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a b s t r a c t

Nutrition consistently affects microbe-host interactions in the gastrointestinal tract. This study aimed to
unravel how undernutrition reshapes the microbial composition and the homeostasis of epithelium in
the jejunum and ileum. Sixteen late-gestation Hu-sheep were randomly assigned to the control group
(n ¼ 8, 100% ad libitum feeding levels) or the undernutrition group (n ¼ 8, which received 30% ad libitum
feeding levels). After 15-d treatment, all ewes were slaughtered, and jejunal and ileal digesta and
epithelium samples were collected for 16S rRNA gene sequencing and transcriptome sequencing,
respectively. Results indicated that undernutrition decreased the jejunal and ileal tissue weights
(P ¼ 0.005 and P ¼ 0.022) and the levels of volatile fatty acids (P ¼ 0.019 and P ¼ 0.007) and microbial
protein levels (P ¼ 0.019 and P ¼ 0.031) in jejunal and ileal digesta. The relative abundance of acetate
producing microbiota, including Clostridia UCG-014 norank, Ruminococcus, [Ruminococcus] gauvreauii, and
Lachnospiraceae_Blautia, were significantly reduced (P < 0.05) in the jejunum and ileum. Undernutrition
up-regulated (P < 0.05) the expression of genes involved in amino acid synthesis and fatty acid oxidation,
but down-regulated (P < 0.05) the expression of genes associated with amino acid degradation, fatty acid
synthesis, and extracellular structures in jejunal and ileal epithelium. In the jejunal epithelium, genes
associated with extracellular matrixereceptor interactions, cell growth, and immune response were
down-regulated (P < 0.05) upon undernutrition. Taken together, undernutrition changed the microbial
community in the jejunum and ileum, which altered the fermentation mode and the production of
volatile fatty acids and microbial protein. These affected the energy and protein system in the epithelium
and reprogrammed substance metabolism and extracellular structures, which probably further influ-
enced cell growth and immune response. These insights provide a foundation for completely clarifying
the crosstalk between small intestinal microbiota and the host.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).

1. Introduction

Small ruminants, particularly native breeds, play a significant
role to the livelihoods of a considerable part of the local human
population from socio-economic perspectives (Mohamadipoor
Saadatabadi et al., 2021). Economical and biological efficiency of
sheep production enterprises generally improves by increasing
productivity and reproductive performance of ewes (Roudbar et al.,
2018; Safaei et al., 2022). In ruminant production systems,
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physiological alteration can cause imbalances in the body's nutri-
tional status, evenwhen feed is adequately supplied (Chilliard et al.,
1998). Sheep require more nutrients during late gestation because
80% of fetal weight is gained during this period (Rook, 2000).
However, growing fetuses and expanding uterine size reduce
abdomen and rumen size, leading to restricted feed intake (Cal
Pereyra et al., 2012). As a result, ewes often experience an under-
nutrition in late pregnancy due to the conflict between higher
nutritional requirements and lower nutritional intake, especially in
multiple-bearing Hu-sheep. Undernutrition usually induces preg-
nancy toxemia, which threatens the health of pregnant ewes and
inhibits fetal growth and development, resulting in weak or even
stillborn lambs (Idamokoro et al., 2017; Ji et al., 2023; Kaiser, 1967).
Researchers usually use very low feed intake, straw only feeding, or
even complete starvation to construct the model of undernutrition
or pregnancy toxemia (Bauer et al., 1995; Cal Pereyra et al., 2015;
Fattet et al., 1984). In this study, we chose 30% of ad libitum feeding
to establish an undernourished sheep model, which is closer to the
physiological condition of Hu-sheep during late gestation.

The gastrointestinal tract plays a vital role in nutrient digestion,
absorption and microbiotaehost interactions which are important
for the body's energy supply and metabolic homeostasis (Oliphant
and Allen Vercoe, 2019; Rowland et al., 2018; Valdes et al., 2018).
Disruptions of the microbiotaehost interaction affect immune re-
sponses and metabolic homeostasis in the host (Dekaboruah et al.,
2020; Neuman et al., 2015; Ogunrinola et al., 2020; Thaiss et al.,
2016). Studies conducted on murine models revealed that acute un-
dernutrition could lead to heightened levels of inflammation, which
wasattributable to changes ingutmicrobiota, compromised integrity
of the gut barrier in the cecum and colon, and increased systemic
exposure to lipopolysaccharide (Patterson et al., 2022). Previous
study showed that undernutrition in ewes during late gestation
altered microbial communities, epithelial substrate transport and
metabolism, immune responses and microbiotaeepithelium inter-
action in the rumen and large intestine (Wu et al., 2023; Xue et al.,
2020a,b). The small intestine is an important site for nutrient diges-
tion and absorption in animals (Judkins et al., 2020; Jung and Kim,
2022) and also provides a barrier against harmful substances such
as pathogens, endotoxins, and antigens (Turner, 2009). In a mouse
model, undernutrition was found to cause acute impairment of in-
testinal epithelial barrier integrity (Ribeiro et al., 2024). However,
little is known about the effects of undernutrition during late preg-
nancy on small intestinal microbialehost interactions.

In this study, it was hypothesized that undernutrition during
late gestation in sheepmight affect the composition and function of
the microbiota, fermentation in the jejunum and ileum, and sub-
sequently, nutrient metabolism and immune response disruption
in the jejunal and ileal epithelium. Therefore, this study aimed to
investigate the response of jejunal and ileal microbiota and
epithelium to undernutrition using 16S rRNA gene sequencing and
transcriptome sequencing techniques.

2. Materials and methods

2.1. Animal ethics statement

All experimental procedures were conducted following the
Animal Welfare Committee guidelines and the experimental pro-
tocol was approved (No. SYDW-P20190600601) by the Institutional
Animal Care and Use Committee of Anhui Agricultural University,
China. The procedures also met the ARRIVE guidelines (Kilkenny
et al., 2010).

