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Abstract
Background

The present study was conducted to explore the maternal gut microbiota transplantation on the lipid and
glucose metabolism of newborns in a piglet model. Six hysterectomy-derived germ-free (GF) Bama
piglets were reared in three sterile isolators and were orally inoculated with healthy sow fecal suspension
on day 7 after birth, which considers as fecal microbiota transplanted (FMT) group. Another six piglets
from a natural birth and reared in conventional (CV) environments was regarded as CV group. The FMT
piglets were hand-fed Co60-γ-irradiated sterile milk powder, CV piglets were reared by lactating Bama
sows and both were weaned at day 21. Then, all piglets were housed separately and fed sterile feed for
another 21 days.

Results

We observed that transplanted with sow fecal microbiota increased the content of lipid in liver (P < 0.05),
and upregulated the mRNA abundances of genes related to lipid anabolism and catabolism in liver and
longissimus dorsi of newborn piglets (P < 0.05). Meanwhile, the concentrations of adiponectin, GLP-1,
and insulin in serum and the activity of CPT-1 in liver were lower in FMT piglets (P < 0.05). Besides,
transplanted with sow fecal microbiota enhanced the concentration of glycogen in liver (P < 0.05), while
upregulated the mRNA expressions of genes related to glycogenesis and glycogenolysis in liver and
longissimus dorsi of newborn piglets (P < 0.05). Moreover, the pathway of AMPK was stimulated by sow
fecal microbiota transplantation (P < 0.10). In addition, the microbial structure between FMT and CV
piglets was marked differently (P < 0.05). Furthermore, transplanted with sow fecal microbiota markedly
activated the metabolic pathway of bile secretion in newborn piglets (P < 0.05).

Conclusions

Collectively, healthy sow gut microbiota transplanted to newborn germ-free piglets might undermine the
homeostasis of glucose and lipid metabolism, and increased the content of lipid, and decreased the
concentration of glycogen in liver. It is concluded that transplanted with maternal gut microbiota might
induce diseases related to glucose and lipid metabolism in newborns.

Introduction
It is important to note that the gut harbors several trillion microbes, which play a crucial role in host
health, such as immune, appetite, and energy metabolism [1-4]. Gut microbiota is a vital environmental
factor that in�uences energy harvest from the diet and energy storage to the host [5]. Besides, gut
microbiota also contributed to impairing glucose metabolism by stimulating in�ammation and
macrophage accumulation [6, 7]. Hence, gut microbiota could regulate host lipid and glucose
metabolism. Growing circumstantial reports have indicated roles for the gut microbiota in childhood
nutrition and growth, as well as in obesity [8, 9]. Noteworthy, decreased bacterial diversity has been
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reproducibly observed in people with obesity and type 2 diabetes compared to healthy controls [10, 11].
Increased microbial diversity has been shown to bene�t meta bolic health [12]. Of note, the gut microbiota
of newborns is characterized by low diversity and high instability [13], and the immature gut microbiota
could damage the host's growth phenotypes [8]. Importantly, fecal samples from babies and mothers
revealed that the diversity of maternal gut microbiota higher than infants [14]. The maternal microbiota is
the major microbial source of infant-acquired strains, with maternal gut microbiota providing the largest
contribution [15]. Herein, we hypothesized that altered the background microbiota by maternal fecal
microbiota transplantation would improve the metabolic health of newborns. An alter gut microbial
composition in infants may result in an increased risk of non-communicable diseases, including obesity
and metabolic syndrome, allergy-related problems, and diabetes [16, 17]. Therefore, the detailed effects of
maternal gut microbiota on the newborns remain obscure, and further research is clearly warranted.
Noteworthy, the majority of studies cannot be conducted using human subjects because of ethical
considerations. However, animal models can help identify gut microbes and underlying mechanisms. Of
note, germ-free (GF) animals are free from living microorganisms, including bacteria, viruses, fungi,
protozoa, and parasites throughout their life and reared in sterile environments [18, 19]. The domestic
piglet (Sus scrofa) is a model of human health, which lies in similar anatomy, physiology, and genetics to
humans [20, 21]. Also, the pig eats an omnivorous diet and the developmental phase is similar to that of
a human, especially during infancy [22]. Moreover, of the functional pathways observed in the human
catalog, 96% were found in the porcine catalog, supporting the potential use of pig for biomedical
research [23]. Taken together, we established the CV piglets from a natural birth and sow fecal microbiota
transplanted (FMT) piglets which were GF piglets orally infused with healthy sow fecal suspension. The
present study was aimed to assess whether maternal gut microbiota has bene�cial impacts on newborns
in a piglet model. Remarkably, this study might provide novel insights into promoting the metabolic
health of newborns.

Results
Serum parameters

According to Table 1, transplanted with sow fecal microbiota decreased the concentrations of
adiponectin, GLP-1, and insulin in the serum of newborn piglets (P < 0.05).

The contents of lipid and glycogen, and enzyme activity in liver and longissimus dorsi

As presented in Table 2, the content of lipids in liver was higher (P < 0.05) and the concentration of
glycogen in liver was lower (P < 0.05) in FMT group than CV group. Meanwhile, the activity of CPT-1 in
liver of FMT group was reduced compared to CV group (P < 0.05).

The mRNA expressions of lipid metabolism-related genes in liver and longissimus dorsi

As shown in Table 3, the mRNA abundances of ACC, FAS, and CD36 in liver of FMT group were greater (P
< 0.05) than CV group. Meanwhile, the mRNA expressions of PNPLA2, CPT-1B, and PGC-1α in liver were
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increased (P < 0.05) in FMT group. Also, transplanted with sow fecal microbiota enhanced (P < 0.05) the
mRNA expressions of FAS and LPL, and upregulated (P < 0.05) the abundances of PPKAA2 and PNPLA2
in longissimus dorsi of newborn piglets.

