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Abstract 

Background  During the transition period, excessive negative energy balance (NEB) lead to metabolic disorders 
and reduced milk yield. Rumen microbes are responsible for resolving plant material and producing volatile fatty acids 
(VFA), which are the primary energy source for cows. In this study, we aimed to investigate the effect of citrus peel 
extract (CPE) supplementation on rumen microbiota composition, energy metabolism and milk performance of peri-
partum dairy cows.

Methods  Dairy cows were fed either a basal diet (CON group) or the same basal diet supplemented with CPE 
via intragastric administration (4 g/d, CPE group) for 6 weeks (3 weeks before and 3 weeks after calving; n = 15 
per group). Samples of serum, milk, rumen fluid, adipose tissue, and liver were collected to assess the effects of CPE 
on rumen microbiota composition, rumen fermentation parameters, milk performance, and energy metabolic status 
of dairy cows.

Results  CPE supplementation led to an increase in milk yield, milk protein and lactose contents, and serum glucose 
levels, while reduced serum concentrations of non-esterified fatty acid, β-hydroxybutyric acid, insulin, aspartate 
aminotransferase, alanine aminotransferase, and haptoglobin during the first month of lactation. CPE supplemen-
tation also increased the content of ruminal VFA. Compared to the CON group, the abundance of Prevotellaceae, 
Methanobacteriaceae, Bacteroidales_RF16_group, and Selenomonadaceae was found increased, while the abun-
dance of Oscillospiraceae, F082, Ruminococcaceae, Christensenellaceae, Muribaculaceae UCG-011, Saccharimona-
daceae, Hungateiclostridiaceae, and Spirochaetaceae in the CPE group was found decreased. In adipose tissue, CPE 
supplementation decreased lipolysis, and inflammatory response, while increased insulin sensitivity. In the liver, CPE 
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supplementation decreased lipid accumulation, increased insulin sensitivity, and upregulated expression of genes 
involved in gluconeogenesis.

Conclusions  Our findings suggest that CPE supplementation during the peripartum period altered rumen micro-
biota composition and increased ruminal VFA contents, which further improved NEB and lactation performance, 
alleviated lipolysis and inflammatory response in adipose tissue, reduced lipid accumulation and promoted gluconeo-
genesis in liver. Thus, CPE might contribute to improve energy metabolism and consequently lactation performance 
of dairy cows during the transition period.

Keywords  Adipose tissue, Citrus peel extract, Energy metabolism, Liver, Rumen microbiota

Background
The peripartum period in dairy cows spans from gesta-
tion to lactation, and is considered a critical phase that 
affects milk yield and energy metabolism [1]. During this 
phase, the dry matter intake and thus nutrient supply of 
dairy cows can decline or fail to meet the rapidly increas-
ing energy requirements [2, 3], which causes negative 
energy balance (NEB) [4]. To cover the energy shortage, 
cows mobilize lipids from adipose tissue, resulting in a 
significant release of non-esterified fatty acid (NEFA) 
[5]. An excessive influx of NEFA into the liver can lead 
to inadequate oxidation, promoting the marked synthesis 
of β-hydroxybutyric acid (BHBA) and the accumulation 
of triglycerides (TG) into the liver, which can potentially 
elicit lipotoxicity and causes hepatic injury and steato-
sis [6]. Moreover, inflammatory phenomena exacerbate 
lipid mobilization of adipose tissue and induce excessive 
release of NEFA, which further leads to liver injury [7, 8].

In dairy cows, fatty liver and ketosis occur as a con-
sequence of NEB during intensive lactation after calv-
ing. The nutrients produced by rumen microbes can 
meet 70% of energy requirements of the ruminants [9], 
which makes them essential for host energy metabolism 
[10]. Dairy cows mainly use propionic acid produced by 
rumen microbial fermentation to synthesize glucose via 
gluconeogenesis in hepatocytes [11]. It is known that 
the rumen microbiota directly affects the volatile fatty 
acid (VFA) levels [12]. Moreover, previous studies have 
indicated that an increased absorption of VFA can alle-
viate liver damage [13] and reduce adipocyte lipolysis 
[14]. Previous studies have shown that composition and 
abundance of rumen microbiota in dairy cows fluctuate 
during the dry period and lactation [15–17]. It has been 
reported that rumen VFA contents and several microbial 
genera, such as Prevotella, Ruminococcus, Selenomonas, 
and Succinivibrio, were diminished in the rumen of dairy 
cows with hyperketonemia [18, 19]. Thus, modulating the 
rumen microbiota may contribute to improve metabolic 
diseases in dairy cows, like fatty liver and ketosis.

Natural extracts are widely used as feed additives due 
to their low toxicity and vast source availability [20–22]. 

For instance, grape seed extract and inulin can improve 
lactation performance of dairy cows [23, 24]. Citrus peel 
extract (CPE) is one of the common natural extracts, 
which is rich in flavonoids, such as hesperidin [25]. It 
has been reported that hesperidin has anti-inflammatory 
effect in various animal models and cell types, such as rat 
synoviocyte and murine macrophage [26, 27]. Therefore, 
CPE is considered to be used as additive in forage [28].

