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The offspring of super-multiparous sows face problems such as decreased growth performance, poor
meat quality and even diseases in animal husbandry. Gama-aminobutyric acid (GABA) has long been
known to promote growth and suppress inflammation, but little is known about the mechanisms. A total
of 72 growing-finishing pigs from the 8th generation were randomly allotted to 2 groups with 6 repli-
cates per treatment to receive a cornesoybean basal diet or the basal diet supplemented 20 mg/kg GABA
for 60 d. After the animal-trial period, samples of serum and liver were collected for further analysis.
Additionally, a lipopolysaccharide (LPS)-induced inflammatory model using HepG2 cells was established
to explore the role of GABA on regulating hepatic inflammation. The results indicated that inflammatory
cell infiltration occurs in the liver of progeny of super-multiparous sows, and dietary supplementation
with GABA influenced liver morphology, increased activities of antioxidant enzymes and decreased the
expression abundance of pro-inflammatory cytokines, including tumor necrosis factor-a (TNFa) and
interleukin (IL)-1b, in the liver of growing-finishing pigs (P < 0.05). In addition, GABA supplementation
increased mRNA expressions of peroxisome proliferator-activated receptor g (PPARg) and GABA receptors
(GABARs), and reduced the expression of toll-like receptor 4 (TLR4)/nuclear factor-kB (NF-kB) signaling
(P < 0.05). Additionally, an in vitro experiment demonstrated that GABA decreased the expressions of
hepatic TLR4/NF-kB signaling via activating GABARs under LPS-stress (P < 0.05). In summary, liver injury
may affect the growth performance of growing-finishing pigs by changing hepatic mitochondrial
metabolism, the expression of pro-inflammatory cytokines and TLR4/NF-kB pathway and that GABA
supplementation has a restorative effect by acting on GABARs.

© 2022 Chinese Association of Animal Science and Veterinary Medicine. 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

The health of growing-finishing pigs is important for
improving productivity and hence attaining economic benefits;
the best performance of the sows usually came from 2 to 4
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parities. However, in order to improve the utilization rate of sows
and reduce production costs, the service life of sows will be
extended to 8 to 9 parities during production. The offspring of
super-multiparous sows are prone to problems such as decreased
growth performance, are susceptible to disease and face elimi-
nation from breeding production. The gestating sow parity has
been reported to affect growth performance of offspring
throughout its productive life, resulting in important differences
by the time pigs reach market weight (Pineiro et al., 2019). There
are many factors contributing to this result, that may be related to
chronic exposure to antigens, the genetic effects of mutations in
mitochondrial DNA (Zhang et al., 2019a), or changes in environ-
mental conditions. In this study, chronic inflammation was
observed in the liver of progeny bred by super-multiparous sows.
However, data on production traits of growing-finishing pigs of
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super-multiparous sows is extremely scarce and the mechanism
of poor body condition of growing-finishing pigs generated by
sows with higher parity is still unclear.

Nutrition is a basic need for growth and plays an important role
in the metabolic regulation of the body. More recently, the effects
of nutrients on immune regulation or disease prevention have
been recorded and are gradually becoming more valued. As an
amino acid with neuro-inhibitory effects, g-aminobutyric acid
(GABA) has great effect on the mammalian central nervous system
(Sarkar et al., 2016; Bi et al., 2020). GABA is released by GABAergic
interneurons to suppress neuronal activities through acting on
GABA receptors (GABARs) at presynaptic terminals, or acting on
postsynaptic GABARs in neurons (Yan et al., 2015). Therefore,
there is a theoretical basis that GABA regulates food intake. In
animal husbandry, GABA is usually used to promote the growth
performance of animals. Several studies have reported that di-
etary GABA has beneficial effects on promoting daily gain or food
intake of weaned piglets (Chen et al., 2019), lambs (Wang et al.,
2015) and cows (Wang et al., 2013). Supplementation with GABA
can improve antioxidant status of growing-finishing pigs under
transportation stress conditions (Bi et al., 2020). Similarly, dietary
supplementation with GABA could increase the antioxidant ac-
tivity of heat-stressed hens (Zhang et al., 2012) and transition
dairy cows (Wang et al., 2013). Other studies have demonstrated
that GABA has benefits in reversing the inflammatory response
(Dias et al., 2014; Hwang et al., 2019). A synthetic analogue of
GABA was also reported to play roles in anti-inflammation and
anti-oxidant in mice (Dias et al., 2014). Mice pretreated with GABA
could prevent abnormal immune reactivity (Feng et al., 2017).
Those studies suggest that GABA signal has a potential therapeutic
role in protecting from inflammatory injury and improving
growth performance of animals under stress. However, the mo-
lecular mechanism of GABA induced growth performance
improvement in animals is unclear.

In the previous study, we observed the growth performance,
antioxidant function, immune function and many other indices of
growing-finishing pigs generated by super-multiparous sows (un-
published), and found the progeny of super-multiparous sows have
lipopolysaccharide (LPS)-induced chronic inflammation especially
in liver and the activation of toll-like receptor 4 (TLR4)/nuclear
factor-kB (NF-kB) pathway. Thus, we hypothesize that GABA can
improve the growth performance of growing-finishing pigs un-
dergoing multiple-generation stress via alleviating the inflamma-
tory response. Therefore, the objective of this study was to estimate
that whether dietary GABA supplementation has beneficial effects
on growth performance, antioxidant indices, tissue morphology
and the abundance of inflammatory signaling in the liver of
growing-finishing pigs, and to explore whether the regulation of
GABA on TLR4/NF-kB is mediated by GABA receptors in vitro.