The mRNA expressions of glucose metabolism-related genes in liver and longissimus dorsi

According to Table 4, transplanted with sow fecal microbiota upregulated the mRNA expressions of INSR,
INS1, PIK3, GYS2, FOXO-1, Sirt1, PCK1, and G6PC in liver of newborn piglets (P < 0.05). Moreover, the
mRNA abundance of INSR in longissimus dorsi was increased (P < 0.05) in FMT group.

The concentrations of adenosine in liver and longissimus dorsi

As presented in Table 5, the concentrations of ADP and AMP, the ratio of AMP to ATP in liver, and the
concentrations of ATP, ADP, and AMP in longissimus dorsi were lower in FMT group than CV group (P <
0.05). However, the concentration of ATP in liver of FMT group was greater (P < 0.05) than CV group.

The protein level associated with lipid and glucose metabolism

As shown in Figure 1, transplanted with sow fecal microbiota stimulated (P < 0.05) the protein level of p-
AMPK. Likewise, the ratio of p-AMPK to AMPK in FMT group was higher (P < 0.05) than CV group.
Moreover, the protein level of ACC in FMT group was increased numerically relative to CV group.

16S rRNA analysis of bacterial communities

The relative abundance of gut microbial communities was shown in Figure 2. Ten phyla were chosen for
signi�cance analysis. At the phylum level, the colonic samples of conventional CV and FMT piglets were
dominated by Firmicutes, Bacteroidetes, Proteobacteria, Euryarchaeota, and Spirochaetes (Figure 2A).
The numerical composition of the bacterial community on the phylum level was analyzed (Table S4), and
the abundances of Firmicutes and Bacteroidetes were markedly decreased (P < 0.05) and increased (P <
0.05) respectively in FMT group relative to CV group. Besides, FMT piglets had lower (P < 0.05)
proportions of bacteria in Spirochaetes than CV group. At the genera level, the abundances of the top 10
bacterial communities were presented in Figure 2B. The numerical composition of the top 10 bacterial
communities on the genera level was analyzed (Table S5). Meanwhile, the proportions of bacteria in
Ruminococcus and Treponema of FMT piglets were lower than (P < 0.05) that in CV piglets. Additionally,
the proportion of bacteria in Prevotella of FMT piglets was increased compared with CV piglets (P < 0.05).
Notably, the Chao1 and Shannon index of FMT piglets were lower than that in CV piglets (P < 0.05)
(Figure 3). Moreover, the PCoA and NMDS analyses were carried out to determine the extent of the
difference between microbiota communities (Figure 4). The gut microbial communities of CV and FMT
piglets could be divided into two different clusters, and the PCoA and NMDS plots showed that bacterial
microbiota in the colon of CV and FMT piglets were different clearly.

Metabolomic analysis of the serum samples
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To further predict the difference in metabolite pro�les related to lipid and glucose metabolism in serum,
GC-TOF/MS was used to analyze the metabolite pro�les. The PLS-DA (Figure 5) and OPLS-DA (Figure 6)
models showed that the two groups were well-separated in serum. To assess which compounds were
responsible for the differences between the two groups, the parameters of VIP > 1.0 and adjusted P < 0.10
were used as key lineages for separating the serum compounds between the two groups (Figure 7 and
Table 6). In total, one hundred and six compounds with a VIP > 1.0 and adjusted P < 0.10 were identi�ed.
Among these, twenty-six metabolites were enriched (P < 0.05), and �fty-seven metabolites were reduced
(P < 0.05) in FMT group compared with CV group. To comprehensively understand the physiological
change induced by oral infusion of sow fecal microbiota, the Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway database was utilized for analyzing related metabolic pathways of 106 metabolites
observed in serum. According to Figure 8, these metabolites were involved in multiple biochemical
pathways, while the metabolic pathway of central carbon metabolism in cancer was the most
signi�cantly affected by oral infusion of sow fecal microbiota, and followed by the metabolic pathway of
bile secretion. Eleven metabolites participate in the metabolic pathway of bile secretion. Among them,
four metabolites (dopamine, cholic acid, deoxycholic acid, salicylic acid) were enhanced (P < 0.05), and
four metabolites (choline, alpha-ketoglutarate, lithocholic acid) were reduced (P < 0.05) in FMT group
relative to CV group.

Discussion
Gut harbors complex communities of microbiota comprising bacteria, fungi, archaea, and yeast, as well
as viruses, which perform critical functions in terms of immunity, nutrition, physiology, and metabolism
[24]. Destroy gut bacterial communities have been linked to a variety of health conditions [11, 25]. Hence,
de�ning the effects of gut microbiota on the host health is a bene�t for understanding the host-
microbiota interactions. It is well known that the gut microbiota of newborns is characterized by low
diversity and high instability [13]. Conversely, fecal samples from babies and mothers revealed that the
diversity of maternal gut microbiota higher than infants [14]. Increased microbial diversity has been
shown to bene�t meta bolic health [12]. Of note, maternal gut microbiota represents the most important
microbial source for the development of the neonatal microbiota [15]. Until now, information about the
maternal gut microbiota on the metabolic health of neonates is limited, and using a GF piglet model to
dissect the detailed effects is scarce. In the present study, we established the CV piglets from a natural
birth and FMT piglets which were germ-free piglets orally infused with healthy sow fecal suspension, and
aim to test the hypothesis that maternal gut microbiota transplantation may exert bene�cial impacts on
newborns.