2.2. Experimental design and sample collection

This study formed part of a larger project which aimed to
explore how undernutrition during late gestation affected the
body's metabolic homeostasis (Liu et al., 2023). Briefly, 16 pregnant
ewes (54.2 ± 2.75 kg, 108 d of gestation, 2e3 fetuses) were fed ad
libitum for 7 d to calculate their feed intake. The diet formula and
nutrient composition are detailed in Table 1. On the 115th d of
gestation, the ewes were randomly divided into two groups: the
control group (CON) (n ¼ 8) was provided with 100% of the ad
libitum feeding levels, and the undernutrition group (UN) (n ¼ 8)
was supplied with 30% of the ad libitum feeding levels. During the
animal experiment, blood samples were collected every 5 d for the
detection of b-Hydroxybutyrate (BHBA) and glucose levels. Results
showed that, after 15-d feed restriction, blood BHBA level was
higher than the threshold 0.8 mmol/L and blood glucose level was
lower than the threshold 3 mmol/L, which indicated the successful
establishment of an undernutrition model. On 130th day of gesta-
tion, all ewes were slaughtered at 4 h after their morning feeding,
and jejunal and ileal epithelium and digesta samples were imme-
diately collected and stored in liquid nitrogen for subsequent
analysis.

2.3. Chemical analysis

In accordance with the established AOAC protocol (AOAC, 2016),
the diet's nutritional components were determined, including: dry
matter (method 930.15), crude protein (method 984.13), ether
extract (method 2003.06), crude ash (method 942.05), neutral
detergent fiber (method 2002.04), and acid detergent fiber
(method 973.18). The concentrations of calcium and phosphorus
(method 985.01) were quantified employing the technique of
Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-
OES) (AOAC, 2000). Metabolizable energy of the total mixed ration
was calculated using the weighted method according to the
metabolizable energy of each feed material in the China Feed
Database and the proportion of the feed in the total mixed ration
(Xiong et al., 2018).

Table 1
Ingredients and nutrient composition of the total mixed ration (%, dry
matter basis).

Item Content

Ingredient composition
Whole corn silage 43.04
Peanut straw 31.07
Maize 17.79
Bean pulp 4.04
Soybean meal 2.70
Premix1 1.36
Total 100.00
Nutrient composition
Metabolizable energy2, MJ/kg 11.25
Crude protein 12.60
Ether extract 3.20
Neutral detergent fiber 40.19
Acid detergent fiber 34.20
Crude ash 5.23
Calcium 0.61
Phosphorus 0.31

1 Provided the following per kilogram premix: vitamin A 150,000 IU,
vitamin D3 25,000 IU, vitamin E 1000 mg, Zn 2548 mg, Cu 370 mg, Fe
1500 mg, Mn 637 mg, I 35 mg, Se 11 mg, lysine 1.5%.

2 The metabolizable energy was estimated.
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2.4. Jejunal and ileal weight and morphological changes

After slaughtering, jejunal and ileal digesta were extracted from
the intestinal lumen to measure the weight of emptied jejunal and
ileal tissues. Fresh jejunal and ileal specimens were preserved in 4%
paraformaldehyde for 24 h and subsequently stained with hema-
toxylin and eosin (H&E) to observe the epithelial morphology and
quantify parameters including villus height, crypt depth, and the
ratio of villus height to crypt depth (VH/CD).

2.5. Jejunal and ileal fermentation parameters

The pH of digesta samples from the jejunum and ileum was
measured immediately after slaughtering with a pH meter HI 9125
(HANNA instrument, Woonsocket, RI, USA). The concentration of
volatile fatty acids (VFAs) in the digesta samples were determined
using a gas chromatography (GC-14B, Shimadzu, Japan). Digesta
samples were homogenized in quadruple-distilled water and
centrifuged at 2000 � g for 10 min. Subsequently, the supernatant
was collected and mixed with 25% (w/v) metaphosphoric acid for
VFA analysis (Qin, 1982). The capillary column of the gas chro-
matograph was 30 m � 0.32 mm � 0.25 mm with a column tem-
perature of 130 �C, a vaporization temperature of 180 �C, and a
detector temperature of 180 �C. The microbial protein (MCP) con-
centration of digesta samples were then determined by the Komas
Brilliant Blue method (Bradford, 1976).

2.6. 16S rRNA gene sequencing analysis of microbiota in jejunal and
ileal digests

DNA was extracted from the jejunal and ileal digesta samples
using the bead beating and CTAB method (Zoetendal et al., 1998).
The quality and concentration of each DNA sample were measured
using a Nanodrop Spectrophotometer (Thermo, Madison, Wiscon-
sin, USA). The V3eV4 region of the 16S rRNA gene was amplified
(95 �C for 2 min, followed by 25 cycles at 95 �C for 30 s, 55 �C for
30 s, 72 �C for 30 s and a final extension at 72 �C for 5 min) using
universal gene primers 341F (50-CCTAYGGGRBGCASCAG-30) and
806R (50-GGACTACNNGGGTATCTAAT-30). Amplicons (462 bp) were
extracted from 2% agarose gels and purified using the QIAquick PCR
Purification Kit (Qiagen, Hilden, Germany) and library construction
was performed according to Illumina's instructions. The entire li-
brary was sequenced on the Illumina MiSeq PE-250 platform
following standard protocol. Data were processed using the QIIME
pipeline (v.1.9.0) and sequences were clustered into operational
taxonomic units (OTUs) at a 97% sequence similarity level using
UPARSE (v.7.1). The OTU representative sequences were classified
using the RDP classifier (v.2.2) and compared to the SILVA database
(v. 132). A total of 3695 and 4465 OTUs were identified in the
jejunum and ileum, respectively.

2.7. Transcriptome assay of jejunal and ileal epithelium

Total RNA was extracted from jejunal and ileal epithelium using
the Trizol method (Chomczynski and Sacchi, 1987). In order to
ensure RNA quality, the absorption values of total RNA samples
including A230, A260, and A280were detected (both A260/230 and
A260/280 were between 1.80 and 2.10) using a NanoDrop ND-1000
spectrophotometer (Thermo Scientific, Ilkirch, France) and the RNA
integrity was confirmed by running 1.4% agarose-formaldehyde gel.
Subsequently, a total of 10 RNA samples (5 from each group) were
randomly selected for cDNA library construction. Firstly, mRNAwas
isolated from total RNA using the magnetic bead method. The first
cDNA strand was synthesized using mRNA as a template, followed
by the addition of buffer, dNTPs, RNase H and DNA polymerase I to