2. Materials and methods

2.1. Animal ethics

All animal procedures were approved by the Animal Care and
Use Committee of China Agricultural University and performed in
strict accordancewith the National Research Council's Guide for the
Care and Use of Laboratory Animals.

2.2. Animal experiment and cell culture

A total of 72 crossbred Duroc � Landrace � Large White
growing-finishing pigs (72.9 ± 6.75 kg) from the 8th generation
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were chosen and randomly allotted to 1 of 2 treatments. Pigs
were fed a cornesoybean meal basal diet (as control; Control) or
the basal diet supplemented with 20 mg GABA/kg of diet (as
treatment; GABA), with 6 replicates of 6 pigs per pen based on
body weight. The experiment was carried out in Feng Ning
Swine Research Unit of China Agricultural University (Acade-
mician Workstation in Chengdejiuyun Agricultural and livestock
Co., Ltd) and lasted 60 d. The feed-grade GABA product was
supplied by a commercial company (Sanway Biotech Co., LTD,
Shanghai, China). The cornesoybean meal basal diet was
formulated without any additives according to the National
Research Council (2012) for growing-finishing pigs (Table 1). All
pigs had free access to feed and water during the experiment. At
the end of the feed trial, the average daily gain (ADG) was
calculated by weighing, and diet disappearance was determined
to calculate the average daily feed intake (ADFI) and feed-to-
gain ratio (F:G).

Human hepatocellular carcinoma cell line (HepG2, HB-8065,
ATCC, USA) was selected as the model for studying liver inflam-
mation. Cells were prepared according to the instructions of the
manufacturer and incubated in DMEM supplemented with 10%
fetal bovine serum, at 37 �C in a humidified 5% CO2 atmosphere
until confluence and passaged at regular intervals. 10 h before
experimentation, the medium was replaced with serum-free me-
dium to eliminate non-specific cell cycle effects by serum proteins.
Next, HepG2 cells were subjected to inflammatory treatments
during the logarithmic phase. We firstly used different LPS con-
centrations (0, 0.5, 1.0, 2.0 mg/mL) to pick out an optimum con-
centration as the condition to establish hepatic inflammation
model of HepG2 cell. On the basis of hepatic inflammation model,
we further set the concentration gradient of GABA (0, 0.5, 1.0,
2.0 mmol/L) to screen the lowest GABA concentration that allevi-
ates LPS-induced hepatitis. Besides, HepG2 cells were treated by
CGP52432 (a GABAR inhibitor) and acamprosate calcium (Campral
EC; a GABAR agonist) to explore the effect of GABA on TLR4/NF-kB
pathway.

2.3. Histological examination of liver morphology

After the trial period, pigs were slaughtered in accordance with
routine procedure (shock stunning followed by exsanguination).
Samples of liver were dehydrated with xylene and ethanol, and
then paraffin embedded. Embedded blocks were sectioned into
3 mm thick slices for hematoxylin and eosin (H&E) staining. The
nucleus was stained with hematoxylin and cytoplasm with eosin.
An optical microscope (Olympus CX53) was used to observe tissue
morphology.

2.4. Determination of inflammatory biomarkers and antioxidant
indices

The concentration of malondialdehyde (MDA) (#A003-1) and
activities of alanine aminotransferase (ALT) (#C009-2-1), aspar-
tate aminotransferase (AST) (#C010-2-1), superoxide dismutase
(SOD) (#A001-3), glutathione peroxidase (GSH-Px) (#A005-1)
and catalase (CAT) (#A007-1) in serum and liver were analyzed
using commercial assay kits (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China) and the results were expressed as units
per milliliter or per milligram of protein. Total protein concen-
trations in the supernatants of liver homogenates were measured
using a BCA Protein Assay kit (Thermo Scientific, Rockford, IL). All
procedures were carried out according to the manufacturers'
instructions.



Table 1
Analyzed chemical composition and ingredients of the basal diet (as-fed basis, %).

Item Initial period (50 to 80 kg) Later period (80 to100 kg)

Analyzed chemical composition
Gross energy, MJ/kg 89.5 90.2
Crude protein 15.9 12.1
Ash 4.1 4.0
Organic matter 84.2 83.9
Calcium 0.64 0.60
Total phosphorus 0.56 0.51
Digestible phosphorus 0.27 0.24

Ingredients
Corn 77.2 82.3
Soybean meal 20 15
CaHPO4 0.65 0.57
Stone powder 0.85 0.80
NaCl 0.35 0.35
Premix1 0.50 0.50
L-Lysine hydrochloride 0.30 0.30
DL-Methionine 0.03 0.03
L-Threonine 0.06 0.06
L-Tryptophan 0.04 0.03
L-Valine 0.02 0.02
Total 100 100

1 Premix (antibiotic-free) provided the following vitamins and minerals per kilogram of the complete diet for growing-finishing pigs:
vitamin A 15,000 IU, vitamin D3 3,000 mg, vitamin E 40 mg, vitamin K 2 mg, niacin 32 mg, pantothenic acid 16 mg, folic acid 1.6 mg, vitamin
B12 0.2 mg, choline chloride 1,000 mg, Fe 100 mg, Cu 8 mg, Mn 30 mg, Zn 100 mg, Se 0.3 mg, I 0.5 mg.
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2.5. Quantitative real-time PCR assay

