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Effect of dietary Eucommia 
ulmoides oliver polysaccharide 
on immune function and meat 
quality of Songliao Black Pigs
Yang Liang 1,2, Zeyu Tang 1,2, Hao Wang 1,2, Meng Liu 1, Fanglin Zhao 1, Longsheng Wang 1, 
Yinbiao Meng 1 & Lijun Jia 1*

Eucommia ulmoides is a traditional Chinese herbal medicine, with pharmacological effects such as 
lowering blood pressure and enhancing immune function. The effects of dietary Eucommia ulmoides 
polysaccharide (EUP) on immune function and meat quality were studied in Songliao Black Pigs. Blood 
lymphocyte counts and percentage, concentrations of serum total protein and of albumin increased, 
whereas those of urea nitrogen and triglyceride decreased. White blood cell and lymphocyte counts, 
and serum IgA, IgE, IgG2 a and IFN-γ increased. Average daily weight gain, slaughter weight, lean 
meat rate and cooked meat rate increased, whereas pH24, feed-weight ratio, fat rate, yellowness 
(b#) and centrifugal dehydration rate decreased. Transcriptome sequencing of longissimus dorsi 
muscle detected 32 differentially expressed genes (DEGs), of which 26 were up-regulated and 6 
down-regulated. A total of 19 genes were differentially expressed in the four groups, 18 of which 
were up-regulated. The DEGs included ADAMTS4, PER1, STAC, SERPINE1, FASN, THRSP, SP7 and 
KRT80 and the protein interaction network showed 20 up-regulated nodes, three down-regulated 
nodes and 14 DEGs. GO functional annotation and enrichment analysis showed that 34 items 
were significantly enriched, including transferase activity, actin binding, acetyl coenzyme A, acyl 
coenzyme A metabolism, adipose tissue development and acyl glycerol homeostasis. KEGG pathway 
analysis showed that the AMPK and PPAR signaling pathways were enriched. Dietary Eucommia 
polysaccharide enhanced immune function in Songliao Black Pigs, improved growth and carcass 
performance, increased the expression of genes related to meat quality traits and improved meat 
quality.

Keywords  Eucommia ulmoides polysaccharide, SongLiao Black pigs, Immune function, Meat quality traits, 
Gene expression

Eucommia ulmoides Oliver (Eucommia), also known as kapok, is a monophyletic deciduous tree1. Eucommia 
has a medicinal history of more than 2000 years in China, and is a commonly used Chinese medicinal material, 
containing a variety of bioactive substances2; the main components are lignans, iridoids, flavonoids, phenylpro-
panoids, terpenoids and polysaccharides3,4. The pharmacodynamic function and mechanism of Eucommia have 
received extensive attention. The pharmacodynamic functions of the different components are basically the same, 
but the mechanisms of action are different5. The main efficacies of Eucommia in humans are immune regula-
tion, lowering blood pressure, controlling blood lipids, anti-diabetic, anti-oxidation, anti-aging, anti-fatigue, 
anti-bacterial, anti-inflammatory, anti-virus, anti-tumor, inhibition of osteoporosis, liver and kidney protection, 
sedation and prevention of miscarriage6.

Songliao Black pigs have black coats, a long middle body, strong limbs, strong reproductive performance, 
a high lean meat percentage and good meat quality, with the characteristics of high adaptability, rapid growth, 
low feed/meat ratio and strong stress resistance. Songliao Black pigs are bred by crossing the northeast native 
pig with the landrace and Duroc pigs; they have strong cold resistance and can live normally at – 30 °C, so they 
are suitable for farming in Northeast China7. There have been many reports on the application of Eucommia 
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as a dietary additive in white pigs, but few studies on black pigs8. Dietary Eucommia polysaccharide improves 
growth performance, enhances immunity, improves meat quality and other performance factors in white pigs, 
so this study determined the effects of Eucommia on Songliao Black pigs. The findings are of great significance 
for the environmentally-friendly production of safe and healthy food.

Methods
Ethics statement
All protocols and procedures involving animals were performed in accordance with the Regulations for the 
Administration of Affairs Concerning Experimental Animals (Ministry of Science and Technology, China) and 
were approved by the Animal Welfare Committee of China Yanbian University. During the experimental period, 
the animals were reared in the same environment, were fed the same diet and were humanely sacrificed. The 
study is reported in accordance with ARRIVE guidelines.

Animals and experimental groups
Adult Songliao Black pigs were provided by Antu pig breeding farm (Antu, China). All animals were reared 
under the same conditions, with natural, uncontrolled temperature and light. The 40 pigs were randomly divided 
into four groups of 10, i.e., a control group and experimental groups I, II and III. The control group was fed a 
basic diet, based on corn-soybean meal and made according to the nutritional requirements for pigs in Nutrient 
Requirements of Swine Eleventh Revised Edition (2012, China). The composition was: corn 60%, rice bran 15%, 
soybean meal 12%, wheat bran 10%, fish meal 1%, vitamins 1%, mildew preservative 0.5% and sodium chloride 
0.5%. Experimental groups I, II and III were fed diets supplemented with 1, 2, or 3% w/w Eucommia ulmoides 
polysaccharide, respectively. Eucommia ulmoides polysaccharide was supplied by Zhangjiajie Biotechnology Co., 
(Zhangjiajie, Hunan, China). 20% purity the powdered finished product. The monosaccharide compositions of 
EUP included Glu 58%, Gal 15%, Gum 11%, Rha 8%, Man 5% and Xyl 3%. The trial period was 30 days and 
each pig was fed separately.

Sample collection
At the end of the 30 day trial period and after fasting for 12 h, venous blood (5 ml) was collected from all test 
animals in EDTA-K2 anticoagulation centrifuge tubes (Becton Dickinson, Franklin Lakes, NJ), centrifuged for 
10 min at 600 × g and stored at – 20 °C for later analysis. The animals were slaughtered in a commercial abattoir 
and everything possible was done to minimize animal suffering during the study. The longissimus dorsi muscle 
from each animal was collected aseptically and as quickly as possible. Samples were frozen immediately and 
stored in liquid nitrogen until needed for RNA extraction. Samples for other assays were collected as described 
below, in the relevant method sections.