synthesize the second cDNA strand, and finally the purified cDNA
was ligated to the sequencing adapter. Suitable fragments
(approximately 200e300 bps) were isolated using the NEBNext
Ultra RNA Library Preparation Kit for PCR amplification. The cDNA
library was constructed by selecting appropriate fragments and
sequencing fragments on the Illumina Hi-Seq 2500 platform
(Biomarker, Beijing, China). Clean reads were generated by
removing low-quality reads and compared to the Sheep Reference
Genome 4.0 using HiSAT2. The fragments per kilobase of transcript
per million fragments mapped values (FPKMs) were calculated to
show the expression of all genes. Differentially expressed genes
(DEGs) were screened with the criteria of false-discovery rate
(FDR) < 0.05 and fold change (FC) > 1.5 or < 0.667 using DESeq2
software (v.1.6.3). Volcano plots, clustering heatmaps, euKaryotic
Orthologous Groups (KOG) functional classification, gene ontology
(GO) enrichment analysis, gene set enrichment analysis (GSEA),
and kyoto encyclopedia of genes and genomes (KEGG) pathway
enrichment analysis were performed using a Biomarker platform
(www.biocloud.net).

2.8. Real-time quantitative PCR analysis of genes in jejunal and ileal
epithelium

The expression of target genes was measured by using a
QuantStudio 5 real-time PCR instrument (Applied Biosystems,
Foster, California, USA) and fluorescence detection of SYBR green
dye, following the manufacturers’ handbooks for Hieff qPCR SYBR
Green Master Mix (Yeasen Biotechnology, Shanghai, China). The
PCR mixture contained 2.0 mL of DNA template, 0.4 mL of forward
primer (10 mmol/L), 0.4 mL of reverse primer (10 mmol/L), 10 mL of
Hieff qPCR SYBR Green Master Mix (1*), and PCR-grade sterile
water to a final volume of 20 mL. The program for PCR amplification
was as follows: 95 �C for 5 min for pre-denaturation, and 40 cycles
of 95 �C for 10 s, 60 �C for 30 s, followed by amelting curve program
(60e99 �C with a ramping rate of 0.1 �C/s and fluorescence mea-
surement). Gene expression data was normalized by the house-
keeping gene (glyceraldehyde 3-phosphate dehydrogenase
[GAPDH]) using the 2�DDCt method. Table S1 shows the primers for
the genes.

2.9. Statistical analysis

An independent samples t-test in IBM SPSS 25.0 (IBM Corp,
Armonk, New York, USA) was used to assess the significances of
differences for tissue weights, fermentation parameters, epithelial
morphology, andmRNA expressional levels of genes in the jejunum
and ileum between CON and UN. Data were presented as means
with their SEM. Microbial a-diversity and the relative abundance of
bacteria in the jejunal and ileal digesta at the phylum and genus
levels were statistically analyzed using a nonparametric test in IBM
SPSS 25.0. P < 0.05 was used to determine statistical significance.
Results were presented using GraphPad Prism 9 (GraphPad Soft-
ware, Dotmatics, Boston, Massachusetts, USA). Spearman correla-
tion coefficients (r) and the significance tests between
fermentation parameters and microbiota were calculated using
bivariate correlation (n ¼ 16) in SPSS 25.0, and P < 0.05 was used to
identify significant correlations. The P-values for enrichment sig-
nificances of KEGG pathways were calculated using the cluster-
Profiler R package and corrected to obtain q values using multiple
hypothesis testing. Power calculation showed that a required
sample size of 8 ewes in each group could enable the detection of
an effect size of 1.94 standard deviation (SD) for most of the
cognitive test scores with 95% power and a type I error of 5%, based
on the independent sample t test using the G*Power 3.1.9.4 Data
Analysis (http://www.gpower.hhu.de/).
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3. Results

3.1. Undernutrition affected jejunal and ileal morphology and
fermentation mode

At the commencement of the experimental phase, the average
body weight between CON and UN did not exhibit any significant
difference (P ¼ 0.259) (Table 2). However, following a 15-d treat-
ment period, the body weight of ewes in UN was significantly
diminished comparatively to CON (P < 0.001) (Table 2). UN showed
significantly lower average daily weight gain than CON (P < 0.001)
(Table 2). Undernutrition caused a significant decrease in weight of
the empty jejunum (P ¼ 0.005) and ileum (P ¼ 0.022) and a sig-
nificant increase in jejunal pH (P ¼ 0.022) compared to CON
(Table 3). According to H&E staining sections and morphological
measurement analysis; jejunal villus height (P ¼ 0.025) and VH/CD
(P ¼ 0.006) were lower while jejunal crypt depth (P ¼ 0.050) and
ileal crypt depth (P ¼ 0.017) were higher in UN than those in CON
(Table 3 and Fig. 1A and B). In jejunal and ileal digesta, the levels of
acetate (P ¼ 0.011 and P ¼ 0.007), total VFAs (P ¼ 0.019 and
P ¼ 0.007), and the molar ratio of acetate (P ¼ 0.002 and P ¼ 0.003)
were significantly decreased, whereas themolar ratio of propionate
(P ¼ 0.002 and P ¼ 0.006) was significantly increased in UN
compared to CON (Table 3). Additionally, a significant increase was
observed in the molar ratio of valerate (P¼ 0.032) in ileal digesta of
UN. The levels of MCP (P ¼ 0.019 and P ¼ 0.031) in jejunal and ileal
digesta were observed to be significantly decreased in UN as
compared to CON (Table 3).

3.2. Undernutrition changed the diversity and composition of
jejunal and ileal bacteria

To unravel the mechanisms behind the impacts of undernutri-
tion on jejunal and ileal fermentation, we conducted 16S rRNA gene
sequencing to investigate the changes in the bacterial communities
within the jejunum and ileum. Rarefaction curves for all samples
reached a plateau, indicating sufficient sequencing depth (Fig. S1A-
B). The a-Diversity analysis showed that, compared to CON, Simp-
son's index increased (P ¼ 0.046) in the jejunal digesta of UN, and
Simpson's index (P ¼ 0.003) increased while Shannon's (P ¼ 0.012)
and Evenness (P ¼ 0.006) indexes decreased in the ileal digesta of
UN (Fig. 1C). Principal-coordinate analysis (PCoA) based on Un-
weighted UniFrac metrics demonstrated the differences of the je-
junal and ileal microbial community between CON and UN (Fig.1D).
In addition, the Venn diagrams revealed 564 and 1026 unique OTUs
as well as 1337 and 784 unique OTUs in CON and UN for jejunal and
ileal digesta, respectively (Fig. 1E).