In mice fed a high-fat diet, administration of hesperi-
din altered the intestinal microbiota composition, and 
thus mitigating liver damage and lipid accumulation [29]. 
In dairy cows, CPE supplementation has been shown to 
increase milk yield and the proportion of unsaturated 
fatty acids of conjugated linoleic acid [30]. Additionally, 
CPE inhibited ammoniagenesis and improved nitrogen 
utilization in an in  vitro rumen batch refermentation 
system [31]. Notably, the citrus peel flavonoids extract 
has been found to alter hindgut microbiota composition 
and reduce serum inflammatory cytokines in dairy cows 
fed a high-starch diet [32]. However, the effects of CPE 
on rumen microbiota, energy metabolism and lactation 
performance of dairy cows during the transition period 
remain underexplored. In the present study, we hypoth-
esized that dietary supplementation with CPE could 
contribute to alleviate NEB and improve lactation per-
formance by modulating rumen microbiota composition. 
Hence, we explored the effects of CPE on rumen micro-
biota, glucose, and lipid metabolism in adipose tissue and 
liver, as well as milk yield in dairy cows during the transi-
tion period.

Materials and methods
Animals and experimental design
Experimental procedures in this experiment  were 
approved by the Ethics Committee on the Use and 
Care of Animals of Jilin University (Changchun, China, 
SY202303302). The experimental period lasted 6 weeks, 
including 21 d before and 21 d after parturition. Dairy 
cows of similar parity (median = 3, range = 2–4) and 
bodyweight (657.8 ± 48.1 kg, mean ± standard deviation) 
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selected from the same dairy farm were enrolled in this 
study. Cows were fed 3 times a day at 0700, 1300 and 
1900. All cows had free access to water and total mixed 
ration diet. After 1 week of acclimation, cows were 
randomly allocated to two groups, which included a 
control (CON) group and a CPE treatment group. Dis-
solved CPE (4  g/d) was given by intragastric adminis-
tration before morning feeding. The CPE was extracted 
from citrus peel and dissolved in water (Changsha Tian-
wei Biotechnology Co., Ltd., Changsha, China; Catalog 
number: TWE-258). The main component of CPE is 
hesperidin (> 50% purity), other components including 
neohesperidin, synephrine, and diosmin. After calving, 
dairy cows underwent a thorough clinical examination 
to rule out cows with displaced abomasum, mastitis, 
endometritis or laminitis. Fifteen cows in each group 
were recruited for this study. The experimental design 
is shown in Fig. 1.

Milk sample collection and analysis
Milk samples were collected at 21 d postpartum. Cows 
were milked 3 times at 0630, 1230 and 1830  h, and the 
milk yield was recorded for 3 consecutive days. Samples 
were pooled proportionately based on milk production 
and were combined with 0.6  mg/mL potassium dichro-
mate as a preservative, collected into sterile centrifuge 
tubes and stored at 4  °C for the determination of milk 
composition. The milk samples were determined for milk 
fat, milk protein, and milk lactose using Milkoscan FT1 
(Foss Electric, Hillerød, Denmark).

Blood sample collection and analyses
Blood samples were collected at 0700 h (before morning 
feeding) through caudal vein at d 7, 14, and 21 after calv-
ing. The blood samples were placed at room temperature 
for 2  h and centrifuged at 3,000 ×  g for 15  min. Serum 
was obtained and stored at −80  °C until analysis. The 
concentrations of BHBA, NEFA, glucose, aspartate ami-
notransferase (AST) and alanine aminotransferase (ALT) 
in serum were measured via a Hitachi 7170 autoanalyzer 
with commercially-available kits. The concentrations of 
serum amyloid A protein (SAA), haptoglobin (Hp), and 
insulin in serum were measured using the enzyme linked 
immunosorbent assay (ELISA) kit (SAA: CB10135-Bv; 
Hp: CB10076-Bv; insulin: CB10140-Bv; COIBO BIO, 
Shanghai, China).

Liver and adipose tissues sampling
Liver and adipose tissues were collected at 21 d postpar-
tum via biopsy. The surgery places were shaved, sanitized 
with iodine scrub and 75% alcohol, and anesthetized with 
a subcutaneous injection of 2% lidocaine HCl. Liver tis-
sues were obtained using the biopsy puncture needle 
(Shanghai Surgical Instrument Factory, Shanghai, China), 
inserted into the liver through the intercostal muscle lay-
ers. Subcutaneous adipose tissues were collected by blunt 
dissection through incision in the skin and subcutaneous 
tissue, and then washed with saline. Samples were imme-
diately quenched in liquid nitrogen and stored at −80 °C 
or fixed with 4% paraformaldehyde or OCT compound 

Fig. 1  The experimental design. Cows were randomly allocated to two groups, which included a CON group and a CPE treatment group. Dissolved 
CPE (4 g/d) was given by intragastric administration before morning feeding. Experiment began 21 d before expected calving and ended 21 d 
after calving. On the last day of the experiment, rumen fluid, milk, serum, liver and subcutaneous adipose tissues were collected
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(Sakura Finetek, Torrance,  CA, USA) for subsequent 
analysis.