Detection of routine blood and serum biochemical indices
The blood samples were analyzed on a GRT-6008 automatic blood analyzer (Glite Technology Co., Ltd., Jinan, 
China), to determine red blood cell, white blood cell, lymphocyte, monocyte and granulocyte counts; lymphocyte, 
monocyte and granulocyte percentages; hemoglobin concentration, average hemoglobin content, mean hemo-
globin concentration; mean red blood cell volume, hematocrit, red blood cell distribution width SD, red blood 
cell distribution width CV; platelet hematocrit, mean platelet volume, platelet distribution width and large platelet 
ratio. The serum biochemical indices, total protein, albumin, globulin, urea nitrogen, triglyceride and glucose 
were determined by automatic dry biochemical analyzer (Fuji film imaging machine Co., Ltd., Suzhou, China).

Detection of immunoglobulin and cytokine levels
Serum samples from the pigs in the control group and group II were analyzed by ELISA Kit (Langton Biotech-
nology Co., Ltd., Shanghai, China) to determine the serum immune indices, immunoglobulins IgG1, IgG2a, 
IgG2b, IgA and IgE, and cytokines IFN-γ, IL-4 and TNF-α, Standard curves were plotted according to the test 
kit manufacturer’s instructions and the immune indices were calculated according to the standard curve regres-
sion equation.

Determination of growth performance and carcass performance
Three pigs were randomly selected from each test group. The pigs were weighed on an empty stomach at 8:00 a.m. 
on the first and last days of the trial, and the average daily weight gain was calculated. The feed intake of each 
pig was also recorded. The feed-to-weight ratio was calculated from the feed intake and average daily weight 
gain. With reference to the Measurement Methods of Pig Production9, the indices, pre-slaughter weight, carcass 
weight, eye muscle area, backfat thickness, skin weight, bone weight and skin thickness were measured, then the 
slaughter rate, lean meat rate and other related indices were calculated from the measurements.

Determination of meat quality traits
After the slaughter of the selected pigs (previous section) and determination of growth/carcass performance, the 
longissimus dorsi and psoas major muscles of the left half-carcass of the same animals were quickly removed 
for meat quality determination, i.e., meat color, marbling, pH24, cooked meat rate, water loss rate, drip loss, 
tenderness value and intramuscular fat were determined according to the methods in the Chinese Code for 
Determination of Pig Muscle Quality (NY/T821-2004).



3

Vol.:(0123456789)

Scientific Reports |        (2024) 14:13901  | https://doi.org/10.1038/s41598-024-64257-4

www.nature.com/scientificreports/

Transcriptome sequencing
Three pigs were randomly selected from both the control group and group II; muscle tissue samples were col-
lected, frozen in liquid nitrogen and sent to Beijing Annoroad Gene Technology Co., Ltd for transcriptome 
sequencing.Total RNA was extracted and according to the structure of mRNA 3′ end with polyA tail, the first 
strand of cDNA was synthesised using mRNA as template, then the second strand of cDNA was synthesised 
and the cDNA library was prepared by purification with QIAQuick PCR kit and end repair. Qubit 3.0 was used 
for preliminary quantification, the library was diluted to 1 ng/µl, the insert size of the library was detected using 
an Agilent 2100, and the effective concentration of the library was accurately quantified using Q-PCR with the 
Bio-RAD KIT iQ SYBR GREEN (the effective concentration of the library was > 10 nM).

Data collection and sequence alignment
The raw sequencing read data were filtered to remove the sequences (reads) containing sequencing linkers, 
unknown bases with N ratios greater than 5%, or of low quality (number of bases with mass value Q ≤ 19 
accounted for > 50% of the total bases), to obtain high-quality sequences (clean reads) meeting the require-
ments for subsequent analysis. The clean reads were compared with the pig reference genome (sus_scrofa. 
sscrofa11.1.90.chr:FTP/ftp.ensemble.org/ pub/release-90/fasta/sus_scrofa/DNA/sus_scrofa.sscrofa11.1).

Analysis of differentially expressed genes (DEGs)
The number of reads for each gene was compared using the Python package HTSeq, the DEGs were identified 
using the R package DESeq and their expression was calculated by the FPKM algorithm from RNA-Seq. Sig-
nificantly different DEGs were selected with the criteria: − log2 Fold change (FC) ≥ 1 and q < 0.05, and a volcano 
map, a cluster map and a Wayne map were drawn.

Analysis of protein interaction network
According to the interaction relationships in the STRING protein interaction database, the target gene set was 
directly mapped to the protein interaction network. The network data file of protein interaction was directly 
imported into Cytoscape software, and the network was visually edited according to the gene attributes in the 
target gene set.

Significant enrichment analysis of DEGs by GO function and KEGG pathway analyses
The DEGs obtained were compared with each entry in The GO database (http://​www.​geneo​ntolo​gy.​org/). After 
the P-value was corrected by the Benjamini method10, GO entries with Q < 0.05 were designated as significantly 
enriched entries. By comparing with the KEGG11–13 (Kyoto Encyclopedia of Genes and Genomes) database 
(http://​wego.​genom​ics.​org.​cn), the DEGs involved in signaling pathways, or metabolic pathways were analyzed.

qPCR verification of gene expression
Primers were designed using oligo7.56 software, and the relative expression of five key genes, including CREB1, 
FASN, MLYCD, CPT1A and UBC, was quantified using fluorescence quantitative PCR.

