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Abstract
This study aimed to investigate the regulatory effects of glycine (Gly) on liver en-
ergy metabolism, key enzymes of energy metabolism, and mRNA expression of
related regulatory factors in lipopolysaccharide (LPS)-challenged weaned piglets.
Twenty-four Duroc × Landrace × Large White piglets were selected and divided
into 4 groups with 6 replicates per group. The four groups were: 1) control
group (basal diet); 2) LPS group (LPS + basal diet); 3) 1.0% Gly group (LPS
+ basal diet + 1.0% Gly); and 4) 2.0% Gly group (LPS + basal diet + 2.0%
Gly). On day 28 of the experiment, piglets in the treatment groups received an
intraperitoneal injection of 100 �g/kg BW LPS, while the control group received
an equal volume of saline. Experimental pigs were slaughtered 4 h after LPS
or saline injection, and liver samples were collected for analysis. The results
showed: 1) Compared with the LPS group, 1.0% Gly significantly increased
the concentrations of adenosine triphosphate (ATP) and energy charge (EC)
levels in the liver of piglets (P<0.05), significantly decreased the AMP/ATP
ratio (P<0.05), and tended to decrease AMP concentration (P<0.10); 2.0% Gly
tended to decrease the AMP/ATP ratio (P<0.10). 2) Compared with the LPS
group, 1.0% Gly significantly decreased the mRNA expression levels of hexoki-
nase 2 (Hexok2) and citrate synthase (CS) in the liver of piglets (P<0.05); 2.0%
Gly significantly decreased the mRNA expression levels of Hexok2 and pyruvate
kinase (PK) in the liver (P<0.05), and tended to decrease the mRNA expression
level of CS in the liver (P<0.10). 3) Compared with the LPS group, 1.0% Gly
significantly increased the mRNA expression level of AMP-activated protein
kinase $�1(𝐴𝑀𝑃𝐾�$1) in the liver of piglets (P<0.05). In conclusion, dietary
Gly supplementation can ameliorate liver energy metabolism disorder induced
by LPS challenge and regulate the expression of related enzymes in metabolic
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pathways such as glycolysis and the tricarboxylic acid cycle.

Full Text
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Abstract: This experiment was conducted to investigate the regulatory effects
of glycine (Gly) on hepatic energy metabolism and the mRNA expression of key
enzymes and regulatory factors involved in energy metabolism in lipopolysac-
charide (LPS)-challenged weaned piglets. Twenty-four Duroc × Landrace ×
Yorkshire piglets were randomly assigned to four groups with six replicates per
group and one pig per replicate. The four groups were: 1) control group (basal
diet), 2) LPS group (LPS + basal diet), 3) 1.0% Gly group (LPS + basal diet +
1.0% Gly), and 4) 2.0% Gly group (LPS + basal diet + 2.0% Gly). On day 28
of the experiment, piglets in the treatment groups received an intraperitoneal
injection of 100 �g/kg BW LPS, while those in the control group received an
equivalent volume of physiological saline. All pigs were slaughtered 4 h post-
injection, and liver samples were collected for analysis.

The results showed that: 1) Compared with the LPS group, dietary supple-
mentation with 1.0% Gly significantly increased hepatic adenosine triphosphate
(ATP) concentration and energy charge (EC) level (P < 0.05), significantly
decreased the AMP/ATP ratio (P < 0.05), and tended to reduce AMP con-
centration (P < 0.10). Supplementation with 2.0% Gly tended to decrease the
hepatic AMP/ATP ratio (P < 0.10). 2) Dietary 1.0% Gly significantly down-
regulated the mRNA expression of hexokinase 2 (Hexok2) and citrate synthase
(CS) in the liver compared with the LPS group (P < 0.05). Supplementation
with 2.0% Gly significantly decreased the mRNA expression of hepatic Hexok2
and pyruvate kinase (PK) (P < 0.05) and tended to reduce CS mRNA expres-
sion (P < 0.10). 3) Compared with the LPS group, 1.0% Gly supplementation
significantly increased the mRNA expression of hepatic AMP-activated protein
kinase $�1(𝐴𝑀𝑃𝐾�$1) (P < 0.05).

In conclusion, dietary Gly supplementation can ameliorate LPS-induced hepatic
energy metabolism disorders and modulate the expression of key enzymes in
glycolysis and the tricarboxylic acid cycle in weaned piglets.
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Introduction
The liver is a crucial immune organ in animals and a primary site for substance
and energy metabolism. Lipopolysaccharide (LPS), a structural component of
the outer membrane of Gram-negative bacteria, can induce immune stress in the
body. During immune stress, immune cells become activated and release large
quantities of inflammatory cytokines, leading to hepatic inflammatory responses,
increased energy expenditure, and damage to liver structure and function.