Histopathology
Liver tissue samples from each cow were fixed in 4% 
paraformaldehyde neutral buffer solution, embedded in 
paraffin, sliced into 8  μm sections, and then picked up 
onto glass slides. These slides were dewaxed with xylene, 
rehydrated through descending concentrations of alco-
hol, and stained with hematoxylin–eosin (H&E). As for 
Oil-Red O staining, liver tissues were frozen in opti-
mal cutting temperature compound (Sakura Finetek), 
sectioned into 8  μm at −18  °C, stained with Oil-Red O 
(Sigma-Aldrich, St. Louis, USA), and counterstained with 
hematoxylin. The histological features were observed and 
captured at 100× under a light microscope (Olympus, 
Tokyo, Japan).

TG content determination
Liver tissue (20  mg) was grinded with an electric high-
speed homogenizer in 1 mL of lysis buffer, part of the 
supernatant was used to determine the total protein 
concentrations using the Bicinchoninic acid (BCA) assay 
(P1511, Applygen Technologies Inc., Beijing, China). The 
remaining supernatant was heated in 70 °C water bath for 
10 min, and then was centrifuged at 800 × g for 5 min at 
room temperature. Ten-microliter aliquots of superna-
tant were taken to mixed with 190 µL of chromogenic 
liquid, used for TG assay using an enzymatic kit (E1013, 
Applygen Technologies Inc.) according to the manufac-
turer’s instructions.

RNA isolation and quantitative real‑time PCR assay
The total RNA was extracted from liver and adipose tis-
sues using RNAiso Plus (9109, TaKaRa, Dalian, China) 
according to the manufacturer’s instructions. The ratio 
of UV activity at 260/280 nm was used to measure the 
purity of RNA using K5500 Micro-Spectrophotometer 
(Beijing Kaiao Technology Development Co. Ltd., Bei-
jing, China). The RNA concentrations are measured 
at 260  nm, and the cDNA were synthesized from 5  µg 
of purified total RNA using a reverse-transcription kit 
containing random hexamers and oligo deoxythymidine 
primers (RR047A, TaKaRa). The SYBR green plus rea-
gent kit (DRR041A, TaKaRa) was used to detect relative 
mRNA expression of target genes on a 7500 Real-Time 
PCR System (Applied Biosystems, Foster City, USA). 
The relative expression of each target gene was calcu-
lated using the 2−∆∆Ct method. All primers of target genes  
(Table S1) were designed using Primer Express software 
(Applied Biosystems) and synthesized by Sangon Biotech 
Co. Ltd., Shanghai, China.

Protein extraction and Western blot assay
Liver and adipose tissue was cut into pieces before pro-
tein extraction. Total proteins were extracted and pre-
pared for Western blotting using a commercial kit 
according to the manufacturer’s instructions (P0013B, 
Beyotime Institute of Biotechnology, Jiangsu, China). The 
BCA assay was performed to determine protein content 
of the homogenates according to the supplier’s instruc-
tions (P1511, Applygen Technologies Inc.). Twenty µg 
of total protein were separated in 12% SDS-polyacryla-
mide gels and transferred into polyvinylidene fluoride 
membranes (0.45  μm). After blocked with 3% BSA in 
Tris-HCl (50 mmol/L Tris, pH 7.4, 200 mmol/L NaCl) 
buffer solution containing 0.1% Tween-20 for 4 h at room 
temperature, the membranes were incubated overnight 
at 4  °C with specific antibodies against protein kinase B 
(AKT; 1:5,000; ab32505), peroxisome proliferator-acti-
vated receptor-α (PPARα; 1:5,000; ab126285), perilipin 
1 (PLIN1; 1:1,000; ab3526), cell death-inducing DNA 
fragmentation factor-α-like effector c (CIDEC; 1:1,000; 
ab198204), adipose triglyceride lipase (ATGL; 1:1,000; 
ab99532), β-actin (1:2,000; ab8226; Abcam, Cambridge, 
USA), phosphorylated-AKT (p-AKT; 1:2000; #4060), 
hormone-sensitive lipase (HSL; 1:1,000; #4107), p-HSL 
(1;1,000; #4139), nuclear factor kappa-B (NF-κB; 1:1,000; 
#4764), p-NF-κB (1:1,000; #3033), inhibitor of NF-κB 
(IκBα; 1:1,000; #4814; Cell Signaling Technology Inc., 
Danvers, USA), and sterol regulatory element-binding 
protein 1c (SREBP-1c; 1:500; NB100–2215; Novus Bio-
logicals, Littleton, USA) respectively. Subsequently, 
the membranes were washed 3 times in the Tris-buff-
ered saline and Tween buffer and then incubated with 
an appropriate secondary antibody at room tempera-
ture for 45  min. Immunoreactive bands were visualized 
via a Tanon Imaging System (Tanon 4600, Shanghai, 
China) using an enhanced chemiluminescence solution 
(WBULS0500, Millipore, Bedford, USA). All bands were 
analyzed using Image-Pro Plus 6.0 (Media Cybernet-
ics, Rockville, USA) and β-actin was used as an internal 
control.