Importantly, acting in peripheral tissues, adiponectin regulated lipid metabolism and in�uenced energy
expenditure [26]. The concentration of adiponectin in serum was reduced in individuals with obesity and
obesity-related diseases [27]. Of note, our results showed that transplanted with sow fecal microbiota
decreased the concentration of adiponectin in serum, and increased the content of lipid in liver of
newborn piglets. Correspondingly, we detected the concentration of ATP in liver of FMT group was greater
than CV group. Thus, these suggested that transplanted with maternal fecal microbiota might aggravate
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the fat deposition of newborns. Indeed, we observed the �nal body weight of FMT piglets were greater
than CV piglets (data unpublished). Moreover, the activity of CPT-1 in liver was decreased and the mRNA
expressions of FAS, ACC, and CD36 in liver were markedly upregulated in the FMT group. Notably, CPT-1
is the rate-limiting enzyme that determines fatty acid oxidation [28]. FAS is the pivotal enzyme that
catalyzes fatty acid synthesis [29]. ACC modulates fatty acids metabolism, and its product (e.g. malonyl-
CoA) serves as a building block for de novo fatty acid synthesis [30]. Meanwhile, CD36, the fatty acid
translocase, regulates the uptake of long-chain fatty acids into cells [31] and elevates expression of CD36
in various tissues result in lipid overload and lipotoxicity [32]. Similarly, in our study, the mRNA
abundances of FAS and LPL in longissimus dorsi of FMT group were higher than CV group. The function
of LPL catalyzes the hydrolysis of triglycerides residing in chylomicrons and providing free fatty acid for
tissue utilization [28]. Intriguingly, we also measured the mRNA expressions of CPT-1B, PNPLA2, and
PGC-1α in liver, PPKAA2 and PNPLA2 in longissimus dorsi were increased in FMT group. The PNPLA2
gene encodes adipose triglyceride lipase, which is the rate-limiting enzyme for the hydrolysis of
intracellular triglyceride [33]. The PGC-1α is measured as a vital regulator of fatty acid metabolism [34],
and demonstrated the protective role against hepatic steatosis [35]. Additionally, PGC-1α expression in
liver was a negative association with body fat [36, 37]. The PPKAA2 is one subunit of adenosine
monophosphate-activated protein kinase (AMPK), which is mainly distributed in liver and skeletal muscle
[38]. Increased activation of AMPK could promote fatty acid oxidation and reduce lipid deposition [39]. In
the present study, we observed the protein level of p-AMPK in liver tended to increase in FMT group, and
the ratio of p-AMPK/AMPK was markedly higher than CV group. Collectively, transplanted with sow fecal
microbiota might regulate the lipid anabolism and catabolism of newborns, and enhanced the lipid
accumulation in liver ultimately.

The liver acts as a central role in regulating blood glucose homeostasis by uptake of glucose in the
postprandial state and conversion to glycogen and triglyceride, and by the production of glucose in the
postabsorptive state through glycogenolysis and gluconeogenesis [40, 41]. It is well established that
insulin resistance and hepatic steatosis lead to compromised glycogen synthesis [42, 43]. Whereas
increased liver glycogen synthesis could improve glucose tolerance [44]. Moreover, our results showed
that transplanted with sow fecal microbiota decreased the concentrations of GLP-1 and insulin in serum.
As is known to us, GLP-1 could inhibit glucagon secretion and improve insulin sensitivity [45]. In addition,
the mRNA expression of GSK3 in liver was tended to upregulated in FMT group. GSK3 could inhibit
glycogen synthase activity by phosphorylating it, thereby reducing glycogen synthesis [46]. These
demonstrated that transplanted with sow gut microbiota might impair glucose control and decrease the
insulin sensitivity of newborn piglets. Veri�ably, our results observed the mRNA abundances of INSR,
INS1, and PIK3 in liver were increased in FMT group. Analogously, in the longissimus dorsi, the mRNA
abundance of INSR was stimulated and PI3K was tended to upregulate in FMT group. The insulin
receptor substrates bind to the activated insulin receptor, then are phosphorylated, thereby providing
docking sites for a multitude of signaling molecules (e.g. PIK3), essential for the diversi�cation and
regulation of insulin action, and hence for the tight modulation of the hepatic glucose [47].On the
contrary, transplanted with sow fecal microbiota also increased the mRNA abundances of GYS2, PCK1,
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and G6PC. The rate-limiting enzyme for glycogen synthesis is glycogen synthase (GS), in mammals, there
are two GS isoforms: muscle GS (encoded by GYS1), which is abundantly expressed in skeletal and
cardiac muscles, and the liver-restricted isoform (encoded by GYS2) [48]. Previous work indicated that
mice lacked GYS2 had a severe decrease in their ability to store glycogen in hepatocytes [48]. The two
rate-limiting enzymes known to act important roles in gluconeogenesis are phosphoenolpyruvate
carboxykinase (PCK) and glucose-6-phosphatase (G6Pase) [49, 50]. The G6PC catalyzes the hydrolysis of
glucose-6-phosphate to glucose and phosphate in the �nal step of gluconeogenesis [51]. In addition,
upregulated the mRNA expression of hepatic PCK1 reduced plasma glucose in mice [52]. However, in the
current study, the content of glycogen in liver was reduced in FMT group. Therefore, these indicated that
maternal gut microbiota could regulate glucose metabolism and decreased liver glycogen of newborns in
the piglet model.

In the present study, the GF newborn piglets were transplanted with the healthy Bama sow donor fecal
microbiota, while the microbiota diversity indices of Shannon and Chao1 in FMT piglets were
signi�cantly lower than CV piglets. The possible in�uence of the microbiota community on energy
harvest has been considered as the potential contribution to obesity [53]. A previous study indicated that
obese mice contained more Firmicutes and fewer Bacteroidetes in cecum than lean wild-type controls
[54]. Similar results also have been found in the fecal microbiota of humans who are obese [55]. However,
other human research demonstrated the opposite result [56], or no difference [57]. Indeed, our results
indicated that the fat deposition in liver of FMT piglets was markedly increased, while the abundance of
Bacteroidetes was upregulated compared to CV piglets. Moreover, in the present study, the abundances of
Bacteroides and Prevotella in FMT were greater than CV piglets, while increased levels of Bacteroides and
Prevotella were reported negatively correlated with energy intake and adiposity [58]. Additionally,
improved tolerance to glucose could be explained largely through the enrichment of the genus Prevotella
within the microbiota [59]. However, the content of glycogen in liver and insulin concentration in serum of
FMT piglets were lower than CV piglets. On the other hand, the Rumininococcaceae and Spirochaetes
were considered to degrade macromolecular polymers and improve the digestibility of the complex
components of dietary �ber [11, 60]. Unfortunately, the abundances of Rumininococcaceae and
Spirochaetes in FMT group were lower than CV group. Herein, these suggested that transplanted with
maternal gut microbiota might increase the risk of obesity in newborns by changing the microbial
community.