Distinct characteristics were presented in the relative abun-
dances of jejunal and ileal bacteria at the phylum and genus levels,
with each taxon representing more than 0.5% in at least one group.
In the jejunum, Firmicutes, Actinobacteriota, Patescibacteria,

Unclassified, Proteobacteria, and Bacteroidota were the dominant
phyla (relative abundance>1%) both in CON and UN. At the phylum
level, the relative abundance of Firmicutes decreased (P < 0.05) in
UN (Fig. 2A). In the ileum, Firmicutes, Actinobacteriota, Unclassi-
fied, Patescibacteria, and Bacteroidota were the dominant phyla
(relative abundance>1%) in CON, while Proteobacteria and Verru-
comicrobiota were the dominant phyla (relative abundance>1%) in
UN. At the phylum level, the relative abundances of Unclassified
and Firmicutes decreased (P < 0.05), while that of Proteobacteria
increased (P < 0.05) in UN (Fig. 2B). At the genus level, the relative
abundances of Ruminococcus, Atopobiaceae_Olsenella, [Rumino-
coccus] gauvreauii group, Clostridia UCG-014_norank, Lachnospir-
aceae FE2018 group, and Lachnospiraceae_Blautia increased
(P < 0.05), while those of Bifidobacteriaceae_Unclassified and Bifi-
dobacteriaceae_Aeriscardovia decreased (P < 0.05) in the jejunum of
UN (Fig. 2C). Interestingly, the relative abundances of Rumino-
coccus, Unclassified, Oscillospiraceae_NK4A214 group, Saccha-
rofermentans, Clostridia UCG-014_norank, [Ruminococcus] gauvreauii
group, Mycoplasma, Lachnospiraceae_uncultured, Ruminococca-
ceae_uncultured, and Lachnospiraceae_Blautia in the ileum of UN
decreased (P < 0.05) (Fig. 2D).

3.3. Relationship between jejunal and ileal bacteria and
fermentation parameters

This study investigated the correlation between shifts in bac-
terial genera and molar ratios of VFAs in both the jejunum and

Table 2
Growth performance and daily feed intake of ewes in the CON and UN groups
(n ¼ 8).1

Item Groups2 P-value

CON UN

Initial body weight, kg 55.03 ± 1.073 53.43 ± 0.834 0.259
Final body weight, kg 56.80 ± 0.856a 44.06 ± 0.976b <0.001
Daily weight gain, g/d 118.33 ± 35.495a �624.17 ± 61.887b <0.001
Daily feed intake, kg/d 1.63 ± 0.007a 0.52 ± 0.001b <0.001

a, b Means in a row not sharing a common letter are significantly different (P < 0.05).
1 The data are expressed as the mean ± SEM.
2 CON, control group; UN, undernutrition group.

Table 3
Undernutrition affected the jejunal and ileal weight, morphology, and fermentation
parameters (n ¼ 8).1

Item Groups2 P-value

CON UN

Jejunum
Emptied tissue weight, kg 0.96 ± 0.073a 0.71 ± 0.028b 0.005
pH 6.25 ± 0.114b 6.79 ± 0.174a 0.022
Villus height, mm 496.59 ± 26.842a 409.36 ± 22.058b 0.025
Crypt depth, mm 322.09 ± 36.706b 409.69 ± 17.804a 0.050
VH/CD 1.65 ± 0.170a 1.02 ± 0.093b 0.006
Acetate, mmol/L 4.60 ± 0.273a 3.72 ± 0.115b 0.011
Propionate, mmol/L 0.97 ± 0.015 1.03 ± 0.032 0.128
Butyrate, mmol/L 0.30 ± 0.045 0.22 ± 0.007 0.122
Valerate, mmol/L 0.12 ± 0.007 0.12 ± 0.006 0.827
Total VFAs, mmol/L 5.99 ± 0.318a 5.10 ± 0.114b 0.019
Acetate, % 76.61 ± 0.616a 72.99 ± 0.749b 0.002
Propionate, % 16.47 ± 0.665b 20.28 ± 0.787a 0.002
Butyrate, % 4.89 ± 0.535 4.39 ± 0.142 0.390
Valerate, % 2.03 ± 0.113 2.33 ± 0.128 0.098
MCP, mg/dL 64.26 ± 6.492a 42.58 ± 4.907b 0.019
Ileum
Emptied tissue weight, kg 0.45 ± 0.064a 0.27 ± 0.031b 0.022
pH 7.36 ± 0.073 7.54 ± 0.059 0.073
Villus height, mm 493.27 ± 15.894 483.05 ± 38.423 0.809
Crypt depth, mm 201.38 ± 13.643b 272.50 ± 22.297a 0.017
VH/CD 2.55 ± 0.245 1.91 ± 0.299 0.120
Acetate, mmol/L 4.62 ± 0.329a 3.55 ± 0.090b 0.007
Propionate, mmol/L 0.89 ± 0.014 0.87 ± 0.003 0.175
Butyrate, mmol/L 0.24 ± 0.004 0.23 ± 0.009 0.268
Valerate, mmol/L 0.10 ± 0.010 0.13 ± 0.017 0.143
Total VFAs, mmol/L 5.85 ± 0.326a 4.78 ± 0.106b 0.007
Acetate, % 78.61 ± 1.161a 74.34 ± 0.367b 0.003
Propionate, % 15.50 ± 0.775b 18.25 ± 0.341a 0.006
Butyrate, % 4.18 ± 0.248 4.77 ± 0.190 0.082
Valerate, % 1.70 ± 0.229b 2.64 ± 0.323a 0.032
MCP, mg/dL 25.62 ± 3.284a 16.60 ± 1.853b 0.031

VFAs ¼ volatile fatty acids; MCP ¼microbial protein; VH/CD ¼ villus height to crypt
depth.
a, b Means in a row not sharing a common letter are significantly different (P < 0.05).