Rumen fluid sampling and measurement
Rumen fluid samples were collected 3  h after morning 
feeding on the last day of experiment by using a rumen 
fluid sampler (A1141K, Colebo Equipment Co., Ltd., 
Wuhan, China). The first 2 tubes of rumen fluid were dis-
carded to avoid saliva contamination, and approximately 
100 mL rumen fluid sample was collected from each cow. 
Each sample was filtered through 4 layers of sterile gauze, 
and the ruminal pH was immediately measured using a 
portable pH meter (Thermo Fisher Scientific, Waltham, 
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USA). Filtrates were used to analyze the concentrations 
of total VFA, acetate, propionate, butyrate, ammonia 
nitrogen (NH3-N), and ruminal microorganisms. Rumen 
NH3-N was determined using phenol-hypochlorite assay 
by visible spectrophotometry [33]. The concentration of 
total VFA, acetate, propionate, and butyrate were ana-
lyzed using a gas chromatography (6890 N; Agilent tech-
nologies, Avondale, PA, USA).

Ruminal microorganism DNA extraction, PCR amplification 
and sequencing
Total microbial DNA from 30 rumen fluid samples were 
extracted according to the instructions of the E.Z.N.A.® 
Soil DNA Kit (Omega Bio-Tek, Norcross, USA). DNA 
integrity and concentration was assessed by 1% agarose 
gel electrophoresis, and stored at −80 °C for further use. 
The 16S V3–V4 regions were amplified as previously 
reported [34]. Rumen samples were used as templates 
with the primer pairs 338F (5′-ACT​CCT​ACG​GGA​GGC​
AGC​AG-3′) and 806R (5′-GGA​CTA​CHVGGG​TWT​
CTAAT-3′) using T100 Thermal Cycler PCR thermocy-
cler (BIO-RAD, Hercules, USA). The thermocycling con-
ditions involved a 3 min denaturation at 95 °C, followed 
by 27 cycles including 30  s of denaturation at 95  °C, 
30  s of annealing at 55  °C, 45  s of extension at 72  °C, 
and 10 min final extension step at 72  °C. PCR products 
were extracted from 2% agarose gels and purified using 
the PCR Clean-Up Kit (YuHua, Shanghai, China). Analy-
sis of microbiota was performed by 16S rRNA sequenc-
ing using Illumina Miseq (PE250) sequencing platform 
(Illumina, San Diego, USA) according to the standard 
protocols by Majorbio Bio-Pharm Technology Co., Ltd. 
(Shanghai, China). The raw sequences from 16S rRNA 
sequencing for this study are available at the National 
Center for Biotechnology Information (NCBI) Sequence 
Read Archive (SRA) under the BioProject accession num-
bers PRJNA1119431 (https://​www.​ncbi.​nlm.​nih.​gov/).

Correlation analysis
The correlation analysis was conducted using the plat-
form of Majorbio (https://​cloud.​major​bio.​com). The 
correlations between rumen microbiome and rumen fer-
mentation parameters, lactation performance, metabolic 
parameters and hepatic TG were calculated by Spear-
man’s correlation coefficient. The range of the correlation 
coefficient (r) was from −1 to 1. r > 0 and r < 0 represented 
a positive correlation and negative correlation. The |r| 
value denoted the degree of correlation between vari-
ables. Correlation significance P-values below 0.05 and 
0.01 were regarded as significant and highly significant 
correlations.

Statistical analysis
Bioinformatic analysis of the rumen fluid samples were 
carried out using the Majorbio Cloud platform (https://​
cloud.​major​bio.​com). The alpha diversity including Shan-
non, Simpson, Sobs, ACE and Chao were compared with 
Mothur (v1.30.1). Beta diversity was determined to com-
pare the similarity and dissimilarities between CON and 
CPE group by principal component analysis (PCA) and 
principal coordinate analysis (PCoA) based on Bray-
curtis dissimilarity using Vegan v2.5-3 package. ANOVA 
test using Vegan v2.5-3 package was used to access statis-
tics significance. The linear discriminant analysis (LDA) 
effect size (LEfSe) was performed to identify the promi-
nently abundant taxa.

Data statistics were performed by SPSS 19.0 soft-
ware (SPSS Inc., Chicago, USA) or GraphPad Prism 9.0 
(GraphPad Software Inc., San Diego, USA). All data were 
analyzed with unpaired t-tests. Results with P < 0.05 were 
considered statistically significant, P < 0.01 were con-
sidered as a highly significant difference. Data were pre-
sented as means ± standard error of the mean (SEM).

Results
Effect of CPE supplementation on lactation performance 
and metabolic parameters
Compared to the CON group, cows supplemented with 
CPE showed a significant increase in milk yield, as well as 
in milk protein and lactose contents (Table 1). Addition-
ally, milk fat content was slightly higher in the CPE group 
compared to the CON group (Table  1). These findings 
indicate that CPE supplementation improved lactation 
performance in peripartum dairy cows.