According to the preceding results of the present study, we have obtained that transplanted with maternal
gut microbiota signi�cantly affected the lipid and glucose metabolism in the piglet model. However, the
knowledge of the exact mode of action remains largely unknown. In the current study, metabolomic
based on UHPLC-Q-TOF/MS was performed to elucidate the underlying mechanism of transplanted with
maternal gut microbiota on lipid and glucose metabolism. It is well known that serum can be regarded as
a metabolic �ngerprint that provides a visual result of the metabolic events and reveals changes in
metabolic pathways under various nutritional or physiological conditions [61]. In the present study, PLS-
DA and OPLS-DA analyses demonstrated a clear separation of serum metabolites due to infused with
maternal fecal microbiota, suggesting marked differences in the metabolic pro�les. Besides, taken KEGG
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pathway analysis, we observed the metabolic pathway of bile secretion in piglets was apparently
affected by transplanted with sow fecal microbiota. Bile acids, produced by the microbiota from host
cholesterol, are the important metabolites with a profound impact on human health [62]. Moreover, they
serve as signaling molecules and bind to cellular receptors such as the bile-acid-synthesis controlling
nuclear receptor farnesoid X receptor (FXR) and G-protein-coupled bile acid receptor 1 (also known as
TGR5) [63]. Noteworthy, both FXR and TGR5 have been indicated in the regulation of glucose metabo lism
in mice, but FXR impairs, whereas TGR5 improves, glucose homeostasis [64, 65]. Compared to FXR,
which is activated by primary bile acids, TGR5 binds secondary bile acids such as deoxycholic acid
(produced from cholic acid) and lithocholic acid (produced from chenodeoxycholic acid). Intriguingly, in
the present study, the contents of deoxycholic acid and cholic acid were signi�cantly increased, while the
concentration of lithocholic acid was markedly decreased in FMT group. Notably, TGR5 signaling in
enteroendocrine L-cells promotes secretion of GLP-1, thereby enhancing liver and pancreatic function and
increasing glucose tolerance in obese mice [65]. In addition, activation of TGR5 in muscle and brown
adipose tissue induces energy expenditure and prevents diet-induced obesity [66]. On the other hand, the
concentration of choline in FMT group was apparently lower than CV group. Remarkably, choline was
signi�cant for lipid metabolism in the liver, reduced the levels of bio available choline were suggested to
trigger non-alcoholic fatty liver disease in mice [67]. Consequently, these might indicate that the
underlying mechanism of transplanted with sow fecal microbiota regulated piglet’s lipid and glucose
metabolism was through the metabolic pathway of bile secretion.

Conclusions
In summary, the present study indicated that transplanted with sow gut microbiota might aggravate the
fat deposition and undermine glucose control in newborn piglets. It is concluded that recolonize with
maternal gut microbiota might impair the metabolic health of newborns. This work also facilitated the
research of the interactions between microbiota and host and contributed to the studies of
human maternal gut microbiota transplanted to the germ-free piglet model.

Material And Methods
Preparation of fecal microbiota suspension

According to the standard for donor identi�cation and screening described previously [68], healthy
multiparous Bama sows (n = 6) without antibiotics and probiotics treated within three months were used
as fecal donors. The analysis of Actinobacillus pleuropneumoniae, Brucellosis, Helminths, Eimeria,
Coccidia, Serpulinhyodysen, porcine parvovirus, porcine epidemic diarrhea virus, and transmissible
gastroenteritis virus in feces of donor sows were negative (Xishan Biotechnology Inc. Suzhou China). The
fresh feces of sows were collected after 12 h fasting, and the sow fecal suspension was prepared
following Zeng et al. (2013) [69].

Experimental animals, design, and diets
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Six GF piglets were delivered by hysterectomy from a multiparous Bama sow (a native breed of China). At
112 days of gestation (full-term, 114 days), pregnant Bama sows were anesthetized with 4% iso�urane,
the uterus was excised from the anesthetized sow and was transferred into a sterile isolator (DOSSY
Experimental Animals Co., Ltd, Chengdu, China) through a tank including 120 L of 0.1% peracetic acid for
decontamination of the uterus. Then the piglets were taken from the uterus in the isolator and the six
neonatal piglets (gilts and boars in half) were transferred to three rearing isolators (Class Biologically
Clean Ltd., Madison, Wisconsin, USA). The isolator has a checkboard and piglets were fed separately. The
rearing isolators had been sterilized by spraying with 1% peracetic acid in advance and maintained in
sterile environments as described previously [19]. On the 7th day after birth, six GF piglets were orally
infused with healthy donor sow fecal suspension, and with 1 ml/piglet/day for three days. These piglets
were designated as FMT group and were hand-fed Co60-γ-irradiated sterile milk powder (Table S1) diluted
with sterile water (1:4) for 21 days. Another six piglets (gilts and boars in half) were generated by natural
birth from a multiparous Bama sow were regarded as CV group and reared by lactating Bama sows for
21 days, then transferred to and fed in single cage respectively. A corn-soybean feed formulated
according to NRC (2012) requirements and Chinese feeding standards for local piglets (2004) (Table S2)
was sterilized by Co60-γ-radiation and introduced to the CV and FMT piglets for another 21 days. In the
two 21-days periods, all piglets were allowed ad libitum access to water.

Sample collection

Before the piglets were euthanized, blood samples were obtained from anterior vena cava before
euthanized via iso�urane anesthesia on the 42th day of the experiment, centrifuged at 3,000 g for 15 min,
and stored at -80 °C for further analysis. The abdomen was opened immediately, and the digesta samples
in the proximal colon of CV and FMT piglets were collected and frozen at -80 °C until for bacterial
community measurement. This was followed by collecting the tissues of the liver and longissimus dorsi
and stored at -80 °C for further measurements.