CREB1-F: GTG​TGT​TAC​GTG​GGG​GAG​AG; CREB1-R: GCA​TCT​CCA​CTC​TGC​TGG​TT. FASN-F: TCA​CCT​
ACG​AGG​CCA​TTG​TG; FASN-R: TCA​GAA​CTG​CTC​ACA​CCC​AC.

MLYCD-F: GAT​CAC​CAC​GGC​CAT​CTT​CT; MLYCD-R: ACT​CCT​TCT​GCA​GCT​CCT​TC.
CPT1A-F: TGA​GTG​ACC​ATT​TGC​CTG​CT; CPT1A-R: CAC​GCC​CGT​GTC​TTC​TTT​TG.
UBC-F: GAG​AGC​TGA​ATC​CTT​TGG​GGAA; UBC-R: AGA​AAC​GCC​GAG​AAG​GGA​CT.

Statistical analysis of data
Excel software was used to sort and analyze the test data, and the results were expressed as the mean ± standard 
deviation. Graph Pad Prism 5.0 software was used for independent t-testing and ANOVA (Dunnett’s ST-test) 
t-test analysis with p < 0.01 denoting a very significant difference, p < 0.05, a significant difference, and p > 0.05 
a non-significant difference.

Results
Blood routine, physiological and biochemical indices
Compared with the control group, the counts of lymphocytes, monocytes, granulocytes, the hemoglobin con-
centration and lymphocyte percentage in the blood of Songliao Black pigs in the experimental groups increased 
(p < 0.05). There was no difference in any other index (p > 0.05). Compared with the number of leukocytes, lym-
phocytes, monocytes, granulocytes and their percentages, the above increased indices of group II were higher 
than those of groups I and III, i.e., 2% dietary Eucommia polysaccharide had the greatest effect, compared with 
1, or 3% (Table 1).

Compared with the control group, the concentrations of albumin and total protein in the serum of the 
experimental groups increased (p < 0.01); the contents of urea nitrogen and triglyceride decreased (p < 0.05); 
the contents of globulin and glucose were not different (p > 0.05). There was no difference in these biochemical 
indices among the three groups (p > 0.05) (Table 2).

Immunoglobulin and cytokine assays
Compared with the control group, the serum levels of immunoglobulins IgA, IgE and its subclass IgG2a of pigs 
in the experimental groups increased (p < 0.05), and that of IgG2b increased slightly (p > 0.05; Fig. 1). The serum 
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level of IFN-γ in the experimental groups increased (p < 0.05), and those of IL-4 and TNF-α increased slightly 
(p > 0.05).

Growth performance
There was no difference between the final average weight of the experimental groups (p > 0.05; Table 3). There 
was also no difference between the daily weight gain of group I and the control group (p > 0.05), whereas group 
II was higher than control (p < 0.05). There was no difference in daily feed intake between the groups (p > 0.05). 
The material to weight ratios of groups I and II were lower than control (p < 0.01).

Carcass performance
There was no difference in the live weight before slaughter between the groups (p > 0.05; Table 4). The slaughter 
rate and lean meat rate group II were higher than control (p < 0.05), whereas the fat rate was lower (p < 0.01). 
Except for carcass weight, there was no difference between groups I and II and control (p > 0.05). There were 
no differences in carcass length, carcass oblique length, skin thickness, eye muscle area, bone rate and skin rate 
between the groups (p > 0.05).

Meat quality
Compared with control, the PH24 of group II decreased (p < 0.05; Table 5). The yellowness (CIELAB b# value) and 
centrifugal water loss rate of group II were lower than control (p < 0.01), whereas the cooked meat rate was higher 
(p < 0.05). The centrifugal water loss of group I was lower than control (p < 0.05). The brightness and redness 

Table 1.   Determination results of blood routine indices of Songliao Black pigs. Asterisks indicate that the 
difference between coefficients for the experimental group and control group are statistically significant at 
*P < 0.05 and **P < 0.01.

Detection indicator Control group Test group I Test group II Test group III

White blood cell count/(109 l−1) 16.50 ± 2.12 15.96 ± 2.05 16.83 ± 2.15 15.69 ± 2.50

Lymphocyte count/(109 l−1) 8.36 ± 1.48 9.12 ± 2.18* 9.23 ± 2.60* 9.21 ± 1.01*

The number of monocytes/(109 l−1) 1.65 ± 0.35 1.82 ± 0.36* 1.98 ± 0.63* 1.89 ± 0.56*

Granulocyte count/(109 l−1) 4.61 ± 0.45 6.10 ± 1.00* 6.57 ± 1.44* 6.35 ± 1.36*

Lymphocyte percentage/% 52.30 ± 2.26 60.33 ± 6.99* 61.12 ± 4.76* 60.77 ± 2.87*

Monocyte percentage/% 10.85 ± 3.61 8.09 ± 1.90 9.89 ± 2.22 9.55 ± 2.80

Granulocyte percentage/% 31.59 ± 6.72 36.85 ± 1.34 37.78 ± 2.43 37.48 ± 1.55

Hemoglobin concentration/(g l−1) 117.80 ± 1.70 152.44 ± 3.42* 149.12 ± 2.34* 150.35 ± 1.84*

Average hemoglobin content/pg 23.60 ± 0.99 25.56 ± 0.97 26.32 ± 1.02 24.45 ± 0.77

Average hemoglobin concentration/(g l−1) 376.50 ± 6.36 389.14 ± 14.62 374.25 ± 12.44 368.33 ± 7.26

Erythrocytes/(1012 l−1) 4.99 ± 0.14 5.93 ± 1.13 5.21 ± 1.15 5.43 ± 1.29

Average red blood cell volume/fL 62.70 ± 1.70 65.79 ± 2.54 65.65 ± 3.87 64.32 ± 1.45

Hematocrit/% 31.25 ± 0.07 38.93 ± 7.32 35.45 ± 8.65 37.38 ± 3.23

Red blood cell distribution width SD/fL 28.50 ± 0.71 29.86 ± 1.21 27.24 ± 1.11 28.68 ± 0.87