Glycine (Gly) is the simplest amino acid structure and a non-essential amino
acid that can be synthesized by the body, yet it plays vital physiological roles.
As a functional amino acid, Gly can inhibit endotoxin-induced liver injury and
protect hepatocytes from adenosine triphosphate (ATP) depletion. Additionally,
as a glucogenic amino acid, Gly can be metabolized to produce alanine (Ala),
which can enter the tricarboxylic acid cycle to provide energy. Gly is also
a precursor for glutathione (GSH) synthesis, and reduced GSH participates
in the tricarboxylic acid cycle and glucose metabolism, enabling high-energy
production. Previous research has demonstrated that dietary supplementation
with 0.5%, 1.0%, and 2.0% Gly enhanced the antioxidant capacity of suckling
piglets. Supplementation with no more than 2% Gly in piglet diets is considered
safe and beneficial for normal physiological function and feed intake, whereas
excessive Gly may disrupt amino acid balance and exert toxic effects. Despite
these known functions, few studies have investigated the effects of Gly on hepatic
energy metabolism in piglets. Therefore, this study established an immune
stress model by injecting LPS into weaned piglets and examined whether dietary
Gly at 1% and 2% concentrations could alleviate hepatic energy metabolism
disorders and determine the appropriate supplementation level.

1.1 Materials and Reagents

Glycine (purity > 99.5%) and alanine (purity > 99.5%) were purchased from
Wuhan Amino Technology Co., Ltd. Lipopolysaccharide (E. coli serotype
O55:B5) was obtained from Sigma-Aldrich and administered at a dose of 100
�g/kg BW.
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1.2 Experimental Animals and Design

Twenty-four weaned piglets [(21 ± 1) days old, Duroc × Landrace × Yorkshire,
average body weight (7.17 ± 0.41) kg] with similar body condition were ran-
domly allocated to four groups (six replicates per group, one pig per replicate)
for a 28-day feeding trial. The groups were: 1) control (basal diet), 2) LPS (LPS
+ basal diet), 3) 1.0% Gly (LPS + basal diet + 1.0% Gly), and 4) 2.0% Gly (LPS
+ basal diet + 2.0% Gly). All diets were isonitrogenously balanced with alanine.
On day 28, piglets in the treatment groups received an intraperitoneal injection
of 100 �g/kg BW LPS, while the control group received an equal volume of
physiological saline. During the trial, ambient temperature was maintained at
25–28 °C. Each pen measured 1.20 m × 1.10 m. Pigs were fed powdered diets
ad libitum with free access to water.

1.3 Experimental Diets

The basal diet was formulated according to NRC (1998) nutrient requirements
for piglets. The composition and nutrient levels of the basal diet are presented
in Table 1 . The premix provided per kilogram of diet: VA 12,000 IU, VB1 1.5
mg, VB6 3 mg, VB12 18 �g, VD3 2,500 IU, VE 30 IU, VK3 3 mg, riboflavin 4
mg, nicotinic acid 40 mg, choline chloride 400 mg, folic acid 700 �g, pantothenic
acid 15 mg, biotin 100 �g, Mn 20 mg, Se 0.36 mg, Zn 80 mg, Cu 25 mg, Fe 83
mg, I 0.48 mg. Digestible energy, lysine, methionine, tryptophan, and threonine
were calculated values, while other nutrients were measured values.

1.4 Liver Sample Collection

Four hours after LPS or saline injection, piglets were anesthetized with intra-
venous sodium pentobarbital (80 mg/kg BW), slaughtered, and liver samples
were immediately snap-frozen in liquid nitrogen and stored at –80 °C until anal-
ysis.

1.5 Analytical Methods

1.5.1 Determination of Hepatic Energy Metabolite Concentrations
Concentrations of ATP, ADP, and AMP in liver tissue were analyzed by high-
performance liquid chromatography according to the method of Hou et al. Total
adenine nucleotide (TAN) concentration and energy charge (EC) were calculated
using the following formulas:

TAN = ATP + ADP + AMP
EC = (ATP + 0.5ADP) / (ATP + ADP + AMP)

1.5.2 mRNA Expression Analysis Target genes included: hexokinase 2
(Hexok2), phosphofructokinase (L-PFK), pyruvate dehydrogenase (PDH), pyru-
vate kinase (PK), isocitrate dehydrogenase (ICDH), citrate synthase (CS), acyl-
coenzyme A oxidase (ACO), carnitine palmitoyltransferase 1 (L-CPT1), AMP-
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activated protein kinase (AMPK), silent information regulator 1 (Sirt1), and
proliferator-activated receptor-𝛾 coactivator 1𝛼 (PGC1𝛼). Total RNA extrac-
tion, cDNA synthesis, and real-time quantitative PCR were performed accord-
ing to Liu et al. Real-time PCR primers (Table 2 ) were synthesized by Takara
Bio (Dalian) Co., Ltd. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
served as the internal reference gene, and relative mRNA expression was calcu-
lated using the 2−ΔΔCT method of Livak et al.