1 The data are expressed as the mean ± SEM.
2 CON, control group; UN, undernutrition group.
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ileum, exploring the relationship between microbiota and
fermentation parameters. In the jejunum, the relative abundance of
Clostridia UCG-014_norank, Lachnospiraceae FE2018 group, Rumi-
nococcus, [Ruminococcus] gauvreauii group, and Lachnospiraceae_-
Blautia correlated positively with that of acetate and negatively
with the molar ratio of propionate. The molar ratio of acetate was
also negatively correlated with the relative abundance of Bifido-
bacteriaceae_Aeriscardovia and Bifidobacteriaceae_Unclassified. The
molar ratio of propionatewas positively correlatedwith the relative
abundance of Bifidobacteriaceae_Aeriscardovia and negatively with
the relative abundance of Atopobiaceae_Olsenella. Themolar ratio of
valerate was positively correlated with the relative abundance of
Bifidobacteriaceae_Unclassified and negatively correlated with that
of Clostridia UCG-014_norank (Fig. 3A). In the ileum, the molar ratio
of acetate was positively correlated with the relative abundance of
Clostridia UCG-014_norank, Ruminococcus, [Ruminococcus] gauv-
reauii group, Lachnospiraceae_Blautia, Ruminococcaceae_uncultured,
Mycoplasma, and Unclassified. The molar ratio of propionate was
positively correlated with the relative abundance of Clostridia UCG-
014_norank, Ruminococcus, [Ruminococcus] gauvreauii group, Lach-
nospiraceae_Blautia, and Ruminococcaceae_uncultured. The molar
ratio of valerate was negatively correlated with Clostridia UCG-
014_norank, Ruminococcus, [Ruminococcus] gauvreauii group, Lach-
nospiraceae_Blautia, Unclassified, and Saccharofermentans (Fig. 3B).
Interestingly, none of the significantly altered genera in the
jejunum and ileum exhibited a strong correlation with the molar
ratio of butyrate. Functional classification of bacteria in the jejunum
and ileum were completed using the KEGG database at level II.

Results showed that xenobiotic biodegradation and metabolism,
metabolism of terpenoids and polyketides, metabolism of other
amino acids, biosynthesis of other secondary metabolites, and cell
growth and death were enhanced (P < 0.05), while transcription
was weakened (P < 0.05), in the jejunum of UN (Fig. 3C). Meta-
bolism, xenobiotic biodegradation and metabolism, and meta-
bolism of other amino acids were enhanced (P < 0.05), while
carbohydrate metabolism, replication and repair, translation, and
transcriptionwereweakened (P < 0.05) in the ileum of UN (Fig. 3D).

3.4. Undernutrition altered the transcriptional profile of jejunal and
ileal epithelium

Given the interaction between microbiota and host, tran-
scriptome sequencing of epithelial samples was conducted to
explore the effect of undernutrition on substance transport and
metabolism, and cellular structures and functions, in the epithe-
lium of jejunum and ileum. Volcano maps showed that a total of
291 and 138 DEGs were identified between the two groups in the
jejunal and ileal epithelium, respectively (Fig. S2A-B). Seventy-
three DEGs were up-regulated and 218 DEGs were down-
regulated in the jejunum of UN while 40 DEGs were up-regulated
and 98 DEGs were down-regulated in the ileum of UN as
compared to CON. Clustering heatmaps of the DEGs in the jejunal
and ileal epithelium both showed that samples from CON and UN
were grouped into two distinct classes (Fig. S3A-B). Principal
component analysis (PCA) and partial least squares discriminant
analysis (PLS-DA) plots revealed substantial disparities in total

Fig. 1. Effect of undernutrition on the epithelial morphology and diversity of bacterial communities in jejunal and ileal digesta (n ¼ 8). (A and B) Hematoxylin and eosin (H&E)
stained sections and morphological measurements of jejunal and ileal epithelium. (C) Jejunal and ileal a diversity. (D) PCoA of bacterial communities based on OTUs in jejunal and
ileal digesta. (E) Venn diagram of OTUs in jejunal and ileal digesta. Asterisks indicate significant differences (P < 0.05). CON, control group; UN, undernutrition group.
PCoA ¼ principal-coordinate analysis; OTUs ¼ operational taxonomic units.*, P < 0.05.
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transcriptome profiles between CON and UN; both in the jejunum
and ileum (Fig. 4AeD). To further elucidate the function of DEGs
between CON and UN, functional classification was conducted us-
ing KOG. Results showed that amino acid transport and meta-
bolism, lipid transport andmetabolism, and extracellular structures

were enriched by DEGs in the jejunum and ileum (Fig. 5A and B), in
addition to the general function prediction and signal transduction
mechanisms. KEGG pathway enrichment analysis showed
advanced glycosylation end (AGE) signaling pathway in diabetic
complications, phosphoinositide 3 kinase-protein kinase B (PI3K-

Fig. 2. Undernutrition changed the structures of bacterial communities in jejunal and ileal digesta (n ¼ 8). (A and B) Relative abundance of bacterial communities at the phylum
level in jejunum and ileum. (C and D) Relative abundances of bacterial communities at the genus level in jejunum and ileum. Red arrows indicate significant increases (P < 0.05) and
blue arrows indicate significant decreases (P < 0.05) of abundances distributed in the pointed biological process. CON, control group; UN, undernutrition group.
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Fig. 3. Undernutrition changed the correlation of bacterial and fermentation parameters and bacterial KEGG function in jejunal and ileal digesta (n ¼ 8). (A and B) Correlations
between the changed bacterial communities and fermentation parameters in the jejunal and ileal digesta. (C and D) Abundance distribution map of jejunal and ileal microbiota
based on KEGG prediction function. "þ" indicates a significant positive correlation (P < 0.05), "-" indicates a significant negative correlation (P < 0.05), and "ns" indicates a
nonsignificant correlation (P > 0.05). Red arrows indicate significant increases (P < 0.05) and blue arrows indicate significant decreases (P < 0.05) of abundances distributed in the
pointed biological process. CON, control group; UN, undernutrition group. KEGG ¼ kyoto encyclopedia of genes and genomes.

Fig. 4. The PCA and PLS-DA of total genes in the jejunal and ileal epithelium of ewes in CON and UN (n ¼ 5). (A and B) PCA and PLS-DA of total genes in the jejunal epithelium. (C and
D) PCA and PLS-DA of total genes in the ileal epithelium. CON, control group; UN, undernutrition group. PCA ¼ principal component analysis; PLS-DA ¼ partial least squares
discriminant analysis.
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Akt) signaling pathway, and peroxisome proliferator-activated re-
ceptor (PPAR) signaling pathway were enriched in the jejunum
(q < 0.05), while only the PPAR signaling pathway was enriched in
the ileum (q < 0.05) (Fig. 5C and D).