Total RNA from both liver and HepG2 cell were extracted using
the Trizol reagent (Life Technologies, Carlsbad, CA) according to the
manufacturer's instructions. Both the quality and integrity of total
RNA were assessed by electrophoresis on 1% agarose gel, and the
concentration of RNA products was determined using a NanoDrop
Spectrophotometer (NanoDrop 1000; Thermo Fisher). A total of
0.5 mg RNAwas used to synthesis cDNA using the reagent kit (Prime
Script RT reagent Kit with gDNA Eraser). The reaction system was
42 �C for 20 min, followed by inactivating at 85 �C for 5 s. The
quantitative real-time PCR reactions were conducted on a Light
Cycler 96 real-time PCR system (Roche, Basel, Switzerland) using
Real-time PCR Super Mix (SYBRGreen, with anti-Taq) (Mei5
Biotechnology, Co., Ltd, Beijing, CHN). The primer sequences of
TLR4, NF-kB, tumor necrosis factor-a (TNFa), interleukin (IL)-1b, IL-
6, IL-10, peroxisome proliferator-activated receptor g (PPARg),
peroxisome proliferator-activated receptor gamma coactivator-1 a
(PGC-1a), type A1 GABA receptor (GABrA1), GABrB1, GABrB2, GABrD,
GABrQ, GABBR1 and b-actin used in the study were listed in Table 2.
The procedure of PCR is described as follows: denaturation at 95 �C
for 2 min followed by 40 cycles of 95 �C for 60 s, 60 �C for 30 s, and
72 �C for 30 s. Each gene was performed in duplicate and b-actin
was used as the reference gene to normalize the expression level of
the targeted gene using the 2�△△CT method (Livak and
Schmittgen, 2001).
2.6. Western blot analysis

Frozen liver (100 mg) was powdered in liquid nitrogen and
lysed in 1.0 mL of ice-cold RIPA lysis buffer (Beyotime Institute
of Biotechnology, CHN) and a Halt protease inhibitor cocktail
(Thermo Fisher Scientific, US). The homogenates were centri-
fuged at 14,000 � g for 10 min at 4 �C, and the supernatant
was collected. Total protein concentration was determined us-
ing a BCA Protein Assay kit (Thermo Fisher Scientific, US).
Protein extracts (30 mg) from each sample were then loaded
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onto 10% SDS-PAGE gels, and the separated proteins were
transferred onto nitrocellulose membranes (Merck-Millipore,
US). After the transfer, membranes were blocked for 1 h at
room temperature in blocking buffer with 5% skimmed milk,
and then incubated overnight at 4 �C with the following pri-
mary antibodies from Cell Signaling Technology: TLR4 (1:1,000,
#14358), NF-kB p65 (1:1,000, #8242), phospho-NF-kB p65
(1:1,000, #3033) and b-actin (1:1,000, #8457). After 3 washes
for 10 min each with Tris-buffered saline containing Tween,
membranes were incubated with anti-rabbit IgG (H þ L)
DyLight 800 4� PEG conjugated secondary antibodies (1:5,000,
#5151) for 1 h at room temperature. After three washes for
10 min each, the signals were recorded by an infrared fluo-
rescence scanner (Odyssey) and were analyzed with Image J
(National Institutes of Health, MD). Beta-actin protein was used
to normalize the expression levels of the targeted proteins, and
the average expression of proteins in the Control was used as a
calibrator.

2.7. Statistical analyses

The data in Tables and Figs. 1e3 were analyzed by the two-
tailed unpaired Student's t-test, and the data in Figs. 4e6 were
analyzed by one-way analysis of variance (ANOVA) using SAS 9.2
(SAS Institute, Cary, NC), and expressed as mean values and
standard errors. Each replicate served as the experimental unit.
Differences in means among treatments were tested by the least
significant difference method. P < 0.05 was considered statisti-
cally significant. GraphPad Prism 7.04 software was used to create
the artwork.

3. Results

3.1. GABA improved growth performance of growing-finishing pigs

The effects of GABA on the growth performance of multi-
generation growing-finishing pigs were shown in Table 3. At



Table 2
Primer sequences for real-time PCR amplification.

Genes GenBank ID Primer sequences (5�to 3�)

pig-b-actin XM_005671704.2 Forward TCTGGCACCACACCTTCT
Reverse TGATCTGGGTCATCTTCTCAC

pig-PGC-1a NM_213963.2 Forward GTCCTTCCTCCATGCCTGAC
Reverse TGGTTTGCATGGTTCTGGGT

pig-PPARg NM_214379.1 Forward ATTCCCGAGAGCTGATCCAA
Reverse TGGAACCCCGAGGCTTTAT

pig-TLR4 NM_001113039.2 Forward CTCCAGCTTTCCAGAACTGC
Reverse AGGTTTGTCTCAACGGCAAC

pig-NF-kB NM_001048232.1 Forward CTCGCACAAGGAGACATGAA
Reverse ACTCAGCCGGAAGGCATTAT