1.6 Statistical Analysis

Data were analyzed using SPSS 17.0 software for ANOVA and LSD multiple
comparisons. Results are expressed as means ± SEM. Differences were consid-
ered significant at P < 0.05 and trends at P < 0.10.

Results
2.1 Hepatic Adenine Nucleotide Levels

As shown in Table 3 , LPS challenge significantly decreased hepatic ATP, ADP,
and TAN concentrations compared with the control group (P < 0.05). Dietary
supplementation with 1.0% Gly significantly increased hepatic ATP concentra-
tion and EC level (P < 0.05), significantly reduced the AMP/ATP ratio (P <
0.05), and tended to decrease AMP concentration (P < 0.10) compared with
the LPS group. Supplementation with 2.0% Gly tended to reduce the hepatic
AMP/ATP ratio (P < 0.10) but had no significant effects on other parameters
(P > 0.05).

2.2 mRNA Expression of Genes Related to Glycolysis, Tricarboxylic
Acid Cycle, and Fatty Acid 𝛽-Oxidation

Table 4 shows that LPS challenge significantly upregulated the mRNA expres-
sion of Hexok2 and PK in glycolysis and ICDH𝛽 and CS in the tricarboxylic acid
cycle (P < 0.05), while significantly downregulating L-PFK mRNA expression
(P < 0.05) and tending to increase PDH mRNA expression (P < 0.10). Com-
pared with the LPS group, 1.0% Gly supplementation significantly decreased
hepatic Hexok2 and CS mRNA expression (P < 0.05). Supplementation with
2.0% Gly significantly reduced Hexok2 and PK mRNA expression (P < 0.05)
and tended to decrease CS mRNA expression (P < 0.10).

2.3 mRNA Expression of Hepatic Energy Metabolism Regulatory
Factors

As presented in Table 5 , LPS challenge significantly increased the mRNA expres-
sion of hepatic AMPK$�2𝑎𝑛𝑑𝑆𝑖𝑟𝑡1(𝑃 < 0.05).𝐷𝑖𝑒𝑡𝑎𝑟𝑦𝑠𝑢𝑝𝑝𝑙𝑒𝑚𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛𝑤𝑖𝑡ℎ1.0�$1
mRNA expression compared with the LPS group (P < 0.05).
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Discussion
ATP is the direct energy source in the body, releasing substantial energy when
hydrolyzed to ADP and inorganic phosphate or to AMP and pyrophosphate.
Total adenine nucleotide (TAN) represents the sum of ATP, ADP, and AMP,
reflecting mitochondrial capacity for high-energy phosphate production, oxida-
tive respiratory activity, and cellular energy reserves. Energy charge (EC) level
reflects the interconversion of high-energy phosphate bonds among ATP, ADP,
and AMP, providing an effective assessment of energy reserve status. The
AMP/ATP ratio is regulated by ATP; during stress responses, decreased ATP
production or increased utilization elevates the intracellular AMP/ATP ratio,
activating AMPK to trigger responses that restore cellular energy balance.

Our results demonstrate that 4 h post-LPS injection, hepatic ATP, ADP, and
TAN concentrations were significantly reduced, indicating that LPS challenge
suppressed hepatic mitochondrial energy metabolism and disrupted ATP home-
ostasis. Similar findings were reported by Kang et al. Dietary Gly supplemen-
tation significantly increased hepatic ATP concentration and EC level while
decreasing AMP concentration and the AMP/ATP ratio. Consistent with our
results, Zhou et al. observed that Gly treatment alleviated the decline in ATP
concentration and improved cellular energy status in neonatal rat cardiomy-
ocytes. These findings collectively suggest that Gly can mitigate LPS-induced
energy metabolism disorders and promote energy production.

Glycolysis, the tricarboxylic acid cycle, and fatty acid 𝛽-oxidation are essential
energy metabolic pathways. Hexok2, PFK, and PK catalyze key irreversible
reactions in glycolysis, promoting ATP and pyruvate production. Pyruvate
undergoes oxidative decarboxylation under the action of PDH to generate acetyl-
CoA, which enters the tricarboxylic acid cycle for ATP production. CS is the
rate-limiting enzyme in the first step of the tricarboxylic acid cycle, determining
the rate of acetyl-CoA entry into the cycle. ICDH is another key enzyme in
the tricarboxylic acid cycle, existing in three isoforms (ICDH𝛼, ICDH𝛽, and
ICDH𝛾), with ICDH𝛽 and ICDH𝛾 transporting metabolic intermediates from
the cytoplasm to mitochondria for the tricarboxylic acid cycle. Fatty acid 𝛽-
oxidation is also an important energy-producing pathway, with ACO and L-
CPT1 serving as key enzymes in this process.