Serum levels of NEFA, BHBA, and insulin were sig-
nificantly lower in the CPE group compared to the CON 
group (Fig.  2A–C; P ˂ 0.05). Conversely, glucose levels 
were higher in the CPE group (Fig. 2D; P ˂ 0.05). Serum 
indicators of liver function ALT and AST were lower in 
CPE group (Fig. 2E and F; P ˂ 0.05). Although the SAA 
levels showed no significant differ (Fig.  2G), Hp levels 
were reduced in the CPE group compared to the CON 
group (Fig.  2H; P ˂ 0.05). These data demonstrate that 
dietary supplementation with CPE alleviated NEB and 
reduced the acute phase response in dairy cows.

Table 1  Effects of CPE supplementation on lactation 
performance in dairy cows

CON Control group, CPE Citrus peel extract group

Item CON (n = 15) CPE (n = 15) P-value

Milk yield, kg/d 42.25 45.71 ˂ 0.01

Milk fat, % 3.71 3.85 0.46

Milk protein, % 3.488 3.863 ˂ 0.05

Milk lactose, % 5.233 5.576 ˂ 0.05

https://www.ncbi.nlm.nih.gov/
https://cloud.majorbio.com
https://cloud.majorbio.com
https://cloud.majorbio.com
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Effect of CPE supplementation on rumen fermentation 
parameters
Three weeks after calving, the ruminal pH and concen-
tration of NH3-N did not differ among groups (Fig.  3A 
and B). However, total VFA contents in the rumen 
were significantly increased with the addition of CPE 
(Fig.  3C; P ˂ 0.01), along with higher concentrations of 
acetate, butyrate (Fig. 3D and E; P ˂ 0.05), and propion-
ate (Fig.  3F; P ˂ 0.01). These observations demonstrate 
CPE supplementation increased VFA production in the 
rumen of dairy cows.

Effect of CPE on rumen microbiota
The impact of CPE supplementation on the rumen 
microbiota of dairy cows was assessed using  16S rRNA 
high-throughput sequencing. Although overall bacterial 
taxa composition was similar between the CON and CPE 
groups, notable differences were observed for the relative 
abundance of certain microbes at the family and genus 
levels (Fig.  4A and B). As shown in Fig.  4C, α-diversity 

analysis revealed a reduction in the Shannon index (P 
˂ 0.01) and an increase in the Simpson index (P ˂ 0.01) 
in the CPE group, with trends indicating declines in the 
Sobs, ACE, and Chao indexes. PCA and PCoA results 
showed that nodes representing rumen microorgan-
isms were significantly separated in different areas on the 
coordinate axis (ANOSIM P ˂ 0.01), which indicates at 
the OTU level that CON and CPE groups had a distinct 
rumen microbial composition (Fig.  4D and E). Taken 
together, these findings indicate that CPE supplementa-
tion reduced richness and diversity of the ruminal micro-
biota community.

Differentiation of rumen microbes between the CON 
and CPE groups
The characteristic ruminal bacteria in each of the two groups 
were identified using LEfSe and LDA. A total of 28 bacteria 
taxa were identified in CON and CPE groups (Fig. 5A and 
B; LDA > 2.5). The cladogram showed significant differences 
in bacterial populations at the phylum to the genus level 

Fig. 2  Effect of CPE supplementation on serum metabolic parameters of dairy cows. A–D The concentrations of NEFA, BHBA, insulin and glucose 
in the serum. E and F The activity of AST and ALT in serum. G and H The content of serum SAA and Hp. Data were analyzed with unpaired t-tests 
and expressed as mean ± SEM. n = 15 per group. *P ˂ 0.05, **P ˂ 0.01
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(Fig. 5A), and the LDA bar showed the impact of the abun-
dance of each species on the observed differences between 
CON and CPE groups (Fig.  5B). The Wilcoxon rank-sum 
test further showed that, at the family level, the abundance 
of Prevotellaceae, Methanobacteriaceae, Bacteroidales_
RF16_group, and Selenomonadaceae (P ˂ 0.05) was signifi-
cantly increased in the CPE group, while the abundance of 
Oscillospiraceae, F082, Ruminococcaceae, Christensenel-
laceae, Muribaculaceae, UCG-011, Saccharimonadaceae, 
Hungateiclostridiaceae, and Spirochaetaceae (P ˂ 0.05) was 
significantly lower compared to the CON group (Fig.  5C). 
At the genus level, CPE supplementation significantly 
increased the abundance of Prevotella, Methanobrevibac-
ter, norank_f__Bacteroidales_RF16_group and Butyrivibrio 
(P ˂ 0.05), while decreased the abundance of norank_f__
F082, Lachnospiraceae_NK3A20_group, NK4A214_group, 
Christensenellaceae_R-7_group, norank_f__Muribaculaceae, 
Ruminococcus, Olsenella, Prevotellaceae_UCG-003, and 
norank_f__UCG-011 (Fig. 5D; P ˂ 0.05).