Serum biochemical analyses

The concentrations of adiponectin, insulin, glucagon, glucagon-like peptide 1, and leptin in serum were
detected by commercial enzyme-linked immunosorbent assay (ELISA) kits from Chenglin Co. Ltd.
(Beijing, China) according to the manufacturer's instructions. The concentrations of total cholesterol (TC),
triglyceride (TG), high density lipoprotein-cholesterol (HDL-c), low density lipoprotein-cholesterol (LDL-c),
and glucose in serum were measured using commercial kits (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China) following with the manufacturer’s instructions. Each parameter was measured in
triplicate simultaneously on the same plate. And the differences among parallels must be small
(coe�cient of variation was less than 10%) to guarantee the reproducibility of repeated measurements.

Measurement of lipid and glycogen contents

The contents of lipid in liver and longissimus dorsi were measured by a Soxhlet extraction procedure
using petroleum ether as an extraction agent. The concentrations of glycogen in liver and longissimus
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dorsi were analyzed using the commercial kit (Nanjing Jiancheng Bioengineering Institute, Nanjing,
China) according to the manufacturer’s instructions.

Determination of enzyme activity

About 1000 mg frozen sample of liver and longissimus dorsi were homogenized in ice-cold saline
solution (1:9, wt/vol) and then centrifuged at 3,000×g for 15 min at 4℃. The supernatant was collected
for further analysis. The activities of carnitine palmitoyltransferase 1 (CPT-1), lipoprotein lipase (LPL),
hepatic lipase (HL), and malate dehydrogenase (MDH) in liver and longissimus dorsi were determined
using commercial kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) following with the
manufacturer’s instructions. The total protein content in liver and longissimus dorsi homogenates was
detected by Bradford brilliant blue method [70]. Each parameter was determined in triplicate
simultaneously on the same plate. And the differences among parallels must be small (coe�cient of
variation was less than 10%) to guarantee the reproducibility of repeated measurements.

Real-time quantitative PCR

Total RNA was isolated from frozen liver and longissimus dorsi, using Trizol reagent (TaKaRa) according
to the manufacturer’s instructions. The concentration and purity of the RNA were determined using a
NanoDrop ND-2000 Spectrophotometer (NanoDrop, Germany). Ratios of OD260:OD280 ranging from 1.8 to
2.0 in all samples were regarded as suitable for further analysis. The integrity of RNA was detected by
agarose gel electrophoresis and the 28S:18S ribosomal RNA band ratio was determined as ≥1.8. RNA
was reverse transcribed into cDNA using the PrimeScriptTM RT reagent kit (TaKaRa) according to the
manufacturer’s guidelines. Primers for the selected genes (Supplementary Table S3) were designed by
Primer 6 Software (PREMIER Biosoft International, Palo Alto, CA, USA) and synthesized commercially by
Sangon Biotech Limited (Shanghai, China). The Quantitative real-time PCR was performed on an ABI
Prism 7000 detection system in a two-step protocol with SYBR Green (Applied Biosystems, Foster City,
CA, USA). Each reaction was performed in a volume of with 1 μl of cDNA, 5 μl of SYBR Premix Ex Taq TM
(2×), 0.2 μl of ROX reference dye (50×), 0.4 μl of each forward and reverse primer, and 3 μl of PCR-grade
water. The PCR conditions were as follows: initial denaturation at 95 °C for 30 s, followed by 40 cycles of
denaturation at 95 °C for 10 s, annealing at 60 °C for 25 s, and a 72 °C extension step for 5 min. A melting
curve analysis was generated following each Quantitative real-time PCR assay to verify the speci�city of
the reactions. The housekeeping gene β-actin was chosen as the reference gene to normalize mRNA
expression of target genes. Gene expression data of replicate samples was calculated using the 2–ΔΔCT

method [71]. The relative expression of target genes in the CV group was set to be 1.0. Each sample was
measured in triplicate.

Analysis of adenosine

The sample of liver or longissimus dorsi (100 mg) was homogenized with 5 mL of 0.4 M perchloric acid
at 0 ℃ for 1 min, and with ultrasonic treatment for 30 min. Then, the mixture was centrifuged at 3,000 g
for 10 min. and the supernatant immediately neutralized to pH 6.5 with 50 mM monopotassium
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phosphate. After that, monopotassium phosphate was removed by �ltration through the sintered glass
and stored at -80 ℃ for subsequent analysis. The high-performance liquid chromatography (HPLC,
U3000, Thermo Fisher Scienti�c, USA) was used to determine the concentrations of adenosine
triphosphate (ATP), adenosine diphosphate (ADP), and adenosine monophosphate (AMP) in liver and
longissimus dorsi [72].

Determination of protein levels by western blot

The antibodies against β-actin, GPR43, p-AMPK, AMPK, GSK3-α, CPT-1B, and ACC were obtained from Cell
Signaling Technology (Davers, MA), Abcam (Cambridge, MA, USA), and Santa Cruz Biotechnology Inc.
(Santa Cruz, CA, USA), respectively. Protein levels for the β-actin, GPR43, p-AMPK, AMPK, GSK3-α, CPT-1B,
and ACC in the liver were measured by western blot analysis according to the instructions described by
Suryawan et al. (2001) [73].

Determination of bacterial community and data analysis

The total DNA of each digesta sample was isolated using the QIAamp stool DNA Mini kit (QIAGEN,
Valencia, CA, USA). The concentration and purity of genomic DNA were detected by NanoDrop ND-2000
Spectrophotometer (NanoDrop, Hilden, Germany). The integrity of genomic DNA was measured using
electrophoresis on 1% agarose gels. Sequencing was determined by the Novogene Bioinformatics
Technology Co. Ltd. (Beijing, China). DNA library was generated before high-throughput sequencing as
previously reported [74]. The library was sequenced on the Illumina HiSeq platform and using a 250-bp
paired-end reads strategy. The resulting sequences were clustered into operational taxonomic units
(OTUs) using USEARCH drive at 97% sequence similarity, and a representative sequence was selected.
The relative abundance of each OTU was examined at different taxonomic levels. Species annotation of
OTU representative sequences was identi�ed with the RDP Classi�er method and Green Gene database.
The populations of the bacterial community in colonic digesta of weaned piglets at the phyla, class, order,
family, and genera levels, and the Alpha diversity index of Chao1 and Shannon were measured by the
method of Kruskal–Wallis. The abundances of bacteria at the phylum, class, order, and family levels were
shown as bar plots. The Beta diversity included principal co-ordinates analysis (PCoA) and non-metric
multidimensional scaling (NMDS), and the plots were produced by Euclidean distances and Bray-Curtis
distances respectively. The plots were visualized using R software (Package ape).