pig-TNFa NM_214022.1 Forward CCCCTCTGAAAAAGACACCA
Reverse TCGAAGTGCAGTAGGCAGAA

pig-IL-1b NM_214055.1 Forward CAGCCATGGCCATAGTACCT
Reverse CCACGATGACAGACACCATC

pig-IL-6 NM_001252429.1 Forward ATGGCAGAAAAAGACGGATG
Reverse GTGGTGGCTTTGTCTGGATT

pig-IL-10 NM_214041.1 Forward AGCCAGCATTAAGTCTGAGAA
Reverse CCTCTCTTGGAGCTTGCTAA

pig-GABRB1 NM_001123114.1 Forward GCCCGTGGACTATGAGATTG
Reverse CTTGGAGCAGATTCGGACAC

pig-GABRB2 XM_021066509.1 Forward CATCACCCTTTGCCTGGTGT
Reverse AGGTGGTCTTTTCTGGTGTGT

pig-GABrD XM_021095199.1 Forward ACGTGTACTTCTGGATCTGCTA
Reverse TTGGCCTTTTGCTTCTTCCGGTA

pig-GABrQ XM_0.13986506.2 Forward CTTGCCCACCTCCTGCGTA
Reverse AAGTTCCCTAGAGCCGTCCTG

homo-b-actin NM_001101 Forward ATCATTGCTCCTCCTGAGCG
Reverse CGGACTCGTCATACTCCTGC

homo-GABrA1 NM_001127647 Forward AGCCGTCATTACAAGATGAACTT
Reverse TGGTCTCAGGCGATTGTCATAA

homo-GABrB1 NM_000812 Forward AAGGATATGACATTCGCTTGCG
Reverse AGAGTTGGTCAGCTACCCTATT

homo-GABrB2 NM_000813 Forward TGACCCTAGTAATATGTCGCTGG
Reverse GGTCTCAGACGAATGTCATAGC

homo-GABBR1 NM_021903.3 Forward GCCACACTCCACAACCCTAC
Reverse ACTCTGGCGGAAAGTAATCTCAA

ID¼ identity; PGC-1a¼ peroxisome proliferator-activated receptor gamma coactivator-1 a; PPARg¼ peroxisome proliferator-activated receptor g; TLR4¼ toll-like receptor 4;
NF-kB ¼ nuclear factor kappa-B; TNFa ¼ tumor necrosis factor-a; IL ¼ interleukin; GABRB1, GABR2, GABrD, GABrA1, GABrB1, GABrB2 ¼ different types of g-aminobutyric acid
receptors.
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beginning of the trial, the initial BW in the Control group was the
same as that in GABA group (P > 0.05). After the trial period, no
statistical difference in finial BW was observed between the pigs
fed the control diet and the GABA-supplemented diet (P > 0.05).
Meanwhile, there was no difference in ADG between Control and
GABA groups (P ¼ 0.89). However, the pigs fed the diet supple-
mentedwith GABA had lower ADFI and F:G than those fed the basal
diet (P < 0.05). Overall, the above data suggested that dietary
supplementationwith 20mg/kg GABA influenced the feed intake of
growing-finishing pigs from super-multiparous sows.

3.2. GABA increased hepatic anti-inflammation function

To explore whether the liver was affected by dietary nutrition
and systemic conditions, liver morphology was observed using
H&E staining to evaluate the health (Fig. 1). The structure of the
hepatic lobule was obvious and natural in both Control and GABA
groups. Dietary supplementation with GABA affected the
morphology of the liver. The pigs fed the diet supplemented with
the GABA had less inflammatory cell infiltration between hepato-
cytes than those fed the basal diet.

To confirm the effect of GABA on anti-inflammation function of
the liver, we tested the activities of AST and ALT in serum and liver
and evaluated the expressions of inflammatory cytokines in the
liver of growing-finishing pigs (Fig. 1). The results showed that
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GABA dramatically decreased ALT activities of both serum and liver
and AST activity of serum (P < 0.05). There was a trend to decrease,
but no significant difference in serum AST activity (P > 0.05). In
addition, the expression of inflammatory cytokines also fully
illustrated this view. Both decreased mRNA expressions of pro-
inflammatory cytokines including TNFa and IL-1b and increased
anti-inflammatory cytokines IL-10 were observed by dietary GABA
in the liver (P < 0.05). There was no difference in the mRNA
expression of IL-6 by dietary supplementation with GABA
(P > 0.05). These results demonstrate that GABA alleviated liver
inflammation by decreasing the expression of pro-inflammatory
cytokines.

To further explore the repair effect of GABA on cell damage, the
related gene expression of mitochondrial metabolism were detec-
ted. Dietary GABA dramatically increased the relative abundance of
PPARg in the liver (P < 0.01, Fig. 1J and K), and tended to affect the
expression of PGC-1a (P < 0.05). Dietary GABA could significantly
improve mitochondrial metabolism in the liver under the condition
of liver inflammation.