Effect of dietary supplementation with CPE on adipose 
tissue
Western blot analysis of adipose tissue lipolysis revealed 
that the ratio of p-HSL to HSL (P ˂ 0.01) and protein 
abundance of ATGL (P ˂ 0.05) were decreased, whereas 
protein abundance of PLIN1 and CIDEC (P ˂ 0.05) 
were increased in the adipose tissue of cows in the CPE 
group (Fig.  6A and B). Moreover, protein abundance of 
p-NF-κB was reduced (P ˂ 0.05), while the expression of 

IκBα (P ˂ 0.01) and the ratio of p-AKT to AKT (P ˂ 0.01) 
were increased in the CPE group compared with CON 
group (Fig. 6C and D). In addition, mRNA abundance of 
NLR family pyrin domain containing protein 3 (NLRP3), 
suppressor of cytokine signaling 3 (SOCS3), cysteinyl 
aspartate specific proteinase (CASPASE-1), tumor necro-
sis factor-α (TNFA), interleukin 18 (IL-18), and inter-
leukin 1B (IL-1B) was lower in the CPE group (Fig.  6E; 
P < 0.05). Taken together, these results indicate that CPE 
supplementation alleviated lipolysis and inflammatory 
response, while enhancing insulin sensitivity in the adi-
pose tissue of dairy cows.

Effect of dietary supplementation with CPE on liver
Histological observations of liver tissue using H&E and 
Oil-Red O staining, along with the determination of 
hepatic TG content (P < 0.01) showed that CPE sup-
plementation reduced lipid accumulation in the liver of 
dairy cows (Fig. 7A and B). Compared to the CON group, 
dietary supplementation with CPE decreased the protein 
abundance of SREBP-1c (P ˂ 0.05), while increasing the 
protein abundance of PPARα and the ratio of p-AKT to 
AKT (Fig. 7C and D; P ˂ 0.01). Moreover, mRNA abun-
dance of SREBP-1c, acetyl CoA carboxylase 1 (ACC1) 
and fatty acid synthase (FAS) decreased in the CPE group 
compared to the CON group, while mRNA abundance 
of PPARA​, acyl-CoA oxidase (ACO), carnitine palmi-
toyltransferase 1  A (CPT1A), glucose-6-phosphatase 
(G6P) and phosphoenolpyruvate carboxykinase (PEPCK) 

Fig. 3  Effect of CPE supplementation on rumen fermentation parameters of dairy cows. A Ruminal pH. B and C The concentrations of NH3-N 
and total VFA in the rumen fluid. D–F Concentrations of acetate, butyrate, and propionate of rumen fluid among CON and CPE group. n = 15 
per group. Data were analyzed with unpaired t-test and expressed as mean ± SEM. *P ˂ 0.05, **P ˂ 0.01
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increased (Fig. 7E–G; P < 0.05). These results suggest that 
CPE supplementation decreased lipid accumulation and 
increased insulin sensitivity and gluconeogenesis in the 
liver of dairy cows.

Correlation analysis between rumen microbiome 
and rumen fermentation parameters, lactation 
performance, metabolic parameters and hepatic TG 
content
Correlation analysis revealed that the concentration of total 
VFA and propionate were positively correlated with Prevotella 
(P < 0.01), and negatively correlated with norank_f__Muribac-
ulaceae (P < 0.01), Ruminococcus (P < 0.01), Lachnospiraceae_
NK3A20_group (P < 0.05), norank_f__F082, NK4A214_group, 
and Christensenellaceae_R-7_group (P < 0.01). Moreover, 
NH3-N concentration was found negatively correlated with 
norank_f__norank_o__RF39 (Fig. 8A; P < 0.05). Milk yield and 
milk lactose content were positively correlated with Prevo-
tella (P < 0.05), and negatively correlated with norank_f__
F082, NK4A214_group, norank_f__Muribaculaceae, and 

Ruminococcus (P < 0.05). Milk yield was also negatively corre-
lated with Christensenellaceae_R-7_group (Fig. 8B; P < 0.01).

Furthermore, glucose concentration was negatively 
correlated with norank_f__F082 and NK4A214_group 
(P < 0.05). Additionally, NEFA levels were positively cor-
related with norank_f__F082, norank_f__Muribacu-
laceae and Ruminococcus (P < 0.05), while BHBA levels 
were positively correlated with Ruminococcus but nega-
tively correlated with Acetitomaculum (P < 0.05). Insulin 
concentration was negatively correlated with Rikenel-
laceae_RC9_gut_group (P < 0.05). ALT levels were nega-
tively correlated with unclassified_f__Prevotellaceae, 
Prevotella and  Paraprevotella (P < 0.05), but positively 
correlated with norank_f__F082 (P < 0.01), NK4A214_
group, Christensenellaceae_R-7_group and Ruminococ-
cus (P < 0.05). AST levels were positively correlated with 
Christensenellaceae_R-7_group and norank_f__Murib-
aculaceae (P < 0.05). Moreover, Hp concentration was 
negatively correlated with Paraprevotella (P < 0.05) and 
positively correlated with NK4A214_group (P < 0.05). 