3.5. Undernutrition reprogrammed substance metabolism in
jejunal and ileal epithelium

Transcriptome results revealed that DEGs associatedwith amino
acid synthesis, including phgdh, psat1, asns, and gpt2 were up-
regulated in the jejunum of UN group compared to the CON
group (Fig. 6A). In contrast, DEGs associated with peptidases (c1r,
c1s,mcp1, pamr1, tpsb2,masp1, and kel) and amino acid degradation
(aass and hdc) were all down-regulated. Differentially expressed
genes associated with amino acid synthesis (gpt2, psph, psat1, and
asns) and amino acid transport (slc1a5 and slc7a5) were up-
regulated in the ileal UN (Fig. 6B). Overall, amino acid synthesis
and transport were enhanced while amino acid degradation,

peptidases, collagen, cell adhesion, and extracellular matrix (ECM)
metabolism were inhibited in jejunal and ileal epithelium of un-
dernourished ewes.

Lipids play a pivotal role in providing energy to the body and are
regulated by PPAR signaling pathway (Bougarne et al., 2018; Da
Poian et al., 2010). Gene set enrichment analysis was performed
on jejunal and ileal DEGs, which are associated with the enrich-
ment of the PPAR pathway (Fig. 6C and D). And the transcriptome
results indicated that DEGs associated with fatty acid oxidation
(cpt1a, cpt1b, cpt2, acadvl, acaa2, and hmgcs2) and adipocyte dif-
ferentiation (plin2 and fabp4) were up-regulated in UN in jejunal
lipid metabolism (Fig. 6EeG). Conversely, DEGs related to fatty acid
synthesis (fads1, fads2, and plpp3) and retinoic acid degradation
(cyp26b1) were down-regulated. Differentially expressed genes
associated with fatty acid transport, such as rbp1 and abca6, were
down-regulated, while fabp4 and fabp5 were up-regulated. Ileal
lipid metabolism showed similar results to that of the jejunum,
although there was a significant reduction in enriched DEGs

Fig. 5. Effect of undernutrition on the transcriptome profiles of jejunal and ileal epithelium (n ¼ 5). (A and B) KOG function classification of DEGs in the jejunal and ileal epithelium.
(C and D) KEGG pathway enrichment analysis of DEGs in jejunum and ileum. The X-axis indicates the function classification of KOG and the Y-axis indicates the number of DEGs.
Asterisks indicate the significantly enriched pathways (q < 0.05). CON, control group; UN, undernutrition group. KOG ¼ euKaryotic orthologous groups; KEGG ¼ kyoto encyclopedia
of genes and genomes; DEGs ¼ differentially expressed genes.
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Fig. 6. Undernutrition reprogrammed substance metabolism of the jejunal and ileal epithelium. (A and B) Expression of genes related to amino acid transport and metabolism in
jejunal and ileal epithelium (n ¼ 5). (C and D) GSEA map of PPAR signaling pathways in jejunal epithelium (n ¼ 5). (E and F) Expression of genes related to lipid transport and
metabolism in jejunal and ileal epithelium (n ¼ 5). (G and H) Schematic diagram of signaling involved in the PPAR pathway in jejunal and ileal epithelium (n ¼ 5). (I and J) Real-time
quantitative PCR of jejunal and ileal epithelium (n ¼ 8). Asterisks indicate significant differences (P < 0.05). Red background indicates up-regulated DEGs while green background
indicates down-regulated DEGs. CON, control group; UN, undernutrition group. GSEA ¼ gene set enrichment analysis; NES ¼ normalized enrichment score; PPAR ¼ peroxisome
proliferator-activated receptor; DEGs ¼ differentially expressed genes. phgdh ¼ phosphoglycerate dehydrogenase; psat1 ¼ phosphoserine aminotransferase 1; asns ¼ asparagine
synthetase; gpt2 ¼ glutamic-pyruvic transaminase 2; c1r ¼ complement c1r; mcp1 ¼ cec motif chemokine ligand 2; pamr1 ¼ peptidase domain containing associated with muscle
regeneration 1; tpsb2 ¼ tryptase beta 2; masp1 ¼ mbl associated serine protease 1; kel ¼ kell metallo-endopeptidase; aass ¼ aminoadipate-semialdehyde synthase; hdc ¼ histidine
decarboxylase; psph ¼ phosphoserine phosphatase; slc1a5 ¼ solute carrier family 1 member 5; acadvl ¼ acyl-coa dehydrogenase very long chain; fabp5 ¼ fatty acid binding protein
5; acaa2 ¼ acetyl-coa acyltransferase 2; cpt2 ¼ carnitine palmitoyltransferase 2; hmgcs2 ¼ 3-hydroxy-3-methylglutaryl-coa synthase 2; cpt1b ¼ carnitine palmitoyltransferase 1b;
plpp3 ¼ phospholipid phosphatase 3; fads2 ¼ fatty acid desaturase 2; rbp1 ¼ retinol binding protein 1; abca6 ¼ atp binding cassette subfamily a member 6; cyp26b1 ¼ cytochrome
p450 family 26 subfamily b member 1; pitpnc1 ¼ phosphatidylinositol transfer protein cytoplasmic 1; plin2 ¼ perilipin 2; olr1 ¼ oxidized low density lipoprotein receptor 1.*, P <
0.05.
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(Fig. 6FeH). Differentially expressed genes linked to fatty acid
oxidation (cpt1a and cpt2) and adipocyte differentiation (plin2 and
fabp4) were also up-regulated. Differentially expressed genes
associated with fatty acid transport, such as pitpnc1, were down-
regulated, while fabp4, fabp5, and olr1 were up-regulated. A study
showed that fasting also led to enhanced fatty acid oxidation in
mice (Zhang et al., 2024). Considering the significant influence of
undernutrition on amino acid and lipid metabolism, real-time
quantitative PCR was used to examine several relevant genes. As
expected, fabp4, fabp5, cpt1a, asns, gpt2, and psat1 were up-
regulated in UN (Fig. 6I and J). In conclusion, undernutrition
modulated fatty acid metabolism, adipocyte differentiation and
retinol degradation in the jejunal and ileal epithelium.