3.3. GABA improved antioxidant indices of serum and liver

GABA is a well-known antioxidant and may have beneficial ef-
fects on alleviating inflammation. Therefore, we detected the ac-
tivities of antioxidant enzymes and concentrations of MDA in



Fig. 1. Effects of g-aminobutyric acid (GABA) supplementation on inflammatory response in the liver of growing-finishing pigs. (A) The H&E staining of liver in growing-finishing
pig. The nucleus was stained with hematoxylin, and cytoplasmwith eosin. (B and C) The levels of aspartate aminotransferase (AST) and alanine aminotransferase (ALT) in the serum
in growing-finishing pigs. The results in serum were expressed as units per liter. (D and E) The levels of AST and ALT in the liver of growing-finishing pigs. The results in the liver
were expressed as units per gram of protein. (F to K) The mRNA expressions of nuclear factor-kB (NF-kB) signaling, inflammatory cytokines pathway and mitochondrial metabolism
pathway in the liver of growing-finishing pigs. All data were obtained by real-time PCR and normalized by b-actin. Control, pigs were fed the cornesoybean basal diet; GABA, pigs
were fed GABA-containing diet. Data are presented as mean ± SEM, n ¼ 6. nsThere was no difference between the groups (P > 0.05). *, P < 0.05; **, P < 0.01; ***, P < 0.001.
TLR4 ¼ toll-like receptor 4; PGC-1a ¼ peroxisome proliferator-activated receptor gamma coactivator-1 a; PPARg ¼ peroxisome proliferator-activated receptor g; TNFa ¼ tumor
necrosis factor-a; IL-1b ¼ interleukin-1b.
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serum and liver of growing-finishing pigs (Fig. 2) to verify the ef-
fects of GABA on antioxidant function. Pigs fed the diet supple-
mented with GABA significantly increased activities of SOD and
GSH-Px enzymes in serum and liver (P < 0.05). CAT is an enzyme
that catalyzes the breakdown of hydrogen peroxide, the activity of
which was also increased in serum by dietary GABA (P < 0.05). No
difference of the activity of CAT was observed in the liver (P > 0.05).
The activities of themost of important enzymes that play important
roles in exerting major antioxidant activities in the liver could be
increased by dietary GABA. In addition, MDA is a product of intra-
cellular lipid peroxidation, which easily causes further oxidative
stress in the case of tissue damage. In this study, dietary GABA
dramatically decreased MDA concentrations in serum and liver of
growing-finishing pigs from super-multiparous sows (P < 0.05).
Increased activities of antioxidant enzymes and decreased lipid
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peroxidation have suggested that supplementation with GABA
could alleviate oxidative stress occurring in the body of growing-
finishing pigs from super-multiparous sows, which provided
sound evidence that GABA reduces inflammation.

3.4. GABA changed GABARs/TLR4/NF-kB pathway of the liver

The upregulation of NF-kB signal is closely related to liver
inflammation. From the results (Fig. 3), the phosphorylation of NF-
kB in the liver was significantly decreased by dietary supplemen-
tation with GABA (P < 0.001), despite that the mRNA expression of
NF-kB was not affected by GABA (P > 0.05). In addition, GABA
significantly decreased the mRNA and protein relative abundance
of TLR4 in the liver of growing-finishing pigs (P < 0.05). The results
demonstrated that GABA down-regulated TLR4/NF-kB signal to



Fig. 2. Effects of g-aminobutyric acid (GABA) supplementation on antioxidant functions of serum and liver in growing-finishing pigs. Control, pigs were fed the cornesoybean basal
diet; GABA, pigs were fed GABA-containing diet. Values are presented as mean ± SEM, n ¼ 6. nsThere was no difference between the groups (P > 0.05). *, P < 0.05; **, P < 0.01.
CAT ¼ catalase; SOD ¼ superoxide dismutase; GSH-Px ¼ glutathione peroxidase; MDA ¼ malondialdehyde.

Fig. 3. Effects of g-aminobutyric acid (GABA) supplementation on mRNA expressions of GABA receptors and protein expressions of toll-like receptor 4 (TLR4)/nuclear factor-kB (NF-
kB) signaling in the liver of growing-finishing pigs. (A and B) The mRNA expressions of TLR4 and NF-kB in the liver of growing-finishing pigs. The data were obtained by real-time
PCR and normalized by b-actin. (C and D) Western blot of immune-precipitated TLR4 and the phosphorylation of NF-kB in the liver and normalized b-actin densities of these
proteins. (E to H) The mRNA expressions of GABA receptors in the liver of growing-finishing pigs. Control, pigs were fed the cornesoybean basal diet; GABA, pigs were fed GABA-
containing diet. Values are presented as mean ± SEM, n ¼ 6. nsThere was no difference between the groups (P > 0.05). *, P < 0.05; **, P < 0.01.
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alleviate liver inflammation. In order to determine how GABA plays
an anti-inflammatory and anti-oxidant function, the levels of GABA
receptors (GABARs; including GABrB1, GABrB2, GABrD and GABrQ)
in the liver of pigs were observed. ThemRNA expressions of GABrB1,
GABrB2 and GABrQ were significantly increased by dietary supple-
mentation with GABA (P < 0.05, Fig. 3).
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3.5. GABA alleviates LPS-induced inflammation of hepatocyte
through acting on GABARs

To further explore the mechanism of GABA on alleviating liver
inflammation, a series of experiments in vitro using HepG2 cells
were conducted. From Fig. 4, we observed significantly reduced cell