Red blood cell distribution width CV/% 11.30 ± 0.14 11.31 ± 0.29 12.30 ± 0.92 12.12 ± 0.32

Platelet count/(109 l−1) 69.00 ± 15.56 82.86 ± 13.75 81.98 ± 16.57 80.45 ± 18.26

Platelet hematocrit/% 0.07 ± 0.02 0.10 ± 0.03 0.09 ± 0.01 0.09 ± 0.04

Average platelet volume/fL 10.60 ± 0.57 10.87 ± 0.44 10.91 ± 0.14 10.45 ± 0.88

Platelet distribution width/fL 16.45 ± 2.90 17.14 ± 2.10 17.98 ± 2.97 18.41 ± 4.23

Large platelet ratio/% 24.80 ± 6.65 28.46 ± 4.59 27.58 ± 4.79 28.32 ± 3.58

Table 2.   Determination results of serum biochemical indices of Songliao Black pigs. Asterisks indicate that 
the difference between coefficients for the experimental group and control group are statistically significant at 
*P < 0.05 and **P < 0.01.

Detection indicator Control group Test group I Test group II Test group III

Total protein/(g l−1) 59.86 ± 2.67 74.40 ± 7.10** 76.47 ± 5.24** 77.87 ± 5.15**

Albumin/(g l−1) 31.00 ± 3.87 44.56 ± 2.80** 49.44 ± 4.84** 48.18 ± 1.12**

Globulin/(g l−1) 28.86 ± 3.89 30.80 ± 4.20 29.78 ± 2.04 32.42 ± 2.44

Urea nitrogen/(mmol l−1) 5.43 ± 0.81 3.70 ± 0.80* 3.58 ± 1.08* 4.12 ± 1.22*

Triglyceride/(mg dl−1) 48.86 ± 11.54 27.05 ± 4.20* 25.85 ± 5.42* 26.77 ± 2.04*

Glucose/(mmol l−1) 3.90 ± 0.10 3.11 ± 1.09 3.54 ± 1.45 3.35 ± 2.26
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(CIELAB L# and a#), meat color score, marbling score, drip loss, water loss rate, shear force and intramuscular 
fat varied slightly between the groups (p > 0.05).

Figure 1.   Effect of Eucommia ulmoides Oliv. polysaccharide on immunoglobulin and cytokine levels of 
Songliao Black pigs. Asterisks indicate that the difference between coefficients for the experimental group and 
control group are statistically significant at *P < 0.05 and **P < 0.01.
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Table 3.   Effect of Eucommia ulmoides Oliv. polysaccharide on growth performance of Songliao Black pigs. 
Asterisks indicate that the difference between coefficients for the experimental group and control group are 
statistically significant at *P < 0.05 and **P < 0.01.

Projects Control group 1% Eucommia ulmoides polysaccharide group
2% Eucommia ulmoides polysaccharide 
group

Initial weight (kg) 83.10 ± 3.67 85.65 ± 3.66 83.15 ± 4.29

End weight (kg) 107.20 ± 3.34 111.40 ± 5.52 109.60 ± 5.37

Daily gain (g) 803.33 ± 54.67 858.33 ± 76.47* 881.67 ± 88.33*

Average daily feed intake (kg) 3.67 ± 0.13 3.24 ± 0.12 3.29 ± 0.06

Material-weight ratio 4.59 ± 0.32 3.81 ± 0.36 ** 3.77 ± 0.39**

Table 4.   Effect of Eucommia ulmoides Oliv. polysaccharide on carcass performance of Songliao Black pigs. 
Asterisks indicate that the difference between coefficients for the experimental group and control group are 
statistically significant at *P < 0.05 and **P < 0.01.

Projects Control group
1% Eucommia ulmoides polysaccharide 
group

2% Eucommia ulmoides polysaccharide 
group

Number of samples/head 3 3 3

Live weight before slaughter (kg) 109.33 ± 0.58 115.33 ± 1.53 114.67 ± 2.08

Carcass weight (kg) 76.40 ± 1.65 80.97 ± 0.98* 81.68 ± 1.06**

Slant length of carcass (cm) 74.50 ± 2.29 76.67 ± 1.53 76.83 ± 2.02

Straight length of carcass (cm) 97.33 ± 1.53 98.33 ± 3.06 98.33 ± 1.53

Average back fat thickness (cm) 3.20 ± 0.15 3.10 ± 0.13 3.09 ± 0.13

Thickness of skin (mm) 2.83 ± 0.31 2.81 ± 0.21 2.38 ± 0.16

Eye muscle area (cm2) 28.69 ± 0.73 29.83 ± 0.86 31.63 ± 3.84

Slaughter rate (%) 68.62 ± 0.98 70.21 ± 0.61* 71.24 ± 0.42*

Lean meat percentage (%) 57.67 ± 0.96 58.65 ± 0.86* 60.44 ± 1.04*

Fat percentage (%) 19.98 ± 0.37 19.88 ± 0.81 18.53 ± 0.28 **

Bone rate (%) 12.57 ± 0.27 12.41 ± 0.68 11.81 ± 0.93

Skin rate (%) 9.79 ± 0.87 9.06 ± 0.12 9.23 ± 0.41

Table 5.   Effect of Eucommia ulmoides Oliv. in feed on meat quality of Song Liao Black Pork. L# stands for 
brightness, a# for redness and b# for yellowness. Asterisks indicate that the difference between coefficients for 
the experimental group and control group are statistically significant at *P < 0.05 and **P < 0.01.