Fig. 4  Effect of CPE supplementation on the rumen microbial composition. A The composition of rumen microbiome at family level. B The 
composition of rumen microbiome at genus level. C Sobs, Shannon, Simpson, ACE, and Chao indexes of ruminal microbiota communities. D PCA 
of ruminal microbiota communities. E PCoA of rumen microbial communities. n = 15 per group
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Finally, hepatic TG content was positively correlated 
with unclassified_f__Prevotellaceae (P < 0.05) and nega-
tively correlated with Acetitomaculum and norank_f__
norank_o__Clostridia_UCG-014 (Fig. 8C; P < 0.05).

Discussion
Excessive NEB in dairy cows is associated with an 
increased risk of metabolic diseases such as ketosis and 
fatty liver, and is often accompanied by decreased milk 
production [35]. Rumen microorganisms play a crucial 
role in this context by converting complex plant-cell car-
bohydrates into VFA and microbial protein which are uti-
lizable by cows to meet their energy needs [36]. Recent 
studies have shown that dietary supplementation with 
CPE increases milk yield and alters the diversity of the 
hindgut microbiota in dairy cows [30, 32]. In the pre-
sent study, we observed that CPE supplementation led to 
alterations in rumen microbiota composition, increased 
ruminal VFA contents and enhanced milk yield of dairy 
cows. Moreover, CPE supplementation reduced adipose 
tissue lipolysis and hepatic lipid accumulation, while 

enhancing hepatic gluconeogenesis, which were associ-
ated with altered rumen microbiota, thus reducing the 
severity of adipose tissue inflammation during post-calv-
ing. These results suggest that CPE is a promising forage 
additive for improving rumen fermentation, energetic 
metabolism and lactation performance in dairy cows.

Despite Manach et al. [37] reported that CPE has a low 
bioavailability, Li et  al. [29] observed that hesperidin, 
the main component of CPE, alleviated liver injury by 
regulating the intestinal microbiota. In our study, dietary 
supplementation with CPE altered the composition and 
diversity of the rumen microbiota of dairy cows in peri-
partum. In particular, the abundance of Prevotella, Meth-
anobrevibacter, norank_f__Bacteroidales_RF16_group, 
and Butyrivibrio was increased in the rumen of CPE-
fed dairy cows. Notably, Bacteroidales are the majority 
of VFA-producing rumen bacteria, while Butyrivibrio is 
known to degrade polysaccharides and ferment mono-
saccharides into VFA, predominantly propionic acid [38]. 
Consistent with these findings, CPE supplementation 
increased the ruminal contents of propionate, butyrate, 

Fig. 5  Effect of CPE supplementation on composition difference of rumen microbiota. A LEfSe analysis of rumen microbial communities. The 
nodes in red and blue represent the microbes that are significantly enriched in the corresponding groups and have a significant influence 
on the difference between CON and CPE group, the yellow nodes represent the microbes that have no significant difference between the 2 
groups. B LDA discrimination result table of rumen microbial communities. Higher LDA score represents greater importance of the bacteria. C The 
difference of rumen microbiome at family level. D The difference of rumen microbiome at genus level. The statistical analysis was performed using 
the Wilcoxon rank-sum test. P ˂ 0.05 and LDA score > 2.5 was considered as a significant difference, P ˂ 0.01 was considered as a highly significant 
difference. n = 15 per group
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Fig. 6  Effect of CPE supplementation on lipolysis, inflammatory response, and insulin sensitivity of adipose tissue. A Representative blots of p-HSL, 
HSL, ATGL, PLIN1, CIDEC and β-actin. B Quantification of protein levels of p-HSL, ATGL, PLIN and CIDEC. C Representative blots of p-NF-κB, NF-κB, 
IκBα, p-AKT, AKT and β-actin. D Quantification of protein levels of p-NF-κB, IκBα, and p-AKT. E Relative mRNA levels of NLRP3, SOCS3, CASPASE-1, 
TNFA, IL-18 and IL-1B. n = 15 per group. Data were analyzed with unpaired t-tests and expressed as mean ± SEM. *P ˂ 0.05, **P ˂ 0.01

Fig. 7  Effect of CPE supplementation on lipid accumulation and insulin sensitivity of liver. A H&E and Oil-Red O staining of liver. Scale bar = 100 μm. 
B The content of hepatic TG. C Representative blots of SREBP-1c, PPARα, p-AKT, AKT, and β-actin. D Quantification of protein levels of SREBP-1c, 
PPARα, and p-AKT. E Relative mRNA levels of SREBP-1c, ACC1, and FAS. F Relative mRNA levels of PPARA​, ACO, and CPT1A. G Relative mRNA levels 
of G6P and PEPCK. n = 15 per group. Data were analyzed with unpaired t-tests and expressed as mean ± SEM. *P ˂ 0.05, **P ˂ 0.01
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acetate, and total VFA. In ruminants, approximately 90% 
of glucose is derived from gluconeogenesis, with 50%–
60% originating from propionate [39]. Thus, the observed 
increase in serum glucose levels and decrease of serum 
NEFA and BHBA levels in CPE-fed cows post-parturition 
suggests that CPE supplementation elevated VFA pro-
duction due to alterations in rumen microbiota composi-
tion contributes to alleviate NEB of dairy cows.