Fig. 4. Lipopolysaccharides (LPS)-induced inflammation of HepG2 cell could be alleviated by g-aminobutyric acid (GABA). (A) Cell proliferation were tested by using CCK8 kit after
treatment by lipopolysaccharides (LPS) (0.0, 0.5, 1.0 and 2.0 mg/mL) for 12 h. (B and C) The levels of ALT and AST of the cell, which were expressed as units per gram of protein. (D)
Cell proliferation were tested after treatment by GABA (0.0, 0.5, 1.0 and 2.0 mmol/L) for 12 h and LPS (1.0 mg/mL) for 12 h. (E and F) The levels of alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) of the cell. (G) The phosphorylation of nuclear factor-kB (NF-kB) in cell. (H) Western blot of immune-precipitated toll-like receptor 4 (TLR4) and
normalized b-actin densities of these proteins. (I to L) The mRNA expressions of GABA receptors. Values are presented as mean ± SEM, n ¼ 6. nsThere was no difference between the
groups (P > 0.05). *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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proliferation and increased ALT and AST activities when LPS con-
centrationwas in 1.0 mg/mL (P < 0.05). Based on the previous results,
when GABA concentration was 1.0 mmol/L, GABA significantly
increased cell proliferation under LPS-stimulated conditions
(P < 0.05). Meanwhile, 1.0 mmol/L GABA significantly reduced LPS-
induced the increase of AST and ALT activities (P < 0.04), and both
the protein expression of TLR4 and the phosphorylation of NF-kB
were also decreased by GABA (P < 0.05), which were consistent with
the results of the in vivo study. Meanwhile, we examined the
expression levels of GABARs of HepG2 cell under the treatment of
LPS and GABA. From the results, LPS decreased themRNA expression
levels of GABARs (P < 0.05), which could be improved by GABA under
LPS-stress, in accordance with the previous animal trial.

3.6. GABA regulates GABARs/TLR4/NF-kB signaling through
receptors

To further explore if the effect of GABA on TLR4/NF-kB pathway
was regulated by GABARs, GABARs inhibitor and agonist were used.
When CGP52432 was used to inhibit GABARs activities, we tested
the decreased mRNA expressions of GABAR (P < 0.05, Fig. 5), and
increased expressions of GABARs with GABA treatment (P < 0.05).
Interestingly, GABrA1 expression could be rescued by GABA in the
presence of the inhibitor (P < 0.05), but there were no difference in
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expressions of GABrB1, GABrB2, and GABBR1 (P > 0.05). Addition-
ally, phosphorylation of NF-kB were increased by the inhibitor
(P < 0.05), but protein expression of TLR4 was not affected by the
inhibitor (P > 0.05). GABA could significantly decrease the protein
expression of TLR4 under CGP52432-surpressed conditions
(P < 0.05), but had no effect on phosphorylation of NF-kB (P > 0.05).
The expression of TLR4 was decreased by combination with GABA
and the inhibitor compared with inhibitor alone (P < 0.05); but the
phosphorylation of NF-kB was not affected (P > 0.05). In summary,
the activation of TLR4/NF-kB signaling by the inhibitor was similar
with that by LPS.

Inversely, when Campral EC, a GABAR activator treated
HepG2 cell, GABAR expressions were dramatically increased as
expected under LPS-stimulated condition (P < 0.05, Fig. 6).
Similar results were obtained with GABA treatment (P < 0.05).
Treatment with both GABA and activator at the same time did
not result in a stronger effect (P > 0.05). Immunoblotting
showed significantly increased expression of TLR4 and phos-
phorylation of NF-kB in HepG2 cell with LPS treatment
(P < 0.05), which is similar with Fig. 4. After treatment with
GABA, Campral EC, or GABA and Campral EC combination, both
the protein expression of TLR4 and phosphorylation of NF-kB
were significantly decreased under LPS-stimulated condition
(P < 0.05). The decrease of TLR4/NF-kB signaling by Campral EC



Fig. 5. Effects of g-aminobutyric acid (GABA) and GABA inhibitor on GABARs/TLR4/NF-kB signaling of hepatocytes. (A) The mRNA expressions of GABA receptors (including GABrA1,
GABrB1, GABrB2, and GABBR1) in HepG2 cell which were treated by 2.5 mmol/L CGP52432 for 12 h and 1.0 mmol/L GABA for 12 h. (B and C) Protein expressions of immune-
precipitated toll-like receptor 4 (TLR4)/nuclear factor-kB (NF-kB) signaling tested by western blotting. Values are presented as mean ± SEM, n ¼ 6. nsThere was no difference
between the groups (P > 0.05)*, P < 0.05.
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was not different from that of GABA, or the GABA and Campral
EC combination (P > 0.05), suggesting that the GABAR activator
had similar effect on inflammatory signals with GABA. Taken
together, GABA decreases TLR4/NF-kB signaling by activating
GABARs to alleviate hepatic inflammation.