Projects Control group 1% Eucommia ulmoides polysaccharide group
2% Eucommia ulmoides polysaccharide 
group

pH24 5.61 ± 0.02 5.51 ± 0.07 5.49 ± 0.05*

Meat color (24 h)

 L# 53.01 ± 1.38 49.10 ± 2.51 47.32 ± 1.11

 a# 6.73 ± 1.15 6.36 ± 0.66 6.15 ± 0.44

 b# 7.99 ± 0.50 5.32 ± 0.34 ** 5.99 ± 0.55**

Meat color score 3.17 ± 1.04 2.33 ± 0.29 2.67 ± 0.29

Marble score 2.50 ± 0.50 3.17 ± 0.76 2.83 ± 0.58

Drip loss (%) 3.51 ± 0.58 2.54 ± 0.78 2.20 ± 0.88

Centrifugal water loss rate (%) 30.33 ± 1.47 22.58 ± 4.37* 21.69 ± 2.53**

Water loss rate (%) 35.23 ± 4.37 30.91 ± 5.44 27.58 ± 4.07

Shear force (n) 37.59 ± 2.78 36.03 ± 1.26 35.92 ± 1.53

Cooked meat rate (%) 60.59 ± 1.16 61.93 ± 1.41 63.59 ± 0.60*

Intramuscular fat (%) 2.72 ± 0.49 3.42 ± 0.19 3.40 ± 0.18
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RNA quality and RNA sequencing quality
The RNA quality test showed that the total amount of RNA in 5-1/T1, 6-1/T2, 7-3/T3 and 8-3/C1, 9-4/C2 and 
10-1/C3 of the experimental groups, the RNA integrity index (≥ 7.7), and the rRNA ratio (≥ 1.0) met the require-
ments for database establishment. The numbers of reads from the three control high-throughput sequencing sam-
ples were 45,911,760, 47,517,310 and 48,766,628, respectively, and the effective rates were 97.87, 96.68 and 97.76% 
respectively. The numbers of reads from the three experimental group samples were 48,449,042, 46,867,530 and 
45,715,882, and the effective rates were 97.73, 97.85 and 97.50%, respectively. The data comparison rate and 
effective rate were above 95% (Table 6) and the ratios of base quality (Q30) of the sequencing were all over 93%, 
indicating good sequencing quality that met the quality control requirements.

Differential gene analysis
Screening the DEGs with FC ≥ 1 and q < 0.05 between the experimental and control groups identified 32 DEGs 
(Fig. 2). A hierarchical cluster analysis of the DEGs and treatment conditions was carried out (Fig. 3), finding that 
26 genes were up-regulated and six were down-regulated. A total of 19 genes was differently expressed among 
the four groups, of which 18 were up-regulated (Fig. 4). There were eight DEGs with difference multiples of > 2, 
i.e., ADAMTS4, PER1, STAC, SERPINE1, FASN, THRSP, SP7 and KRT80, indicating that Eucommia polysac-
charide had a significant influence on fat deposition genes.

Significant enrichment analysis of GO functions and KEGG pathways of DEGs
GO function annotation (Fig. 5) and enrichment analysis (Figs. 6, 7) were performed on the above 32 DEGs, 
of which 34 were significantly enriched in transferase activity, actin binding, among which acetyl coenzyme A, 
acyl coenzyme A metabolism, adipose tissue development and acyl glycerol homeostasis were significantly dif-
ferent. KEGG analysis (Fig. 8) showed that differential genes were significantly enriched in the AMPK (Fig. 9) 

Table 6.   Significant differential expression of genes in 2% Eucommia ulmoides polysaccharide group.

Gene name Difference multiple (FC) Up/down

ENSSSCG00000004602 (TEX9) − 1.293353565 Down

ENSSSCG00000006359 (ADAMTS4) 2.63164307 Up

ENSSSCG00000010219 (ARID5B) 1.601829628 Up

ENSSSCG00000010370 1.633814652 Up

ENSSSCG00000012880 (CPT1A) − 2.178109843 Down

ENSSSCG00000013599 (ANGPTL4) − 1.384130813 Down

ENSSSCG00000013784 (DNAJB1) 1.781511378 Up

ENSSSCG00000014834 (UCP3) − 2.465414635 Down

ENSSSCG00000016605 (LMOD2) 1.610635534 Up

ENSSSCG00000016646 (IFRD1) 1.385607506 Up

ENSSSCG00000016690 (CREB5) 1.468009525 Up

ENSSSCG00000017983 (PER1) 2.150248558 Up

ENSSSCG00000022256 (C10orf10) 1.320485504 Up

ENSSSCG00000022300 (MAT2A) 1.193117061 Up

ENSSSCG00000022925 1.601496151 Up

ENSSSCG00000023085 (STAC) 2.632826616 Up

ENSSSCG00000025460 (SPSB2) − 2.164376564 Down

ENSSSSCG00000025698 (SERPINE1) 3.067596632 Up

ENSSSCG00000029226 1.092500192 Up

ENSSSCG00000029571 (AVIL) 1.69481585 Up

ENSSSCG00000029944 (FASN) 2.859912751 Up

ENSSSCG00000031450 − 2.30582212 Down

ENSSSCG00000031912 1.64860759 Up

ENSSSCG00000032527 (FOSL2) 1.384061425 Up

ENSSSCG00000032810 (GZMM) 1.6163484 Up

ENSSSCG00000033822 (THRSP) 2.800041411 Up

ENSSSCG00000034102 (DGAT2) 1.425353251 Up

ENSSSCG00000034328 (SP7) 5.085327819 Up

ENSSSCG00000036742 (KLF15) 1.601574701 Up

ENSSSCG00000038598 (ADRB2) 1.546495169 Up

ENSSSSCG00000039468 (SERPINH1) 1.301188801 Up

ENSSSCG00000040636 (KRT80) 2.410615016 Up
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and PPAR (Fig. 10) signaling pathways. These results indicate that Eucommia polysaccharide had a significant 
effect on intramuscular fat deposition.