During the transition period, lipid mobilization from 
adipose tissue is an important compensatory mecha-
nism that results in a significant release of NEFA into the 

circulation. Lipolysis is primarily driven by the action of 
ATGL and HSL, which convert TG into NEFA and glyc-
erol [40, 41]. While NEFA serves as an essential energy 
substrate during NEB, elevated NEFA levels can disrupt 
liver function if not appropriately utilized [42]. In the 
present study, we observed reduced NEFA concentra-
tions and lower protein expression of p-HSL and ATGL 
in dairy cows fed with CPE. Moreover, CPE supplementa-
tion decreased the expression of lipid droplet-associated 
proteins PLIN1 and CIDEC, which acts as barriers to 
the lipolysis by preventing ATGL and HSL access to lipid 

Fig. 8  Correlation analysis between (A) different rumen microbiome and fermentation parameter, (B) different rumen microbiome and lactational 
performance and (C) different rumen microbiome and metabolic parameters. Red and blue indicate positive and negative correlations. n = 15 
per group. *P ˂ 0.05, **P ˂ 0.01
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droplets [43]. It has been reported that the overexpres-
sion of CIDEC attenuated lipolysis in bovine and mouse 
adipocytes [44, 45]. Given that dairy cows experiencing 
severe energy deficits exhibit more extreme lipolysis than 
healthy cows [46], our findings indicate that CPE supple-
mentation can alleviate NEB and reduce adipose tissue 
lipolysis in dairy cows.

Excessive lipolysis triggers inflammation and insulin 
resistance in adipocytes [47]. Dairy cows with ketosis 
exhibit sustained lipolysis, local inflammation, and insu-
lin resistance of adipose tissue [48]. During the transition 
period, CPE supplementation alleviated adipose tissue 
lipolysis, inhibited the NF-κB signaling pathway, and 
increased insulin sensitivity. Previous study has reported 
that overexpression of PLIN1 increases ATGL expression 
and aggravates lipopolysaccharide-induced inflamma-
tory responses in bovine adipocytes [49]. Additionally, 
inflammatory mediators such as TNF-α and IL-6 can 
induce lipolysis and reduce insulin sensitivity in adipo-
cytes [50, 51]. This leads to a vicious circle where lipoly-
sis activates the NF-κB signaling pathway, which induces 
proinflammatory cytokines overproduction and further 
exacerbates, lipolysis and insulin resistance. Thus, our 
findings suggest that CPE supplementation disrupts this 
vicious circle, thereby alleviating lipolysis, inflammatory 
response, and insulin resistance in adipocytes during 
early lactation in dairy cows.

In the present study, CPE was found to decrease lipid 
accumulation and increase insulin sensitivity in the liver 
of dairy cows. Hesperidin, the primary component of 
CPE, has been shown to alleviate hepatic steatosis and 
insulin resistance in human and rodents [29, 52, 53]. 
Previous study has reported that hesperidin alters the 
composition of the intestinal microbiota, downregulates 
genes involved in lipid synthesis, and upregulates genes 
involved in β-oxidation in the liver of mice fed a high-fat 
diet [29]. During early lactation, the uptake of NEFA in 
excess of metabolic requirements leads to NEFA re-ester-
ification in the hepatocytes, resulting in hepatic steato-
sis in dairy cows. Accordingly, our findings indicate that 
CPE enhances VFA production by altering rumen micro-
biota composition and further alleviates NEB-induced 
lipid mobilization and hepatic steatosis.

During early lactation, the increased demand for glu-
cose is met through enhanced hepatic gluconeogenesis. 
In dairy cows, propionate is the primary precursor for 
glucose synthesis, contributing more than 50% of the car-
bon required for gluconeogenesis [39]. Several studies 
have reported that propionate induces gluconeogenesis 
by upregulating the expression of genes involved in glu-
coneogenesis in the liver of dairy cows [54, 55]. Although 
serum VFA levels were not determined in the present 

study, our findings of increased ruminal VFA and upreg-
ulation of hepatic gluconeogenic gene expression suggest 
that CPE may have enhanced hepatic gluconeogenesis. 
Additionally, acetate, butyrate, and propionate have been 
reported to alleviate hepatic steatosis and insulin resist-
ance in mice fed with a high-fat diet [56]. In palmitic 
acid-treated bovine hepatocytes, propionate improved 
endoplasmic reticulum stress and restored cell viability 
[13]. Thus, it is likely that the observed reduction of ALT 
and AST might be due to an enhanced VFA production 
in cows fed with CPE.

Conclusion
In present study, it was found that dietary supplementation 
with CPE increased lactation performance, mitigated NEB, 
alleviated lipid mobilization and inflammation in adipose 
tissue of dairy cows during post-partum. These beneficial 
effects of CPE may be attributed to alterations in rumen 
microbiota composition and increased ruminal VFA con-
tents. Thus, supplementing CPE in the diet of dairy cows 
can be a potential strategy to increase milk yield and 
improve energy metabolism during early lactation.
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