4. Discussion

In production, when sows produce more than eight parities, the
growth performance of offspring from the super-multiparous sows is
dramatically decreased, and elimination and mortality begin to in-
crease. From the results of this study, both finial BW and ADG were
not affected by dietary GABA. However, GABA supplementation
decreased ADFI and F:G of growing-finishing pigs produced by
super-multiparous sows. Because of the neuro-regulatory properties,
GABA could theoretically be involved in the digestive process of food
involving the intestinal nerves. Our results showed the inconsistent
impact of GABA on feed intake within previous studies. For example,
dietary GABA has promoted feed intake of growing lambs (Wang
et al., 2015). Additionally, dietary supplementation with 30 mg/kg
GABA improved ADG but did not affect ADFI of growing-finishing
pigs (Bi et al., 2020). From the previous study, the difference in an-
imal models may be one of the reasons for the differing results; that
GABA does not always regulate feed intake behavior under different
environmental conditions. As Chen et al. reports, GABA supple-
mentation had no effect on both ADFI and F:G of weaning piglets
(Chen et al., 2019).
287
Studies on the effect of parity of the gestating sow on the growth
performance of their offspring were reported, but more attention
has been paid to the comparison between the offspring growth of
primiparous sows than that of multiparous sows (Wu et al., 2019).
Pigs are born with limited energy reserves and underdeveloped
immune systems, and most of the nutrients needed for growth are
derived from breast milk. The parities of gestating sows were re-
ported to affect growth performance and the humoral immune
response of their progeny (Pineiro et al., 2019). Claudio et al.
(Franceschi, 2007) reported that age-related inflammation has the
close relationship with the genetic effects of mitochondrial DNA
variants, which was confirmed by recent study using lactating
Holstein cows (Zhang et al., 2019a). In this study, we observed
chronic inflammation in the liver of progeny bred by super-
multiparous sows and a disorder of mitochondrial metabolism,
suggesting that the parities of gestating sow could affect intracel-
lular metabolism through the genetic effect of altering mitochon-
drial DNA variation, in addition to influencing phenotypic
indicators such as the growth of offspring.

Liver, an important central organ of energy metabolism and
detoxification, is susceptible to nutrients and systemic conditions
and undergoes many remodeling processes except for energy
synthesis and decomposition; such as endoplasmic reticulum
stress, inflammatory responses andmitochondrial dysregulation. In
the present study, no change of livermorphology was observed, but
an increase of inflammatory cell infiltration in the liver of the
Control group suggested that the chronic inflammatory symptoms



Fig. 6. Effects of g-aminobutyric acid (GABA) and GABA activator on GABARs/TLR4/NF-kB signaling of hepatocytes. (A) The mRNA expressions of GABA receptors (including GABrA1,
GABrB1, GABrB2, and GABBR1) in HepG2 cell which were treated by 1.0 mg/mL lipopolysaccharides (LPS) for 12 h and 1.0 mmol/L GABA or 1.0 mmol/L acamprosate calcium (Campral
EC) for 12 h. (B and C) Protein expressions of immune-precipitated toll-like receptor 4 (TLR4)/nuclear factor-kB (NF-kB) signaling tested by Western blotting. Values are presented as
mean ± SEM, n ¼ 6. nsThere was no difference between the groups (P > 0.05). *, P < 0.05.

Table 3
Effects of dietary g-aminobutyric acid (GABA) on growth performance in growing-
finishing pigs.1

Item Groups SEM P-value

Control GABA

Initial BW, kg 72.9 72.9 1.65 1.00
Final BW, kg 104.0 104.2 2.11 0.95
ADFI, kg 2.22 2.05 0.05 0.03
ADG, kg 0.74 0.74 0.02 0.89
F:G 3.04 2.77 0.08 0.05

BW ¼ body weight; ADFI ¼ average daily feed intake; ADG ¼ average daily gain;
F:G ¼ feed-to-gain ratio.

1 The values represented the means of 6 replicates (n ¼ 6).
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in growing-finishing pigs produced by super-multiparous sows is
likely to be an important cause of poor growth performance or even
elimination. Inflammation and decreased antioxidant enzyme
activity-induced oxidative stress are closely related (Ren et al.,
2018). The close relationship between oxidative stress and
inflammation is demonstrated (Kim et al., 2019; Zheng et al., 2019).
Dietary GABA increased activities of antioxidant enzymes (SOD,
CAT and GSH-Px) and decreased MDA concentrations of serum and
liver. The results demonstrated that both chronic liver inflamma-
tion and increased oxidative stress could be alleviated by dietary
GABA. Similarly, dietary supplementation with GABA have benefits
to increase the activity of GSH-Px and decrease MDA content in
serum of growing-finishing pigs undergoing transport stress (Bi
et al., 2020). As the product of lipid peroxidation, MDA is consid-
ered an indicator of oxidative stress. Excess oxidative stress would
result in decreased activities of antioxidant enzymes and mito-
chondrial injury. A decrease in MDA concentration was observed in
the case of increased GABA synthesis (Dias et al., 2014). Combined
with the results of ALT, ASTand livermorphology, these results fully
indicated that liver injury was serious in the Control group and
GABA supplementation has a restorative effect that could inhibit
hepatitis, play an anti-inflammatory role, and restore antioxidant
capacity of growing-finishing pigs from super-multiparous sows.
The change of mitochondrial metabolism and morphological re-
sults of liver visually confirmed this theory. Additionally, activation
of PPARg is related with inhibition of LPS-induced inflammation
(Ma et al., 2018; He et al., 2018).