Ultrahigh-performance liquid chromatography equipped with quadrupole time of-�ight mass spectrometry
(UHPLC-Q-TOF/MS) analysis and data analysis

The UHPLC-Q-TOF/MS analysis was performed with an Agilent 1290 UHPLC system (Agilent, Palo Alto,
USA) and combined with a Q-TOF mass spectrometer (ESI/Triple TOF 5600; AB Sciex, Concord, Canada)
were used to measure the serum metabolites. For the serum samples, the pretreatment, extraction, and
identi�cation were according to the procedure described by Hu et al. (2019) [75]. The raw data (whiff scan
�les) were converted into mzXML format using ProteoWizard [76] and were imported to the XCMS
software for peak matching, retention time alignment, and peak area extraction [77]. Metabolite structure
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identi�cation was performed by comparing the accuracy of m/z values (< 25 ppm), and MS/MS spectra
were interpreted with an in-house database (Shanghai Applied Protein Technology Co. Ltd, China)
established with authentic standards. For the XCM data, the ion peaks that were missing values greater
than 50% in the group were �ltered and excluded and data were normalized to total peak intensity. Then,
statistical analyses were performed using SIMCA-P software (version 14.1, Umetrics, Umea, Sweden),
where could subjected to multivariate data analysis, including partial least squares discriminant analysis
(PLS-DA) and orthogonal partial least squares discriminant analysis (OPLS-DA), which were carried out to
uncover and extract the statistically signi�cant metabolite variations. The PLS-DA and OPLS-DA models
were validated based on multiple correlation coe�cient (R2) and cross-validated (Q2) in cross-validation
and permutation test by applying 2000 iterations [78]. The R2 value in the permutated plot described how
well the data �t the derived model, whereas the Q2 value described the predictive ability of the constructed
model and was a measure of model quality [79]. The signi�cance of the biomarkers was ranked using the
variable importance in the projection (VIP) score (>1) from the OPLS-DA model. Metabolites with the
highest VIP score are the most powerful group discriminators, VIP score > 1 are signi�cant [80]. The
procedure of metabolites identi�cation and pathway analysis was according to Wang et al. (2017) [78].
Metabolites with a VIP score >1 was further analyzed by the Student’s t-test at the univariate level to
measure the signi�cance of each metabolite. The univariate data analysis also included a fold-change
analysis.

Statistical analysis

All data were analyzed in SAS 9.2 (SAS Institute, Inc., Cary, NC, USA) and analyzed using Student’s t-test,
and were presented as means ± SEMs. P < 0.05 was considered to be statistically signi�cant, and
tendency was declared with 0.05 < P < 0.10.
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Tables
Table 1 Effects of maternal gut microbiota transplantation on the serum indicator of newborns in a piglet
model1
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Variable CV FMT P-value

TC, mmol/L 2.00 ± 0.18 1.92 ± 0.1 0.68

TG, mmol/L 0.51 ± 0.05 0.39 ± 0.04 0.08

HDL, mmol/L 0.78 ± 0.06 0.89 ± 0.06 0.24

LDL, mmol/L 0.99 ± 0.12 1.12 ± 0.06 0.36

Glucose, mmol/L 5.32 ± 0.53 5.38 ± 0.22 0.91

Adiponectin, ug/L 81.51 ± 2.06 a 68.24 ± 2.28 b <0.01

Glucagon, pg/ml 27.36 ± 0.75 26.54 ± 0.97 0.52

GLP-1, pmol/L 2.61 ± 0.08 a 2.16 ± 0.04 b <0.01

Insulin, mIU/L 10.78 ± 0.35 a 8.98 ± 0.48 b 0.01

Leptin, ng/L 1351.69 ± 29.59 1302.30 ± 25.54 0.23

1 Values are means ± SEMs, n = 6/group.

CV, Conventional pigs; FMT, healthy sow fecal microbiota were transplanted into newborn germ-free pigs;
TC, total cholesterol; TG, triglyceride; HDL-c, high density lipoprotein-cholesterol; LDL-c, low density
lipoprotein-cholesterol; GLP-1, Glucagon like peptide 1.

a, b Labeled means with different superscripts within a row are signi�cantly different at P < 0.05.

Table 2 Effects of maternal gut microbiota transplantation on the lipid and glycogen contents, and
enzymatic activities associated with lipids metabolism in liver and longissimus dorsi of newborns in a
piglet model1
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Variable CV FMT P-value

Liver      

Lipid content, % 3.20 ± 0.25 b 4.20 ± 0.27 a 0.02

Glycogen (mg/g) 28.81 ± 4.76 a 14.29 ± 2.78 b 0.02

CPT-1 (ng/L) 233.91 ± 9.82 a 193.25 ± 11.61 b 0.02

LPL (U/mgprot) 0.82 ± 0.09 0.70 ± 0.04 0.26

HL (U/mgprot) 0.68 ± 0.08 0.72 ± 0.04 0.71

MDH (U/mgprot) 36.79 ± 1.52 39.09 ± 1.73 0.34

Longissimus dorsi      

Lipid content, % 3.63 ± 0.37 4.01 ± 0.18 0.38

Glycogen (mg/g) 9.31 ± 1.21 8.12 ± 1.50 0.55

CPT-1 (ng/L) 204.18 ± 6.26 207.16 ± 4.73 0.71

LPL (U/mgprot) 0.54 ± 0.06 0.56 ± 0.05 0.84

HL (U/mgprot) 0.47 ± 0.03 0.76 ± 0.20 0.19

MDH (U/mgprot) 5.36 ± 0.39 4.97 ± 0.45 0.53

1 Values are means ± SEMs, n = 6/group.

CV, Conventional pigs; FMT, healthy sow fecal microbiota were transplanted into newborn germ-free pigs;
CPT-1, carnitine palmitoyltransferase 1, LPL, lipoprotein lipase; HL, hepatic lipase; MDH, malate
dehydrogenase.

a, b Labeled means with different superscripts within a row are signi�cantly different at P < 0.05.