Fluorescence quantitative PCR to validate gene expression analysis
The RNA expression changes of five genes in the AMPK signalling pathway and PPAR signalling pathway were 
validated and analysed using real-time fluorescence quantitative PCR. The results showed that the RT-qPCR 
results were consistent with the expected results from sequencing. In the AMPK signalling pathway, CREB1 
and FASN were significantly up-regulated, and MLYCD and CPT1A were significantly down-regulated; in the 
PPAR signalling pathway, UBC was significantly up-regulated and CPT1A was significantly down-regulated 
(Figs. 9, 10, 11).

Figure 2.   Differential gene volcano map. The abscissa is the logarithmic value of differential gene expression 
multiple in the comparison group, and the ordinate is the negative logarithmic value of the statistical 
significance of expression change; Each dot represents a gene, and the genes that are significantly up-regulated 
(yellow), significantly down-regulated (blue) and have no significant difference (gray) are marked with different 
colors.

Figure 3.   Differential gene clustering map. Different columns represent different samples and different rows 
represent different genes. Color indicates the expression level of genes.
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Discussion
Changes in levels of blood components reflect changes in metabolic capacity and physiological activity. At the 
initial stage of infectious disease, the neutrophil count increases greatly, which is known as "the first line of life 
defense" and reflects the health of the organism. An increase in hemoglobin content is beneficial for the full 
utilization of oxygen in a hypoxic environment. Dietary Eucommia ulmoides Oliv. polysaccharide (Eucommia) 
significantly increased the blood counts of lymphocytes, monocytes, granulocytes, and the hemoglobin con-
centration in Songliao Black pigs. Although there was no significant difference in other indices, they all showed 
an upward trend, indicating that Eucommia was beneficial to the health status of the pigs. Taken together, the 

Figure 4.   Wayne diagram of differential genes between groups. The sum of numbers in each circle represents 
the total number of differential genes in the comparison group, the overlapping part of the circle represents 
the common differential genes among the combinations, and only the part in one circle represents the specific 
expression of differential genes in the comparison group.

Figure 5.   GO statistical histogram of differently expressed genes. The abscissa is GO item, the left ordinate is 
the percentage of gene number, and the right ordinate is the gene number.
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above blood indices, indicate that experimental group II (2% Eucommia) received greater benefits than groups 
I and III (1 and 3%).

Serum biochemical indicators reflect the metabolic state and health status of animals, as well as changes in 
protein and lipid metabolism. Generally, increased serum total protein and albumin content indicates enhanced 
liver protein synthesis, and the triglyceride metabolism level is related to cardiovascular and cerebrovascular dis-
eases. The level of urea nitrogen reflects the amino acid balance. Dietary Eucommia extract significantly reduced 
blood urea nitrogen and triacylglycerol concentration in Duchangda ternary hybrid pigs14 and increased total 

Figure 6.   Distribution diagram of Q value of enriched GO items. The ordinate shows the names of different 
comparison groups, the abscissa shows the entries of GO, and different colors represent different degrees of 
enrichment.

Figure 7.   Enrichment analysis of differently expressed GO items. The abscissa represents enrichment ratio, and 
the ordinate represents different GO items. The color of the dot indicates the enrichment degree of the GO item, 
and the size indicates the number of genes enriched to the GO item.
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serum protein in Duchangsanyuan piglets15. This study found that dietary Eucommia significantly increased 
serum total protein and albumin in Songliao Black pigs, and significantly decreased serum urea nitrogen and 
triglyceride, indicating that Eucommia increased liver protein synthesis and enhanced overall health.

Blood immune mediators are markers for immune system function and general health. Dietary Eucommia 
leaf extract and its fermentation products increased serum IgM in weaned piglets, and slightly increased the 
IgG concentration8. Dietary Eucommia leaves increased serum IgA and IgG in piglets16. This study showed that 
2% dietary Eucommia polysaccharide increased serum IgA, IgE and its subclass IgG2a in Songliao Black pigs, 
indicating enhanced immune function and overall health.

Figure 8.   KEGG pathway analysis of differential genes. The abscissa indicates the enrichment factor, the 
ordinate indicates the KEGG pathway name, the color of the dot represents the enrichment degree of the KEGG 
entry, and the size represents the number of differential genes in the pathway.

Figure 9.   AMPK signal path. Red is up-regulated gene and green is down-regulated gene.
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Cytokines regulate immune function, for examples, interferon is a multifunctional active glycoprotein, which 
inhibits invasion, shelling, replication and release of some viruses; Interleukin-4 (IL-4) can up-regulate the 
growth of B cells and immunoglobulin secretion, thereby strengthening the humoral immune response, but it can 
also inhibit the differentiation of Th1 cells and enhance the differentiation of Th2 cells, an immune-suppressive 
effect. Increased TNF-α stimulates macrophage activation, which enhances their function of killing tumor cells. 
This study showed that 2% dietary Eucommia polysaccharide increased the levels of cytokines IFN-γ, IL-4 and 
TNF-α, indicating improved general immune function and specific immune function against viruses and tumors.

Eucommia bark and leaves can improve animal productivity, promote lipid metabolism and protein synthesis, 
and improve meat quality and flavor. Dietary Eucommia increased the intramuscular fat content of Ningxi-
ang castrated sows17, and stabilized the pH, increased the tenderness and improved the taste of meat from 
Du × Long × Big three-way crossbred pigs18. This study showed that 2% dietary Eucommia increased the average 
daily weight gain, slaughter rate, lean meat rate and cooked meat rate, and decreased pH24, feed-to-weight ratio, 
fat rate, yellowness (b#) and centrifugal water loss, indicating that dietary Eucommia improved the meat quality 
of Songliao Black pigs.