GABA has been considered to suppress inflammatory responses
and immune cells, particularly through inhibiting the release of
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pro-inflammatory cytokines. For example, fat-derived stem cells
were stimulated by GABA to inhibit secretion of inflammatory cy-
tokines, such as TNFa (Cherng et al., 2014), thereby suppressing the
inflammatory response of subcutaneous adipose in obesity (Hwang
et al., 2019). Additionally, GABA suppress production of IL-1b in
inflammatory macrophages through increasing the abundance of
GABA transporters (Xia et al., 2021). Increased expression of pro-
inflammatory IL-17 in hepatocytes and macrophages promotes
hepatocellular carcinoma (Ma et al., 2020; Zhang et al., 2021). In a
previous study, we observed obvious liver inflammation and
increased serum LPS concentration (unpublished). Therefore, we
further explored LPS-induced liver inflammation models in vitro,
which generated results consistent with those results in pigs. TLR4
protein, as a single target of LPS, plays a role in promoting in-
flammatory process by regulating downstream protein NF-kB. Also,
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pro-inflammatory cytokines stimulate an NF-kB-dependent
signaling cascade that contributes to establishing an inflammatory
milieu. Our study found that GABA suppressed hepatic inflamma-
tory cytokines expression and inhibited the expression of TLR4/NF-
kB pathway at the same time. Generally, the activation of TLR4/NF-
kB signaling occurs in the injury tissues and causes the release of
inflammatory cytokines. Rats with TLR4 knockout were reported to
reduce the abundance of inflammatory cytokines in the spinal cord
(Tanga et al., 2005). The recent study reported that the involvement
of NF-kB pathway participates in attenuating acute intestinal injury
which was accompanied by the high levels of inflammatory cyto-
kines in weaned piglets (Huang et al., 2019) and cells (Lai et al.,
2017; Mangali et al., 2019). Furthermore, in lactating ruminants,
GABA inhibited the abundance of inflammatory cytokines and
TLR4/NF-kB signaling induced by LPS (Wang et al., 2018). Herein,
the activation of GABARs by GABA could suppress the expression of
TLR4/NF-kB pathway, suggesting a blocking effect of GABA on the
combination of LPS and TLR4, or an inhibitory effect on the acti-
vation of TLR4. The liver is a huge immune organ; macrophages of
which make up 80 to 90% of the macrophages in the whole body (Li
et al., 2017). In the liver, an association between activation and NF-
kB signaling and injury or death of hepatocyte stimulated by TNFa
has been described (Zhang et al., 2019b, 2021; de Gregorio et al.,
2020). In addition, the involvement of NF-kB signaling is well
participated in the activation and survival of hepatic stellate cells to
promote the induction and secretion of inflammatory mediators
(He et al., 2019; de Gregorio et al., 2020). The mechanism of
GABAergic system on TLR4/NF-kB pathway still needs to be further
studied.

Consistently, reduced GABA synthesis is likely to be related with
the condition of TLR4 activation. Yan et al. reported that TLR4
activation induced the release of IL-1b frommicroglia by decreasing
GABAergic synaptic activities, thereby inhibiting GABA synthesis
(Yan et al., 2015). Moreover, IL-1b has been shown to reduce
glutamate supply in the glutamateeglutamate cycle by inhibiting
glial glutamate transporter expression (Yan and Weng, 2013).
Generally, GABA can be synthesized in the body through the
glutamateeglutamine cycle to maintain relative GABA homeosta-
sis. Gabapentin, another one synthetic analogue of GABA, has been
reported to reverse systemic acute inflammatory response and
oxidative stress in mice (Dias et al., 2014). These reports suggest the
close relationship between the inflammatory response and
decreased GABA concentration in vivo. However, the mechanisms
of inhibition of GABAergic synaptic activities induced by inflam-
matory cytokines is still unclear.

Although studies on GABA in immune function are in the early
stages, its immune-regulatory effects seem to be triggered via
GABARs. As an inhibitory neurotransmitter, GABA has been reported
to modulate the differentiation and proliferation of neuronal cells by
activating the GABARs (Li et al., 2012). Therefore, it is speculated that
GABA is likely to block the release of pro-inflammatory cytokines
through GABARs seizing. Our results revealed a negative relationship
between GABARs and inflammatory response. When HepG2 cell
exposed to LPS, cells had altered the expression of TLR4/NF-kB
pathway, and GABA alleviated LPS-induced hepatic inflammation
probably by acting on GABARs in return. To explore if the effect of
GABA on TLR4/NF-kB pathway was regulated by GABARs, we carried
out experiments where cells were treated by an inhibitor or activator
combined with GABA. Combined GABA and GABARs inhibitor
application is likely to reduce the expression of TLR4 to the levels
seen for GABA treatment alone. In turn, the agonist alone or com-
bined with GABA could simultaneously reduce TLR4/NF-kB signaling
to the levels seen for GABA treatment alone under LPS-pressure.
Therefore, GABA may block LPS-TLR4 binding by activating
GABARs, thus affecting downstream inflammatory processes, which
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is consistent with previous reports (Liu et al., 2018, 2019; Seifi et al.,
2018). Overall, our results revealed that GABA decreases TLR4/NF-kB
signaling by activating GABARs to alleviate LPS-induced hepatic
inflammation; thus, affecting the phosphorylation of downstream
NF-kB and reducing liver inflammation.

5. Conclusions

Our study revealed that chronic inflammation exists in growing-
finishing pigs generated by super-multiparous sows, and dietary
supplemental GABA promoted antioxidant function and alleviated
liver inflammation. Moreover, GABA decreases TLR4/NF-kB
signaling by acting on GABARs. Importantly, dietary supplementa-
tion with 20 mg/kg GABA could alleviate the inflammatory state
and promote feed conversion in the case of growing-finishing pigs
from super-multiparous sows. These findings help us to better
understand the mechanism of GABA alleviating liver inflammation
and contribute to the use of GABA in commercial pig diets.
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