3.6. Undernutrition-inhibited cellular structures and functions in
jejunal and ileal epithelium

The jejunum transcriptome results revealed extracellular
structures, particularly highlighting that DEGs linked with collagen
(col1a1, col1a2, col3a1, col4a4, col4a5, col4a6, col5a1, col5a2, col6a1,
col6a2, col11a2, and col27a1), cellular adhesion (postn, lama4,
olfml3, olfml1, nid1, nid2, itga9, and ctnnd2), ECM synthesis (sparc),
ECM degradation (mmp3, mmp9, and mmp19), and cellular migra-
tion (slit3) were all down-regulated in the UN (Fig. 7A). Differen-
tially expressed genes associated with collagen (col1a1, col1a2,
col3a1, col5a2, and col5a1), cell adhesion (postn and olfml1), ECM
synthesis (sparc), ECM degradation (mmp9), and cellular migration
(slit3) exhibited down-regulation in the ileal UN (Fig. 7B). In mouse
models, protein undernutrition was thought to impair collagen
synthesis (Seth et al., 2024). Due to the significant impact of un-
dernutrition on extracellular structures, real-time quantitative PCR
was used to analyze several relevant genes. As expected, significant
down-regulation was observed in col1a1, col1a2, and col3a1 in UN
(Fig. 7C and D).

GSEA conducted on jejunal DEGs confirmed the enrichment of
the PI3K-AKT and AGE-RAGE pathways (Fig. 7E and F). Differentially
expressed genes involved in ECM (col1a1, col1a2, col4a4, col4a5,
col4a6, col6a1, col6a2, fn1, and lama4) and growth factor (vegfc, kitlg,
and pdgfb), cellular membrane receptors (igha1 and gnb4), and
downstream biological processes involved in cell growth (serpine1
and vegfc) and immune response (ccl2, serpine1, vcam1, and f3) were
all down-regulated (Fig. 7G). This study suggested that undernu-
trition disrupted the production of upstreamECM and growth factor,
and impeded their interactions with cell membrane receptors.

4. Discussion

During late gestation, the rapid intrauterine growth and devel-
opment of the fetus; particularly in cases of multiple fetuses,
significantly increased nutritional demand, leading to disparity
between nutritional supply and nutritional consumption. Despite
its critical significance, there is a notable lack of data demonstrating
how undernutrition affects the small intestinal microbiota and
epithelium in pregnant ewes. Our results demonstrated that VFA
and MCP levels were decreased, both in jejunal and ileal digesta
during undernutrition, which is highly consistent with the
decreased concentrations of VFAs and MCP observed in ruminal
digesta of pregnant ewes during undernutrition (Xue et al., 2020b).
This finding possibly resulted from the dearth of available
fermentable substrates in the rumen and small intestine upon
undernutrition. Additionally, this study showed significant alter-
ations in the molar ratios of acetate, propionate, and valerate in
jejunal and ileal digesta during undernutrition. Essentially, the shift
in the molar ratio of VFAs was attributed to the modification in the

structure of microbial community (Felizardo et al., 2019). In pre-
vious studies, it was demonstrated that the genus Clostridia UCG-
014 norank exhibited a positive correlation with acetate molar ra-
tio (Wu et al., 2023). Additionally, Ruminococcus was identified as
an essential component of carbohydrate-active enzymes that
facilitated the production of acetate from transient glucose gener-
ated during the degradation of maltose oligosaccharides and starch
(Crost et al., 2018), and [Ruminococcus] gauvreauii utilizes formate
to produce acetate through the Wood Ljungdahl pathway
(Molinero et al., 2022). Lachnospiraceae_Blautia was capable of
producing acetate from the end products of glucose metabolism
(San Juan Vergara et al., 2018). Ruminococcaceae_uncultured posi-
tively correlated with acetate molar ratios and negatively with
propionate molar ratios (Lv et al., 2020). In the current study, the
correlations between alteredmicrobial genera and VFAmolar ratios
were highly consistent with those described in the references
mentioned above. Consequently, the observed decrease in acetate
molar ratio in the jejunum and ileum could be attributed to the
decreased relative abundance of Clostridia UCG-014 norank, Rumi-
nococcus, [Ruminococcus] gauvreauii, and Lachnospiraceae_Blautia.
Conversely, the increase in propionate molar ratio in the ileummay
be due to the decreased relative abundance of Ruminococca-
ceae_uncultured. In summary, this study revealed that undernutri-
tion could affect the microbial community within the digesta of the
jejunum and ileum during late pregnancy which might result in
alterations molar ratios of VFAs. Furthermore, total VFAs and MCP
were significantly lowered due to reduced feed intake.