The effect of dietary Eucommia polysaccharide on the genes related to intramuscular fat deposition in Songliao 
Black pigs was investigated. Analysis and comparison of differently expressed genes (DEGs) identified eight 
genes with a > twofold change in expression, of which, ADAMTS4, PER1, FASN and THRSP are involved in 
intramuscular fat deposition. After knockout of the ADAMTS4 gene, the mRNA expression levels of PPAR, dgat2, 
COL3A1, adamts2, ADAMTS4 and aggrecan genes related to adipocyte differentiation were down regulated19. 
PER1 regulates changes in mitochondrial crista state, mitochondrial function and lipid absorption20. RNA-seq 
and GO analysis of DEGs related to intramuscular fat deposition in the longissimus dorsi muscle of pigs showed 
that the fat metabolism mechanism mediated by FASN was closely related to the intramuscular fat ratio, and 
the expression of FASN increased the intramuscular fat ratio, thus enhancing meat quality21. High expression of 
THRSP may provide sufficient glucose raw material for fat synthesis, by regulating GLUT4 transcription, and 

Figure 10.   PPAR signal path. Red is up-regulated gene and green is down-regulated gene.

Figure 11.   RT-qPCR validation of RNA-seq sequencing results. (A) AMPK signal path; (B) PPAR signal path. 
*P < 0.05, **P < 0.01 vs. control group.
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accelerate fat production by regulating FASN and ACC transcription22. In this study, the expression levels of 
ADAMTS4, PER1, FASN and THRSP were markedly increased, indicating that dietary Eucommia polysaccharide 
improves intramuscular fat deposition in Songliao Black pigs.

Protein interaction analysis showed that the differently expressed proteins were of two types, one related 
to the immune system and the other related to fat deposition. This is also illustrated by the ability of dulcimer 
powder to enhance the immune function and improve the meat quality traits of Songliao black pigs in this study. 
Osteoblasts isolated from mice with a Fosl 2 gene deletion were cultured in vitro, resulting in increased expres-
sion of the lipogenesis signal genes C/EBP-α, C/EBP-β and PPAR-γ23. The expression level of PPAR-γ, C/EBPα 
and AP2 decreased markedly and the triglyceride concentration decreased markedly after the expression of 
KLF15 decreased; lipid droplets in adipose tissue decreased in size and quantity24. This study found that dietary 
Eucommia significantly increased expression of the FOSL2 and KLF15 proteins, consistent with the above reports.

The AMPK signaling pathway mainly regulates the cellular balance of energy and metabolism, and partici-
pates in the regulation of fat synthesis by influencing the synthesis of the adipogenic mediators PPAR-γ, C/
EBP-α, SREBP1c and FAS25. PPAR-α is active in skeletal muscle and adipose tissue, participates in regulating fat 
metabolism and is associated with intramuscular fat deposition26. PPAR-γ mainly regulates the differentiation of 
adipocytes and maintains the function of mature adipocytes27. GO function and KEGG pathway analysis of the 
identified DEGs found that PPAR-γ, C/EBP-α, SREBP1c and FAS were mainly involved in transferase activity 
and actin binding, and are significantly enriched in the AMPK and PPAR pathways related to fat deposition, in 
which FASN, a gene related to fat synthesis, was significantly up-regulated.

Conclusion
Dietary Eucommia ulmoides polysaccharide (2% w/w in pig feed) increased numbers of immune cells, immu-
noglobulin and cytokine levels, and improved growth performance, carcass performance and meat quality traits 
in Songliao Black pigs. Dietary Eucommia also up-regulated the expression of genes involved in fat deposition, 
increased fat deposition, enhanced immune function and improved meat quality.

Data availability
The datasets generated or analysed during the current study are available in the NCBI (National Center for Bio-
technology Information) repository, ACCESSION NUMBER TO DATASETS:ID PRJNA1033230.

Received: 14 October 2023; Accepted: 6 June 2024

References
	 1.	 Hu, H. et al. Tissue distribution comparison of six active ingredients from an eucommiae cortex extract between normal and 

spontaneously hypertensive rats. Evid. Based Complement. Altern. Med. 2020, 2049059 (2020).
	 2.	 Ge, Z. et al. Effects of dynamic high-pressure microfluidization on the physicochemical, structural and functional characteristics 

of Eucommia ulmoides Oliv. seed meal proteins. LWT. 138, 110766 (2021).
	 3.	 Ding, H., Cao, A., Li, H., Zhao, Y. & Feng, J. Effects of Eucommia ulmoides leaf extracts on growth performance, antioxidant capacity 

and intestinal function in weaned piglets. J. Anim. Physiol. Anim. Nutr. (Berl). 104, 1169–1177 (2020).
	 4.	 Yang, H., Li, X.-Q., Xu, Z., Cheng, Z. & Leng, X.-J. Effects of three active components in Eucommia ulmoides on growth and flesh 

quality of grass carp (Ctenopharyngodon idellus) based on transcriptomics. Aquac. Nutr. 26, 1895–1907 (2020).
	 5.	 Liu, C. et al. Research advances in chemical constituents and pharmacological activities of different parts of Eucommia ulmoides. 

Zhongguo Zhong Yao Za Zhi. 45, 497–512 (2020).
	 6.	 Wang, J. Y. et al. Comparative studies of different extracts from Eucommia ulmoides Oliv. against rheumatoid arthritis in CIA rats. 

Evid. Based Complement. Altern. Med. 2018, 7379893 (2018).
	 7.	 Zhang, S. Current situation of high-quality characteristic pig industry and provenance innovation. Feed Anim. Husb. 06, 24–26 

(2018) (in Chinese).
	 8.	 Liao, W. et al. Illicium verum and Eucommia ulmoides leaf extracts promote nutrient availability and antioxidant capacity in piglets 

by upregulating duodenal and jejunal Nrf2/TNF-α. J. Anim. Physiol. Anim. Nutr. (Berl). 105, 916–926 (2021).
	 9.	 Liang, Y., Tang, Z., Wang, H., Liu, M., Zhao, F., Wang, L., Meng, Y., Jia, L. Effects of combined effects of basic diet and fermented 

corn stalks on nutrient digestion, meat quality and growth performance of Songliao Black pigs. J. Jilin Agric. Univ. 43 (2021) (in 
Chinese).