Our results revealed that 4 h after LPS injection, mRNA expression of Hexok2,
PK, PDH, ICDH𝛽, and CS was significantly increased. Similarly, Sun et al. re-
ported elevated Hexok and PK activities in the longissimus dorsi muscle of grow-
ing pigs injected with LPS. Dietary Gly supplementation significantly decreased
the mRNA expression of Hexok2, PK, and CS. Moura et al. demonstrated that
intracerebroventricular Gly administration in young rats significantly inhibited
CS activity in the striatum. This may be attributed to Gly-induced elevation
of ATP concentration, which subsequently suppressed the mRNA expression of
rate-limiting enzymes in glycolysis and the tricarboxylic acid cycle. We found
that Gly had no significant effects on the mRNA expression of key fatty acid 𝛽-

chinarxiv.org/items/chinaxiv-201711.01573 Machine Translation

https://chinarxiv.org/items/chinaxiv-201711.01573


oxidation enzymes ACO and L-CPT1, possibly because Gly primarily regulates
hepatic energy metabolism through glycolysis and the tricarboxylic acid cycle
during the early stage of LPS challenge without significantly affecting fatty acid
𝛽-oxidation.
AMPK and Sirt1 are cellular energy sensors that can be activated under
energy-restricted conditions and activate PGC1𝛼 through phosphorylation
and deacetylation. When cellular energy stores decrease, the elevated
AMP/ATP ratio activates AMPK, which restores homeostasis by limiting
anabolic metabolism and promoting catabolic metabolism to increase ATP
production. Sirt1 is closely associated with energy metabolism-related bi-
ological functions including gluconeogenesis and lipid accumulation, and
can reduce the mRNA expression of genes related to fatty acid oxida-
tion. PGC1𝛼 is a transcriptional coactivator closely linked to energy
metabolism, playing important roles in glucose and fatty acid metabolism.
Our results showed that LPS challenge significantly increased hepatic
AMPK$�2𝑎𝑛𝑑𝑆𝑖𝑟𝑡1𝑚𝑅𝑁𝐴𝑒𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛, 𝑤ℎ𝑖𝑙𝑒𝑑𝑖𝑒𝑡𝑎𝑟𝑦𝐺𝑙𝑦𝑠𝑢𝑝𝑝𝑙𝑒𝑚𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒𝑑𝐴𝑀𝑃𝐾�1𝑚𝑅𝑁𝐴𝑒𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛, 𝑠𝑢𝑔𝑔𝑒𝑠𝑡𝑖𝑛𝑔𝑡ℎ𝑎𝑡𝐺𝑙𝑦𝑑𝑜𝑒𝑠𝑛𝑜𝑡𝑎𝑙𝑙𝑒𝑣𝑖𝑎𝑡𝑒𝐿𝑃𝑆−
𝑖𝑛𝑑𝑢𝑐𝑒𝑑𝑒𝑓𝑓𝑒𝑐𝑡𝑠𝑜𝑛𝐴𝑀𝑃𝐾−𝑟𝑒𝑙𝑎𝑡𝑒𝑑𝑠𝑖𝑔𝑛𝑎𝑙𝑖𝑛𝑔.𝑇 ℎ𝑖𝑠𝑖𝑛𝑑𝑖𝑐𝑎𝑡𝑒𝑠𝑡ℎ𝑎𝑡𝐺𝑙𝑦𝑚𝑎𝑦𝑖𝑛𝑓𝑙𝑢𝑒𝑛𝑐𝑒ℎ𝑒𝑝𝑎𝑡𝑖𝑐𝑒𝑛𝑒𝑟𝑔𝑦𝑚𝑒𝑡𝑎𝑏𝑜𝑙𝑖𝑠𝑚𝑡ℎ𝑟𝑜𝑢𝑔ℎ𝑝𝑎𝑡ℎ𝑤𝑎𝑦𝑠𝑜𝑡ℎ𝑒𝑟𝑡ℎ𝑎𝑛𝐴𝑀𝑃𝐾, 𝑆𝑖𝑟𝑡1, 𝑎𝑛𝑑𝑃𝐺𝐶1�$.

Conclusions
1. Dietary Gly supplementation can ameliorate LPS-induced hepatic energy

metabolism disorders in weaned piglets by modulating the expression of
key enzymes including Hexok2, PK, and CS in glycolysis and the tricar-
boxylic acid cycle.

2. Dietary Gly supplementation has no significant effect on fatty acid 𝛽-
oxidation.

3. Gly does not influence hepatic energy metabolism through AMPK, Sirt1,
and PGC1𝛼 signaling pathways.

4. Considering the effects of different Gly levels on hepatic energy status and
economic factors, 1% Gly supplementation is recommended.
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