Undernutrition could imbalance the microbial diversity that
leads the decreased production of MCP and VFAs by the microbiota
of ilea and jejunum, which may significantly affect the metabolism
of epithelial substrates. Resultantly, DEGs were significantly
enriched in the KOG functional classification for the metabolism of
amino acids, lipids, and ECM. Notably, the analysis revealed a
greater enrichment of DEGs relevant to these metabolic pathways
in the jejunum (53 DEGs) compared to the ileum (21 DEGs).
Humans and pigs were also deficient in a variety of amino acids
such as valine, methionine, phenylalanine, and threonine during
undernutrition (Jiang et al., 2016; Smith et al., 1974). Microbial
protein represented a major source of amino acids for ruminants
(Pathak, 2008); thus, the elevated amino acid synthesis and
transport and the repressed amino acid degradation in the
epitheliummay have been attributed to reduced levels of intestinal
MCP. Furthermore, the down-regulated expression of genes asso-
ciated with ECM in the jejunum and ileummay also attribute to the
reduction of MCP levels. As VFAs generated by gut microbial
fermentation constituted a major source of energy for ruminants
(Bergman, 1990; Penner, 2014), lower concentrations of VFAs sug-
gested a dearth of available energy for undernourished ewes.
Interestingly, in the PPAR signaling pathway, the enhanced fatty
acid oxidation in the jejunal and ileal epithelium indicated an in-
crease in energy availability to the host, while the suppressed fatty
acid synthesis, steroid synthesis, and lipid transport implied a
reduction in energy expenditure by the host. These metabolic
changes in the jejunal and ileal epithelium upon undernutrition
were similar with the consequences of ruminal and cecal epithe-
lium in undernourished pregnant ewes reported in previous
studies, exhibiting enhanced energy production and reduced en-
ergy consumption (Wu et al., 2023; Xue et al., 2020b). Taken
together, these findings suggested that, in order to adapt the low
VFA and MCP levels generated from microbiota fermentation upon
undernutrition, pregnant ewes adjusted substrate transport and
metabolism in the epithelium to elevate the utilization efficiency of
amino acids and to increase energy production and decrease en-
ergy expenditure.
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Fig. 7. Undernutrition inhibitory cell growth and immune response in jejunal and ileal epithelium. (A and B) Expression of genes related to extracellular structures in jejunal and
ileal epithelium (n ¼ 5). (C and D) Real-time quantitative PCR of jejunal and ileal epithelium (n ¼ 8). (E and F) Gene set enrichment analysis map of PI3K-AKT and AGE-RAGE
signaling pathways in jejunal epithelium (n ¼ 5). (G) Schematic diagram of signaling involved in the PI3K-AKT and AGE-RAGE pathways in jejunal epithelium (n ¼ 5). Asterisks
indicate significant differences (P < 0.05). Red background indicates up-regulated DEGs while green background indicates down-regulated DEGs. CON, control group; UN, un-
dernutrition group. ECM ¼ extracellular matrix; GSEA ¼ gene set enrichment analysis; NES ¼ normalized enrichment score; PI3K-AKT ¼ phosphoinositide 3 kinase-protein kinase
B; DEGs ¼ differentially expressed genes; BCR]B-cell receptor; col1a1 ¼ collagen type i alpha 1 chain; postn ¼ periostin; lama4 ¼ laminin subunit alpha 4; pkp3 ¼ plakophilin 3;
olfml3 ¼ olfactomedin like 3; nid1 ¼ nidogen 1; itga9 ¼ integrin subunit alpha 9; ctnnd2 ¼ catenin delta 2; sparc ¼ secreted protein acidic and cysteine rich; mmp3 ¼ matrix
metallopeptidase 3; slit3 ¼ slit guidance ligand 3; fn1 ¼ fibronectin 1; vegfc ¼ vascular endothelial growth factor c; kitlg ¼ kit ligand; pdgfb ¼ platelet derived growth factor subunit
b; igha1 ¼ immunoglobulin heavy constant alpha 1; gnb4 ¼ g protein subunit beta 4; serpine1 ¼ serpin family e member 1; ccl2 ¼ cec motif chemokine ligand 2; vcam1 ¼ vascular
cell adhesion molecule 1; f3 ¼ coagulation factor iii, tissue factor. *, P < 0.05.
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Disruptions in substance metabolism due to malnutrition in the
ileum and jejunum could potentially influence the proliferation of
epithelial cells; thereby affecting the morphology of epithelial tis-
sues. In human studies, children with undernutrition enteropathy
showed changes in the intestines such as blunting of villi, intestinal
barrier dysfunction, and malabsorption of nutrient (Ling et al.,
2023). This study notably found that the jejunum was more
severely affected by undernutrition compared to the ileum, based
on enriched signaling pathways and the quantity of linked DEGs.
Particular, ECM-receptor interactions primarily regulated cell
adhesion, migration, and proliferation (Leitinger and Hohenester,
2007). Extracellular matrix also induced the activation of FAK and
promoted the phosphorylation of PI3K (Shi et al., 2022) that plays a
crucial role in cell proliferation, differentiation, and immunity
(Zhang et al., 2018). In the current study, DEGs involved in ECM,
growth factors, and ECM-receptor interactions were all down-
regulated in the jejunal epithelium upon undernutrition, indi-
cating that undernutrition impaired the interactions between the
ECM and membrane receptors. Modifications in genes associated
with extracellular structure could lead to abnormal signal trans-
duction and potentially lead to disease (Jaalouk and Lammerding,
2009). A previous study reported that undernutrition affected
ECM-receptor interaction and inhibited DNA replication and cell
cycle progression in ruminal epithelium of pregnant ewes (Xue
et al., 2020b). Similarly, ECM-receptor interaction, cell motility,
and immune responses were significantly affected in cecal
epithelium of ewes in a state of undernutrition (Wu et al., 2023).
Results in the current study possibly indicated that undernutrition
during late gestation influenced ECM-receptors interaction and
some intracellular pathways in jejunal epithelium and affected cell
growth and immune responses.

Indeed, it was crucial to acknowledge the limitations of this
study. Although a combined analysis of microbiota and epithelium
was conducted for the jejunum and ileum using 16S RNA gene
sequencing and transcriptome sequencing; which specific bacte-
rium and its metabolites influencing the metabolic homeostasis
and functions of jejunal and ileal epithelium upon undernutrition

remains unclear. Therefore, it is urgent to explore the precise
functions of specific bacteria and their effects on the epithelial
metabolism and function, and finally clarify the crosstalk mecha-
nism between microbiota and the host in future studies.

5. Conclusions

In conclusion, our findings suggested that undernutrition in late
pregnancy led to a decrease in VFAs and MCP. Undernutrition
reduced the relative abundances of Clostridia UCG-014 norank,
Ruminococcus, [Ruminococcus] gauvreauii, and Lachnospiraceae_-
Blautia in the jejunum and ileum which were responsible for ace-
tate production. Undernutrition also promoted the up-regulation of
genes associated with amino acid synthesis and fatty acid oxida-
tion, and the down-regulation of gene expression pertinent to
amino acid degradation, fatty acid synthesis, and extracellular
structures in jejunal and ileal epithelium. Alterations in substance
transport and metabolism might affect some key signaling trans-
ductions, resulting in the downregulation of genes associated with
ECM-receptor interactions, cell growth, and immune responses in
the jejunal epithelium. Ultimately the jejunumwas more impaired
in its villus morphology than the ileum (Fig. 8).

These findings revealed the impact of undernutrition on the
small intestine microbiota and epithelial tissue during late preg-
nancy, providing a foundation for the exploration of
microbiotaehost interactions under malnutrition condition. These
insights may help to inform the development of nutritional regu-
lation strategies aimed at alleviating energy shortages in ruminants
during late pregnancy.
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