	10.	 Benjamini, Y. & Hochberg, Y. Controlling the false discovery rate: A practical and powerful approach to multiple testing. J. R. Stat. 
Soc. Ser. B Methodol. 57, 289–300 (1995).

	11.	 Kanehisa, M., Furumichi, M., Sato, Y., Kawashima, M. & Ishiguro-Watanabe, M. KEGG for taxonomy-based analysis of pathways 
and genomes. Nucleic Acids Res. 51, D587–D592 (2023).

	12.	 Kanehisa, M. & Goto, S. KEGG: Kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 28, 27–30 (2000).
	13.	 Kanehisa, M. Toward understanding the origin and evolution of cellular organisms. Protein Sci. 28, 1947–1951 (2019).
	14.	 Wang, J., He, J., Xian, Y. & Li, Y. Effects of Eucommia ulmoides Oliv. extract on growth performance and blood indexes of pigs. 

Feed Res. 02, 1–4 (2007) (in Chinese).
	15.	 Chen, J. Effects of Eucommia ulmoides Oliv on Performance, Immune Function and Antioxidant Function of Weaned Piglets. (Fujian 

Agriculture and Forestry University, 2017) (in Chinese).
	16.	 Peng, M.Effects of Eucommia ulmoides leaves on growth performance, antioxidant capacity and immune function of weaned 

piglets. Nat. Prod. Res. Dev. 31, 675–681 (2019) (in Chinese).
	17.	 Li, W., Chen, H., Zhang, B. Effects of Eucommia Ulmoides Extract on Carcass Traits and Meat Quality of Ningxiang Pigs (Swine 

Production, 2018).
	18.	 Cui, X. Effect of Eucommia bark on the quality of growing and finishing pork. Heilongjiang Anim. Husband. Vet. Med. 01, 135–136 

(2018) (in Chinese).
	19.	 H L. Effects of ADAMTS2 and ADAMTS4 Genes on Differentiation and Lipid Deposition of Bovine Preadipocytes (Henan University 

of Science and Technology, 2017) (in Chinese).
	20.	 Sun, Q. Rhythmic Regulation and Intervention Technology of Lipid Absorption (Nanjing University of Science and Technology, 2018) 

(in Chinese).



14

Vol:.(1234567890)

Scientific Reports |        (2024) 14:13901  | https://doi.org/10.1038/s41598-024-64257-4

www.nature.com/scientificreports/

	21.	 Lim, K. S. et al. Identification of differentially expressed genes in longissimus muscle of pigs with high and low intramuscular fat 
content using RNA sequencing. Anim. Genet. 48, 166–174 (2017).

	22.	 Jiao, H. Screening of Genes Related to Pig Fat Deposition and Its Association with THRSP Gene (Anhui Agricultural University, 
2014) (in Chinese).

	23.	 Bozec, A. et al. Fra-2/AP-1 controls bone formation by regulating osteoblast differentiation and collagen production. J. Cell Biol. 
190, 1093–1106 (2010).

	24.	 Chai, M., Li, Q., Jiang, H., Liu, H. & Zang, J. The role of zinc finger protein 15 in differentiation of porcine preadipocytes. J. Jilin 
Agric. Univ. 38, 325 (2016) ((in Chinese)).

	25.	 Bijland, S., Mancini, S. J. & Salt, I. P. Role of AMP-activated protein kinase in adipose tissue metabolism and inflammation. Clin. 
Sci. (Lond). 124, 491–507 (2013).

	26.	 Yao, C. Gene Expression Pattern and Identification of Pig Fat Deposition Based on GEO Public Data Mining (Jilin University, 2020).
	27.	 Takahashi, A., Dohi, H., Egashira, Y. & Hirai, S. Erucic acid derived from rosemary regulates differentiation of mesenchymal stem 

cells into osteoblasts/adipocytes via suppression of peroxisome proliferator-activated receptor γ transcriptional activity. Phytother. 
Res. 34, 1358–1366 (2020).

Acknowledgements
This work was supported by from the Science and Technology Development Fund Project of Jilin Province (No. 
20180201064NY), Jilin Province Livestock and Poultry Technology Quality and Efficiency Improvement Project 
(No. 202201), Yanbian University School-Enterprise Cooperation Project (No. ydxq202201), and supported by 
the 111 Project (D20034).

Author contributions
L.J.J. designed and guided the experiments; L.J.J., Y.L., Z.Y.T. and H.W. wrote the original draft; Z.Y.T., H.W. and 
Y.L. performed the experiments; L.S.W., F.L.Z., M.L., Y.B.M. analysed the data.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​024-​64257-4.

Correspondence and requests for materials should be addressed to L.J.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2024

https://doi.org/10.1038/s41598-024-64257-4
https://doi.org/10.1038/s41598-024-64257-4
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Effect of dietary Eucommia ulmoides oliver polysaccharide on immune function and meat quality of Songliao Black Pigs
	Methods
	Ethics statement
	Animals and experimental groups
	Sample collection
	Detection of routine blood and serum biochemical indices
	Detection of immunoglobulin and cytokine levels
	Determination of growth performance and carcass performance
	Determination of meat quality traits
	Transcriptome sequencing
	Data collection and sequence alignment
	Analysis of differentially expressed genes (DEGs)
	Analysis of protein interaction network
	Significant enrichment analysis of DEGs by GO function and KEGG pathway analyses
	qPCR verification of gene expression
	Statistical analysis of data

	Results
	Blood routine, physiological and biochemical indices
	Immunoglobulin and cytokine assays
	Growth performance
	Carcass performance
	Meat quality
	RNA quality and RNA sequencing quality
	Differential gene analysis
	Significant enrichment analysis of GO functions and KEGG pathways of DEGs
	Fluorescence quantitative PCR to validate gene expression analysis

	Discussion
	Conclusion
	References
	Acknowledgements