Table 3 Effects of maternal gut microbiota transplantation on the mRNA abundances for key factors
associated with lipid metabolism in liver and longissimus dorsi of newborns in a piglet model1
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Variable CV FMT P-value

Liver      

ACC 1.00 ± 0.20 b 1.64 ± 0.14 a 0.02

FAS 1.00 ± 0.13 b 2.96 ± 0.65 a 0.01

CD36 1.00 ± 0.1 b 1.47 ± 0.13 a 0.02

LPL 1.00 ± 0.45 1.14 ± 0.52 0.84

SREBP-1C 1.00 ± 0.25 1.06 ± 0.22 0.87

PPKAA1 1.00 ± 0.14 1.26 ± 0.19 0.30

PPKAA2 1.00 ± 0.16 1.39 ± 0.12 0.08

CPT-1B 1.00 ± 0.12 b 2.05 ± 0.65 a <0.01

PNPLA2 1.00 ± 0.16 b 2.34 ± 0.27 a <0.01

PGC-1α 1.00 ± 0.23 b 4.01 ± 0.43 a <0.01

Longissimus dorsi      

ACC 1.00 ± 0.05 1.26 ± 0.17 0.17

FAS 1.00 ± 0.04 b 2.52 ± 0.48 a 0.01

CD36 1.00 ± 0.13 1.07 ± 0.09 0.68

LPL 1.00 ± 0.10 b 1.90 ± 0.23 a <0.01

SREBP-1C 1.00 ± 0.06 0.92 ± 0.18 0.69

PPKAA1 1.00 ± 0.11 1.15 ± 0.10 0.37

PPKAA2 1.00 ± 0.12 b 1.66 ± 0.16 a <0.01

CPT-1B 1.00 ± 0.10 0.89 ± 0.05 0.36

PNPLA2 1.00 ± 0.11 b 1.53 ± 0.18 a 0.03

PGC-1α 1.00 ± 0.13 0.94 ± 0.12 0.66

1 Values are means ± SEMs, n = 6/group.

CV, Conventional pigs; FMT, healthy sow fecal microbiota were transplanted into newborn germ-free pigs;
ACC, acetyl-CoA carboxylase; FAS, fatty acid synthase; CD36, atty acid transporter CD36; LPL, lipoprotein
lipase; SREBP-1C, sterol regulatory element binding protein 1C; PRKAA1, AMP activated alpha 1; PRKAA2,
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AMP activated alpha 2; CPT-1B, carnitine palmitoyltransferase 1 B; PNPLA2, adipose triglyceride lipase;
PGC-1α, peroxisome proliferator-activated receptor gamma coactivator-1α.

a, b Labeled means with different superscripts within a row are signi�cantly different at P < 0.05.

Table 4 Effects of maternal gut microbiota transplantation on the mRNA abundances for key factors
associated with glucose metabolism in liver and longissimus dorsi of newborns in a piglet model1

Variable CV FMT P-value

Liver      

INSR 1.00 ± 0.09 b 1.77 ± 0.16 a <0.01

INS1 1.00 ± 0.15 b 2.04 ± 0.32 a 0.02

PIK3 1.00 ± 0.16 b 1.84 ± 0.19 a <0.01

SLC2a 1.00 ± 0.11 1.44 ± 0.22 0.12

GSK3 1.00 ± 0.10 1.39 ± 0.16 0.07

GYS2 1.00 ± 0.23 b 3.20 ± 0.46 a <0.01

PCK1 1.00 ± 0.55 b 8.67 ± 1.44 a <0.01

G6PC 1.00 ± 0.46 b 6.94 ± 1.81 a 0.01

Longissimus dorsi      

INSR 1.00 ± 0.04 b 1.38 ± 0.12 a 0.02

INS1 1.00 ± 0.14 1.10 ± 0.09 0.56

PIK3 1.00 ± 0.12 1.37 ± 0.11 0.06

SLC2a 1.00 ± 0.08 0.92 ± 0.11 0.57

GSK3 1.00 ± 0.10 1.07 ± 0.10 0.67

GYS2 1.00 ± 0.44 0.86 ± 0.17 0.77

PCK1 1.00 ± 0.33 1.26 ± 0.19 0.52

1 Values are means ± SEMs, n = 6/group.

CV, Conventional pigs; FMT, healthy sow fecal microbiota were transplanted into newborn germ-free pigs;
INSR, insulin receptor; IRS1, insulin receptor substrate 1; PIK3, phosphatidylinositol 3-kinase catalytic
subunit type 3; SLC-2α, solute carrier family 2 member; G6PC, glucose-6-phosphatase; PCK 1,
phosphoenolpyruvate carboxykinase 1; GSK 3, glycogen synthase kinase 3; GYS2, glycogen synthase 2.
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a, b Labeled means with different superscripts within a row are signi�cantly different at P < 0.05.

