruminal concentration of TVFAs, decreased
the acetate to propionate ratio, and slightly modified the rumen bacterial community, but it did not affect
nutrient digestibility or plasma antioxidants in beef bulls. However, the addition of Se did not affect the rumen
fermentation parameters, perhaps because Se might be partially transformed into an insoluble form by ruminal
microorganisms, which could decrease its bioavailability in the gastrointestinal system®.

The rumen of ruminants is a complex microecosystem, in which there is a dynamic balance that is both
collaborative and constrained between rumen microorganisms and the host and between microbes”’. Fibre plays
an important role in ruminants and is an essential nutrient for them. Rumen microorganisms use animal feed
as nutrients, and fibre-decomposing bacteria can decompose cellulose and produce various organic acids and
alcohols through fermentation’!. Metagenomic analysis revealed that Fibrobacterota, Bacteroidota, Firmicutes
I, Verrucomicrobiota, and Patescibacteria encode genes for carbohydrate-active enzymes’?. Gharechahi et al.”
(2021) reported that Verrucomicrobiota and Fibrobacterota were enriched for genes related to the degradation of
lignocellulosic polymers and the fermentation of degraded products into short-chain VFAs after lignocellulosic
biomass was cultured in cattle. Moreover, a high-fibre diet (> 40% NDF of DM) showed the relative abundance
of Fibrobacterota in the rumen of ruminants®®. Hence, the results of the current study revealed that dietary
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supplementation with SeAn significantly affected the relative abundances of Verrucomicrobiota and
Fibrobacterota in the ruminal fluid of goats, suggesting that the inclusion of Se and An in the goat diet conferred
beneficial effects on fibre degradation. Interestingly, Liu et al.” reported that taurine feeding could increase the
apparent digestibility of fibre by regulating the ruminal fluid bacterial community of castrated Simmental steers.
However, fibre digestibility (NDF and ADF) did not differ among the four treatments in this study, perhaps
because anthocyanin and Se resulted in relatively rapid passage of fibre through the rumen. Moreover, the
relative abundances of Verrucomicrobiota and Fibrobacterota with respect to the An and SeAn treatments were
lower than those in the Se treatment, perhaps because most of the anthocyanin content was not broken down
in the rumen and instead bypassed the rumen to reach the small intestine for digestion and absorption!?, thus
resulting in a lack of efficient fibre degradation in the rumen.

The most significant cellulolytic bacteria in anaerobic reactors are Ruminococcus, Butyrivibrio, and
Bacteroides”. In this study, at the genus level, we found that SeAn treatments could significantly increase the
relative abundances of the ruminal fluids Ruminococcus and Butyrivibrio in goats. This was likely because
antioxidants could enhance the antioxidant status and protect the organism from peroxidation damage, thus
increasing the abundance of the rumen microbiota; simultaneously, the ruminal fluid of Ruminococcus and
Butyrivibrio could improve anthocyanin bioavailability in the rumen'®. These findings are in line with the results
of previous studies on lactating dairy cows by Yu et al.’%, reported that dietary supplementation with citrus
flavonoid extract could increase the abundance of Ruminococcus, Clostridium, and Butyrivibrio and carbohydrate
metabolism in the ruminal fluid. Similarly, Taethaisong et al.!® reported that the inclusion of anthocyanin-rich
purple neem foliage could increase the relative ruminal fluid abundances of Butyrivibrio fibrisolvens, Fibrobacter
succinogenes, Ruminococcus albus, Ruminococcus flavefaciens, and Streptococcus bovis in Anglo-Nubian Thai
native goats.

Conclusion

The results of the current research suggest that dietary supplementation with SeAn can improve the apparent
digestibility, antioxidant activity, immune activity, lipid metabolism, hormone parameters, rumen fermentation,
and rumen microbiota composition in goat does. However, one limitation of this study was that we did not
consider the effect of SeAn on the health status of goat does throughout the pregnancy period. In addition,
further studies are needed to understand the mechanism by which SeAn alleviates OS in goat does from a
cellular and molecular perspective; this is also one limitation of this study.

Data availability
The raw sequencing reads were deposited into the NCBI Sequence Read Archive database (Accession Number:
PRJNA971548).
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