Table 5 Effects of maternal gut microbiota transplantation on the concentrations of adenosine in liver
and longissimus dorsi of newborns in a piglet model1

Variable CV FMT P-value

Liver      

ATP (ug/g) 19.91 ± 0.61 b 48.10 ± 1.22 a <0.01

ADP (ug/g) 2169.6 ± 68.27 a 976.3 ± 30.72 b <0.01

AMP (ug/g) 142.3 ± 9.23 a 79.71 ± 5.17 b <0.01

AMP/ATP 7.17 ± 0.49 a 1.65 ± 0.09 b <0.01

Longissimus dorsi      

ATP (ug/g) 280.0 ± 42.55 a 167.8 ± 14.31 b 0.03

ADP (ug/g) 547.6 ± 98.67 a 190.0 ± 10.65 b <0.01

AMP (ug/g) 145.5 ± 19.57 a 82.53 ± 7.41 b 0.02

AMP/ATP 0.53 ± 0.02 0.59 ± 0.08 0.68

1 Values are means ± SEMs, n = 6/group.

CV, Conventional pigs; FMT, healthy sow fecal microbiota were transplanted into newborn germ-free pigs;
ATP, adenosine triphosphate; ADP, adenosine diphosphate; AMP, adenosine monophosphate.

a, b Labeled means with different superscripts within a row are signi�cantly different at P < 0.05.

Figures
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Figure 1

Effect of maternal gut microbiota transplantation on the protein levels of GPR43, p-AMPK, T-AMPK, CPT-
1B, GSK3-α, ACC in liver of newborns in a piglet model. CV, Conventional pigs; FMT, healthy sow fecal
microbiota were transplanted into newborn germ-free pigs; ACC, acetyl-CoA carboxylase; CPT-1B, carnitine
palmitoyltransferase 1 B; p-AMPK, phosphorylated adenosine monophosphate-activated protein kinase;
AMPK, adenosine monophosphate-activated protein kinase; GPR43, G-protein-coupled receptors 43.
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microbiota were transplanted into newborn germ-free pigs; ACC, acetyl-CoA carboxylase; CPT-1B, carnitine
palmitoyltransferase 1 B; p-AMPK, phosphorylated adenosine monophosphate-activated protein kinase;
AMPK, adenosine monophosphate-activated protein kinase; GPR43, G-protein-coupled receptors 43.

Figure 2

16S rRNA gene analysis reveals phyla, order and genus level differences in colonic microbiota of FMT
and CV pigs. Relative abundance levels of the bacterial phyla present in FMT and CV pigs (A). Relative
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abundance levels of the bacterial genus present in FMT and CV pigs (B). CV, Conventional pigs; FMT,
healthy sow fecal microbiota were transplanted into newborn germ-free pigs.

Figure 2

16S rRNA gene analysis reveals phyla, order and genus level differences in colonic microbiota of FMT
and CV pigs. Relative abundance levels of the bacterial phyla present in FMT and CV pigs (A). Relative
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abundance levels of the bacterial genus present in FMT and CV pigs (B). CV, Conventional pigs; FMT,
healthy sow fecal microbiota were transplanted into newborn germ-free pigs.

Figure 3

Alpha diversity index of colonic micro�ora in FMT and CV pigs. The Shannon index (A) and Chao1 index
(B) of colonic micro�ora in FMT and CV pigs. CV, Conventional pigs; FMT, healthy sow fecal microbiota
were transplanted into newborn germ-free pigs.
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Figure 3

Alpha diversity index of colonic micro�ora in FMT and CV pigs. The Shannon index (A) and Chao1 index
(B) of colonic micro�ora in FMT and CV pigs. CV, Conventional pigs; FMT, healthy sow fecal microbiota
were transplanted into newborn germ-free pigs.
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Figure 4

Principal co-ordinates analysis to visualize the Euclidean distances (A) and Non-metric multi-dimensional
scaling analysis to visualize the Bray-Curtis distances (B) of colonic micro�ora in FMT and CV pigs. CV,
Conventional pigs; FMT, healthy sow fecal microbiota were transplanted into newborn germ-free pigs.
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Figure 4

Principal co-ordinates analysis to visualize the Euclidean distances (A) and Non-metric multi-dimensional
scaling analysis to visualize the Bray-Curtis distances (B) of colonic micro�ora in FMT and CV pigs. CV,
Conventional pigs; FMT, healthy sow fecal microbiota were transplanted into newborn germ-free pigs.
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Figure 5

PLS-DA score map derived from UHPLC-Q-TOF/MS spectra concerning FMT (blue rotundities) and CV
(green squares) serum of pigs in the positive mode (R2X = 0.336, R2Y = 0.99, Q2 = 0.782; (A)) and
negative mode (R2X = 0.477, R2Y = 0.994, Q2 = 0.936; (B)). PLS-DA, Partial least squares discriminant;
CV, Conventional pigs; FMT, healthy sow fecal microbiota were transplanted into newborn germ-free pigs.
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Figure 6

OPLS-DA score map derived from UHPLC-Q-TOF/MS spectra concerning GF (blue circles) and FA (green
squares) serum of pigs in the positive mode (R2X = 0.336, R2Y = 0.99, Q2 = 0.824; (A)) and negative
mode (R2X = 0.477, R2Y = 0.994, Q2 = 0.915; (B)) OPLS-DA, orthogonal partial least-squares discriminant.
CV, Conventional pigs; FMT, healthy sow fecal microbiota were transplanted into newborn germ-free pigs.
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Figure 7

Hierarchical clustering heat map of signi�cantly different metabolites from serum of pig in the positive
mode (A) and negative mode (B). Metabolites peak area were Z score transformed. Warm color and cold
color indicate increased and decreased expression of the metabolites, respectively. CV, Conventional pigs;
FMT, healthy sow fecal microbiota were transplanted into newborn germ-free pigs.



Page 35/38

Figure 7

Hierarchical clustering heat map of signi�cantly different metabolites from serum of pig in the positive
mode (A) and negative mode (B). Metabolites peak area were Z score transformed. Warm color and cold
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Figure 8

Topology analysis of metabolic pathways identified between GF and FA pigs. The X-axis represents the
rich factor, and the Y-axis represents the pathway. Larger sizes and darker colors represent greater
pathway enrichment and higher pathway impact values, respectively. CV, Conventional pigs; FMT, healthy
sow fecal microbiota were transplanted into newborn germ-free pigs.
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